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Volume 2014, Article ID 421486, 11 pages

Atypical Enteropathogenic Escherichia coli Secretes Plasmid Encoded Toxin, Rita C. Ruiz,
Keyde C. M. Melo, Sarita S. Rossato, Camila M. Barbosa, Lı́via M. Corrêa, Waldir P. Elias,
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This special issue deals with the advances in the investigation
of bacterial virulence in developing countries.

Developing countries, underdeveloped countries, Third
World countries, and Southern countries are all definitions
used in the academic world to design less industrialized
countries with lower income. Even though these terms are
ambiguous, wemostly have a clear idea of what we are talking
about when we say “developing countries.”

In those countries, there is currently a fervent scientific
research activity. An example is the case ofmicrobiology.This
science has a long standing history in developing countries.
The clear evidence of smallpox vaccination in China in 1000
and 1600 under the rule of Emperor Káng (Ian Glynn and
JeniferGlynn,TheLife andDeath of Smallpox).Thediscovery
of the cholera toxin in Calcutta 1959 by Sambhu Nath De.
TheCuban researcher Carlos Finlay proved thatAedes aegypti
carries the agent of yellow fever.Thework of Carlos Chagas in
Brazil showed that a parasite was the agent in Chagas disease.
These are all brilliant examples of microbiology research in
southern countries. Those scientists had the merit and the
bravery of not merely providing samples and field cases so
that other scientists withmore resources could continue their
work carrying out the research themselves, there, on the battle
field, despite harsh conditions and budgetary restrictions.
That pioneer research continues today, even when conditions
are detrimental to its growth.

The objective of this special issue is to give visibility
to the research into topic of bacterial virulence by bacteria
pathogenic to human and animals. The contributions pub-
lished in this issue aim to reflect the diversity of research on
bacterial virulence in southern countries as follows:

(i) transporter or translocation mechanisms related to
virulence in Mycobacterium avium subsp. avium (M.
N. Viale et al.), Corynebacterium pseudotuberculosis
(P.M. R.OliveiraMoraes et al.), and enteropathogenic
E. coli (S. C. F. Sampaio et al.);

(ii) toxins in Staphylococcus aureus isolated in Nepal (B.
Shrestha et al.) and in enteropathogenic E. coli (R.
Cássia Ruiz et al.);

(iii) antigens as immunogens for vaccination against Bor-
detella pertussis (N. Olivera et al.),M. tuberculosis (L.
Novoa-Aponte and C. Y. Soto Ospina), and Leptospira
(M. V. Atzingen et al.) or dedicated to immunodiag-
nosis in veterinary diseases (M. L. Mon et al.) or to
specific strains ofM. tuberculosis (P. Schierloh et al.);

(iv) adhesins in Mycobacterium avium subsp. paratuber-
culosis (M. N. Viale et al.);

(v) the repertoire of virulence factors in Shigella from
Amazonian children (M. C. Scheffer de Souza et al.),
in Escherichia coli isolates from women with urinary
tract infection in Mexico (D. A. López-Banda et al.),
and in retail meat (P. Llorente et al.);

(vi) genomic, comparative genomic, and phylogenetic
studies of Vibrio parahaemolyticus Hemolysin (S. K.
Bhowmik et al.), Stenotrophomonas spp. (V. Godoy
Cerezer et al.), and Helicobacter pylori (Ali et al.);

(vii) characterization of enterotoxigenic Escherichia coli in
Colombia (J. A. Guerra et al.);

(viii) physiopathology of Shiga toxin in pregnancy (F.
Sacerdoti et al.);
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(ix) virulence regulation by smoke in Streptococcus pneu-
moniae (R. Cockeran et al.);

(x) native immune response to Staphylococcus aureus
(N. Alva-Murillo et al.) and M. tuberculosis (A. C.
Helguera-Repetto et al.), and biofilm formation (H. F.
Culler et al.);

(xi) a model of pathogenic E. coli in ameba (F. Yousuf et
al.).

Angel Cataldi
Ana Lucia Nascimento

Armando Acosta
Chensong Wan
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Helicobacter pylori is a human gastric pathogen implicated as the major cause of peptic ulcer and second leading cause of gastric
cancer (∼70%) around the world. Conversely, an increased resistance to antibiotics and hindrances in the development of vaccines
againstH. pylori are observed. Pan-genome analyses of the global representativeH. pylori isolates consisting of 39 complete genomes
are presented in this paper. Phylogenetic analyses have revealed close relationships among geographically diverse strains of H.
pylori. The conservation among these genomes was further analyzed by pan-genome approach; the predicted conserved gene
families (1,193) constitute ∼77% of the average H. pylori genome and 45% of the global gene repertoire of the species. Reverse
vaccinology strategies have been adopted to identify and narrow down the potential core-immunogenic candidates. Total of 28
nonhost homolog proteins were characterized as universal therapeutic targets againstH. pylori based on their functional annotation
and protein-protein interaction. Finally, pathogenomics and genome plasticity analysis revealed 3 highly conserved and 2 highly
variable putative pathogenicity islands in all of the H. pylori genomes been analyzed.

1. Background

The genus Helicobacter includes bacterial species which
colonizes the gastrointestinal tract (GIT) of human and other
mammals. BothH. pylori and non-pylori species in the genus

are involved in gastrointestinal diseases [1, 2]. In humans, H.
pylori causes diseases like gastritis and peptic ulcers, which
can lead to the development of gastric cancer (∼10% of
cancer deaths around the globe).Therefore, the pathogen was
enlisted as a class I carcinogen by WHO in 1994 [2, 3].
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The infection rates remain as high as 90% in developing
world, and in low socioeconomic regions like the ones located
in Africa, East Asia, and Central America the diseases (peptic
ulcer and gastric cancer) are highly prevalent. However, in the
developed world and industrialized cities the prevalence is
considerably lower, most probably due to efficient preventive
and public health measures taken by some western countries
[4].

Previous studies indicated that most of the H. pylori
isolates could be classified either by sequence diversity or
gene content. This is the main reason of getting certainly
great differences in isolates of H. pylori strains from different
continents.These genomic variations are indicative of genetic
drift during geographic isolation, adaptation, and coevolu-
tion of the pathogen within different ethnic groups of human
population [5, 6].

The mechanisms of H. pylori pathogenesis are relatively
complex than other bacterial strains; however, some well-
known factors such as the type IV secretion system (T4SS)
and theCagAoncoprotein have been demonstrated to play an
important role in inflammation and carcinogenesis of GIT [7,
8]. Beside these, there are few other virulence factors which
have been identified and discussed in the literature. These
factors help in identifying the infectious agents and disease
causing behavior of the said bacterial specie. H. pylori has a
diverse genome and carriesmany plasticity zoneswhich differ
among strains. Thus, the identification of these and other
novel regions in a particular strain would offer insights into
the pathogenic diversity of H. pylori strains [9]. A detailed
phylogenomics and comparative genomics study is required
to understand the association among different isolates and
disease symptoms.

To explore the conserved features and shared genomic
contents, Salama et al., in 2000, attempted to determine the
core set of genes in 15H. pylori strains by microarray method
and observed that 1,281 genes are shared by all the examined
strains. However, the examined strains were mainly isolated
from western countries [10, 11]. For detailed view of the
diversity and conservation in H. pylori strains, Gressmann et
al., in 2005, determined the core genome of a larger set and
global representative strains and suggested thatH. pylori core
genome consists of 1,111 genes [6].

These findings indicated that as the number of genome
sequences increases, the actual or true core genome can be
obtained; furthermore, the genomic diversity may also be
predicted. Among the genetic repertoire of the H. pylori
including genes for various functions, the core minimal set of
genes is of particular interest. It is required for maintaining
the basic cellular life and is indispensible for survival of the
organism [12]. Calculating the conserved/core genome of
diverse strains of H. pylori at larger scale would provide an
overview of strain diversity and this data could be utilized for
further use in diagnostics and therapeutics applications.

Furthermore, the identification and characterization of
core essential genes, in other words the minimal essential
genes set, inH. pylori species would be an interesting strategy
both theoretically and experimentally to understand the basic
requirements for cellular life. A practical example of the
importance of minimal gene set characterization is in drug

development. Drugs are usually designed against essential
cellular processes and essential gene products of microbial
cells as they are specific and provide promising new targets
for such drugs [13].

Recently, we witnessed an increase in the number of
complete genome sequences ofH. pylori on public databases.
With this, we intended to follow reverse vaccinology strategy
to predict the potential core-immunogenic, virulence factors
which can serve as putative vaccine candidates against H.
pylori and, moreover, to utilize all those available complete
genome sequences to get insights into the genomic diversity
in H. pylori species and to compare the genomes. We believe
that comparative analysis of this pathogen (H. pylori) genome
sequences and their nonpathogenic relativewill offer a unique
opportunity for the identification of regions of genomes such
as novel pathogen specific pathogenicity islands [9, 14, 15].

2. Material and Methods

2.1. Data Collection and Management. The gastric pathogen
H. pylori havemultiple complete genomes available on public
databases for scientific exploitation. Here, we selected a total
of 39 complete H. pylori genomes (available at the time
of analysis). The draft or incomplete genomes were not
included for instance, to have uniformity in the analyses.
GenBank (gbk) files were obtained from NCBI genome
browser (http://www.ncbi.nlm.nih.gov/genome/browse/). As
a starting point, DNA sequences in a fast format were
extracted from all the GenBank files (chromosome and
plasmid sequences were merged, as they were required) and
then subjected to program RNAmmer [16] for prediction of
full length 16S rRNA gene sequences. The program Prodigal,
a gene finding algorithm, was also used to predict open
reading frames (ORFs) in all genomes [17].We, however, have
seen slight variations in the number of genes/ORFs in our
predicted ones and those available publicly (GenBank). To
avoid inconsistencies and to get uniformity in the resultant
data, we used a single gene finding program. Table 1 demon-
strates the basic genome information, that is, size in base
pairs, number of predicted proteins, chromosome/plasmid
accession numbers, and percent AT content.

2.2. Phylogenetic Analysis. In order to better understand
the evolutionary relationships and genomic variations at
genus level, all 39 sequences genomes of H. pylori species
were analyzed for 16S rRNA genes using RNAmmer [16].
Multiple sequence alignment of all obtained 16S rRNA genes
was aligned using ClustalW [18]. Sequences generated with
score >1700 are usually considered to be more reliable and
necessary for phylogenetic analysis [16, 19]. Phylogenetic tree
was generated following Neighbor Joining algorithm [20] by
usingMEGA6 [21].

2.3. Proteome Comparisons (Pairwise Alignment). All the
selected H. pylori genomes were translated into their pro-
teomes. BLASTp comparisons were carried out for all the
proteins present in one genome against all the proteins in the
other genomes in the study [19, 22]. The BLAST parameters
were set as follows: BLAST cutoff 𝑒-value was 1𝑒 − 5;
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Table 1: List of genomes analyzed in this study. Genomic feature, statistics, accession numbers (chromosome + plasmid) and pangenomic
data generated by analyzing 39Helicobacter pylori strains. The number of predicted proteins, clusters, new genes (unique), and core and pan
genome is estimated.

Organisms
Genomic features and statistics Pan-genomics and comparative genomics

Size (bp) Proteins Chromosome Plasmid %AT New
genes

New
families

Pan-
genome

Core
genome

Helicobacter pylori 2017 1548238 1503 NC 017374.1 60.698 1503 1491 1491 1491
Helicobacter pylori 2018 1562832 1508 NC 017381.1 60.706 29 29 1520 1464
Helicobacter pylori 26 695 1667867 1579 NC 000915.1 61.124 207 189 1702 1323
Helicobacter pylori 35A 1566655 1500 NC 017360.1 61.132 106 103 1800 1291
Helicobacter pylori 51 1589954 1515 NC 017382.1 61.230 80 79 1871 1278
Helicobacter pylori 52 1568826 1509 NC 017354.1 61.059 63 62 1926 1273
Helicobacter pylori 83 1617426 1559 NC 017375.1 61.277 87 84 2004 1268
Helicobacter pylori 908 1549666 1511 NC 017357.1 60.701 24 24 2023 1264
Helicobacter pylori B38 1576758 1502 NC 012973.1 60.840 61 52 2065 1237
Helicobacter pylori B8 6296 1680029 1579 NC 014256.1 NC 014257.1 61.215 51 50 2097 1235
Helicobacter pylori Cuz20 1635449 1536 NC 017358.1 61.136 73 72 2153 1227
Helicobacter pylori ELS37 1669876 1564 NC 017063.1 NC 017064.1 61.123 57 55 2194 1224
Helicobacter pylori F16 1575399 1508 NC 017368.1 61.115 28 26 2205 1225
Helicobacter pylori F30 1579693 1498 NC 017365.1 NC 017369.1 61.197 19 19 2210 1225
Helicobacter pylori F32 1581461 1506 NC 017366.1 NC 017370.1 61.143 21 21 2218 1223
Helicobacter pylori F57 1609006 1530 NC 017367.1 61.272 16 16 2226 1221
Helicobacter pylori G27 1663013 1577 NC 011333.1 NC 011334.1 61.130 51 51 2266 1221
Helicobacter pylori Gambia 9424 1712468 1589 NC 017371.1 NC 017364.1 60.876 28 28 2286 1220
Helicobacter pyloriHPAG1 1605736 1508 NC 008086.1 NC 008087.1 60.933 32 32 2310 1220
Helicobacter pyloriHUP-B14 1607584 1507 NC 017733.1 NC 017734.1 60.957 37 35 2339 1219
Helicobacter pylori India7 1675918 1572 NC 017372.1 61.102 33 32 2362 1217
Helicobacter pylori J99 1643831 1505 NC 000921.1 60.811 18 18 2373 1216
Helicobacter pylori Lithuania75 1640673 1555 NC 017362.1 NC 017363.1 61.134 42 42 2401 1212
Helicobacter pylori P12 1684038 1587 NC 011498.1 NC 011499.1 61.213 22 22 2411 1206
Helicobacter pylori PeCan18 1660685 1543 NC 017742.1 60.981 17 17 2415 1208
Helicobacter pylori PeCan4 1638269 1532 NC 014555.1 NC 014556.1 61.089 27 27 2435 1208
Helicobacter pylori Puno120 1637762 1532 NC 017378.1 NC 017377.1 61.095 26 26 2452 1206
Helicobacter pylori Puno135 1646139 1539 NC 017379.1 61.176 14 14 2463 1205
Helicobacter pylori SAfrica7 1679829 1573 NC 017361.1 NC 017373.1 61.575 48 47 2498 1206
Helicobacter pylori Sahul64 1644275 1579 ALWV01 61.240 32 30 2513 1205
Helicobacter pylori Sat464 1567570 1464 NC 017359.1 NC 017356.1 60.908 15 15 2521 1205
Helicobacter pylori Shi112 1663456 1561 NC 017741.1 61.227 10 10 2519 1205
Helicobacter pylori Shi169 1616909 1516 NC 017740.1 61.136 6 6 2521 1205
Helicobacter pylori Shi417 1665719 1545 NC 017739.1 61.229 14 14 2530 1204
Helicobacter pylori Shi470 1608548 1518 NC 010698.2 61.229 7 7 2530 1203
Helicobacter pylori SJM180 1658051 1524 NC 014560.1 61.100 15 15 2540 1203
Helicobacter pylori SNT49 1610830 1514 NC 017376.1 NC 017380.1 61.004 12 12 2540 1202
Helicobacter pylori v225d 1595604 1510 NC 017355.1 NC 017383.1 61.055 15 15 2549 1199
Helicobacter pylori XZ274 1656544 1701 NC 017926.1 NC 017919.1 61.427 89 89 2614 1193
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homologs were selected at 𝑒-value of 1𝑒−8; identity homolog
was 0.95; the blast minimum score was 30; and minimum
identity was 90. Reciprocal best blast hits were selected for
generation of blast matrix which is shown in Figure 2. Each
cell in the blast matrix demonstrates genes/proteins (𝑥-axis)
reciprocal hits with respect to the genome listed to the
right (𝑦-axis). Each corresponding rectangular box (between
any two genomes) in the matrix represents the number of
reciprocal hits (shared proteins) and the total number of
proteins. For example, two genomes, G1 and G2, will lead to
(G1/G2)∗100 = X% of the proteins/genes in G1 had reciprocal
hits, while (G2/G1)∗100 = X% of the proteins/genes in G2
had reciprocal hits. The diagonal row of boxes indicates
the internal homologies against itself (genome). The colored
matrix is generated for all the 39 genomes/proteomes with
the scale given, indicating the relative homology between
corresponding genome/proteome.

2.4. Pan-Genome Analysis and Characterization of Core Ge-
nome. The H. pylori conserved core families (CGFs) and
pan-genome families (PGFs) were estimated followed by
previously established method [19, 22]. CGFs and PGFs were
estimated by employing single-linkage clustering on top of
BLASTp alignments, with the notion that any two genes in
the data set are considered to belong to the same gene family
and should be considered as “conserved” if their amino acid
sequences are at least 50% identical over at least 50% of the
length of the longest gene [22, 23]. The strategy may also
be termed as 50/50. Doing so, multiple genes may belong to
single gene family and the number of gene families would
be lower than the actual number of genes in a genome.
Those genes which do not fit to the criterion would constitute
individual genes families. Gene families with at least one gene
in common were gathered into the core genome. The rest,
either unmatched or not qualifying according to the criterion,
constitute the species pan-genome [24–26].

2.5. Essential Gene Families and Nonhost Homologs Pre-
diction. The H. pylori predicted core genome was then
aligned with the Database for Essential Genes, DEG
(http://tubic.tju.edu.cn/deg/), for estimation of essential core
gene families, EGFs [12]. DEG contains essential genes data
from 32 bacteria, including E. coli, B. subtilis, H. pylori, S.
pneumoniae, M. genitalium, and H. influenzae. The BLAST
comparison settings for selecting the essential genes/proteins
were followed as previously described [27]: expected value (𝑒-
value) cutoff of 10−10; percentage of identity ≥ 35% between
query and hits; and minimum bit score of 100. In the
case of H. pylori, the host (human) genome/proteome was
downloaded from NCBI (taxid: 9606) and BLASTp analysis
were performed. In BLASTp comparison parameters, the
percentages of identity and 𝑒-valuewere kept<35%and 0.005,
respectively. Proteins without hits below the 𝑒-value inclusion
threshold were collected as nonhost bacterial proteins and
called nonhost essential gene families (nHEGFs).

2.6. Screening Core Exoproteome. For prediction of the
potential immunogenic and vaccine candidate genes and
proteins, the predicted nHEGFs (283) were analyzed for their

surface localization and signal peptide detection using
CELLO (subCELlular LOcalization predictive system;
http://cello.life.nctu.edu.tw/) and PSORTb (http://www.psort
.org/psortb/). Exoproteome and secretome always remain
a good source for therapeutic targets. Moreover, for the
prediction of potential vaccine targets and analyses, proteins
were analyzed for their transmembrane helices, MHC class I
and II binding epitopes, nonhost conservation, and pathogen
specific proteins.

2.7. Prioritizing Vaccine Targets. Proteins falling in nHEGFs
category were then analyzed for their potential as therapeutic
targets. Proteins having <110 KDa are considered to be good
therapeutic targets. Proteins labeled as surface or secreting
proteins predicted from CELLO and PSORTb in previous
step were subjected to ExPASy PI/MW tool [28] which
calculated their molecular weight.

2.8. Functional Annotation of Targets. Predicted surface and
secreting proteins were then analyzed for functional annota-
tion using Blast2Go [29] which is a workstation for functional
annotation of nucleotide/protein sequences; the program not
only provide annotated results but also give remote access to
user which help in analyzing data with different graphical and
statistical functions.

2.9. Protein-Protein Interactions (PPIs) of Prioritized Tar-
gets. Proteome-scale interaction analysis of prioritized pro-
teins was performed using Search Tool for the Retrieval
of Interacting Genes (STRING) (http://www.string-db.org)
[30]. STRING being a comprehensive database and user
friendly tool provides a good opportunity of protein-protein
interactions along with their available information regarding
functional categorization and domain evaluation, and so
forth.

2.10. Epitope Mapping. To predict best vaccine targets prior-
itized proteins with their full length sequence were subjected
to BCPred analysis [31] to predict B-cell epitopes. Cutoff score
for 20-mer epitope prediction was maintained as 0.8 and
epitopes having >0.8 value were then subjected to VaxiJen
[32] to check antigenicity (threshold = 0.4, ACC output).

2.11. Pathogenomic Analysis and Prediction of Pathogenicity
Islands. In order to identify pathogenicity islands (PAIs) in
H. pylori species, we have performed an analysis with PIPS
(Pathogenicity Island Prediction Software) [33]. PIPS identi-
fies PAIs according to their main feature: genomic signature
deviations, that is, G + C content and codon usage deviations;
presence of virulence factors, transposase genes and flanking
tRNAs genes; and absence in nonpathogenic organism from
the same genus or related species. The analyses were per-
formed on H. pylori strains 26695, Cuz-20, J99, PeCan4, and
SouthAfrica7, which are representative of Europe, East Asia,
West Africa, South America, and South Africa, respectively.
Additionally, Wolinella succinogenes DSM 1740 was chosen
as nonpathogenic closely related species for PIPS analysis
requirement [34]. After prediction step, the sizes of all PAIs
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in all 5 H. pylori genomes used in this step were manually
inspected through graphical genome comparisons in ACT:
the Artemis Comparison tool [35]. Finally, we obtained
reference PAIs from the genomes which can be used as
representative islands among all. The reference PAIs were
then compared with all 39 genomes of H. pylori included in
this study using the proteome comparison data and plotted a
heatmap for easy visualization of percentage identity.

3. Results and Discussion

3.1. H. pylori Genome Statistics and Features. H. pylori is a
Gram-negative microaerophilic bacterium which colonizes
the human stomach, a pathogen belonging to epsilon-
bacteria. [1, 36, 37]. H. pylori species has a total of 39
complete genomes sequences on NCBI GenBank (at the
time of analyses). The majority of them are in Refseq. Of
the 39 H. pylori complete genomes, about half of them
(17) carry plasmid DNA (one or more) (Table 1). The total
number of proteins in 39 H. pylori genomes was calculated
as 59,958, while an average H. pylori genome was found
to contain 1,537 protein coding genes (CDS). The genome
sequencing of this important pathogen started with H. pylori
26695, which was obtained in 1997. It has been observed
that it contains a circular chromosome of 1,667,867 base
pairs with an average GC content of 39% [36]. Later on,
while other genomes were sequenced it became promi-
nent that H. pylori genomes have uniform (lower) GC
contents. According to GenBank data, the %GC does not
have considerable variations and range from 38 to 39%
(http://www.ncbi.nlm.nih.gov/genome/browse/). During the
analyses of H. pylori genomes, an average 61% of AT content
was observed. The closely related strain J99 isolated from an
American patient having duodenal ulcer; when compared
to H. pylori, 26695, a total of 1,406 genes were found
common amongst them. The J99 was observed to have 86
unique genes; however, both strains share the important cag
pathogenicity island, which codes for the type IV secretion
system, facilitating the transport of CagA cytotoxin to gastric
epithelial cells [3, 38]. Later, the strain HPAG1 (isolated
from an elderly women in Sweden) sequenced in 2006 [39]
was compared to the previous two strains (J99 and 26 695)
and it has a smaller genome size and shared the CagA and
vacA (virulent allele). HPAG1 was found to contain 43 strain
specific genes. Another strain, G27, which is similar in size
(1652983 bp) to the previous strains (26 695, J99, andHPAG1),
contains a plasmid (11 genes) and 58 specific genes. However,
the cag island is reported to be disrupted by a transposon in
G27 [3, 8]. The strain Shi470 has a genome relatively larger
in size (∼1.6Mbp) than the previous strains. The recently
sequenced genome H. pylori Sahul64 (ALWV01) isolated
from an Australian Aboriginals also lies in the range and has
a genome 1.64Mbp consisting of 1579 predicted genes [40].
However, there is a consensus in the scientific community
that there is an increase in H. pylori genomic variability
and the phenomena of mutations and recombination are
continuously occurring. The analyzed genomes in this study
and their genome statistics, shared genes/proteins, and genes
associated to particular strains were predicted and are shown

in Table 1. For example, the highest number of strain specific
genes families (189GFs–207 genes) was observed in the H.
pylori strain 26695 while the lowest (6GFs) was found in H.
pylori Shi169.

3.2. Phylogenetic Analysis of Ribosomal RNA. H. pylori is a
well-recognized human gastric pathogen, being colonizing
the earliest human populations and it is believed to have
coevolved and comigrated with its hosts across the world
[4]. A phylogenetic analysis has been done for 39 H. pylori
species to understand pattern of evolution and distribution of
the organism. The phylogenetic tree based on 16S rRNA was
generated from the resultant data (extracted from genomes)
usingMEGA6 [21]. Neighbor Joining method was employed
to construct the tree [41]. After generating possible pairwise
and multiple alignments MEGA6 illustrates a phylogenetic
tree representing the optimal tree with the sum of branch
length = 0.04530419. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree (Figure 1). The
evolutionary distances were computed using the Maximum
Composite Likelihood method [42] and are in the units
of the number of base substitutions per site. The analysis
involved 39 nucleotide sequences. Codon positions included
were 1st + 2nd + 3rd + noncoding. All positions containing
gaps and missing data were eliminated. There were a total of
1482 positions in the final dataset. A newly sequenced strain
(Sahul64) isolated from Australian Aboriginals [40] has a
draft genome available and incorporation of this genome in
phylogenetic analysis shows maximum branch length in its
clade representing the higher evolutionary time.Theprevious
reports have revealed that the H. pylori species divides into
two clusters: one with the species which colonize the stomach
of mammals (so called gastric species) and the other with
species that inhabit the intestine and biliary tracts (so called
enterohepatic cluster) [5]. To better understand intraspecies
relationships in H. pylori the amount and percentage of
shared proteome are predicted.

3.3. Proteome Conservation in H. pylori Strains (Pairwise
Alignment). We observed higher similarities in genomic
contents of H. pylori strains in phylogenomic analysis;
therefore, we decided to compare the whole predicted pro-
teome (proteins) of all H. pylori strains to estimate the
amount of proteins they share. The H. pylori genomes were
pairwise compared (BLASTp). To estimate the amount of
shared proteome between and among strains, a matrix is
generated from the data of comparisons which is shown in
Figure 2. Both number and percentage of shared proteome
(proteins) are shown in corresponding box of the matrix.
For example, we can see in the color matrix a maximum
proteome conservation of ∼98% and a minimum of ∼81%.
The maximum similarity we observed is in H. pylori 2017
and H. pylori 2018 and vice versa. Inversely to this, one
can see the minimum ∼81% proteome similarity between
H. pylori 2018 and H. pylori Shi 470. Similarly, H. pylori
908 and H. pylori B8 share the same amount of proteins
with H. pylori Shi 470. These findings are interesting when
compared with phylogenetic trees and reflect the consistent
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Figure 1: The evolutionary history inferred by Neighbor Joining method (NJ). MEGA6 was used for multiple sequence alignment and
construction of phylogenetic tree of all 39 H. pylori strains. Branch lengths were computed using evolutionary distances generated by
Maximum Composite Likelihood method.
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Figure 2:Whole genome/proteome pairwise alignment and comparative analysis.The translated genomes of allH. pylori available strains are
analyzed by BLASTp analysis. Pairwise comparisons acrossH. pylori proteomes are plotted in blast matrix.The shared proteome between any
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the similarity. The diagonal row of rectangular boxes in the matrix illustrates the internal homology against its own proteome.



8 BioMed Research International

0

500

1000

1500

2000

2500

3000

Total genes
Total gene families
New gene families

Core genome
Pan genome

H
. p

yl
or

i2
0
1
7

H
. p

yl
or

i2
0
1
8

H
. p

yl
or

i2
6
6
9
5

H
. p

yl
or

i3
5

A
H

. p
yl

or
i5

1

H
. p

yl
or

i5
2

H
. p

yl
or

i 8
3

H
. p

yl
or

i 9
0
8

H
. p

yl
or

iB
3
8

H
. p

yl
or

iB
8

p
H

. p
yl

or
iC

uz
2
0

H
. p

yl
or

iE
LS

3
7

p
H

. p
yl

or
iF

1
6

H
. p

yl
or

iF
3
0

p
H

. p
yl

or
iF

3
2

H
. p

yl
or

iF
5
7

H
. p

yl
or

iG
2
7

p
H

. p
yl

or
i G

am
bi

a9
4
2
4

H
. p

yl
or

iH
PA

G
1

p
H

. p
yl

or
iH

U
P-

B1
4

H
. p

yl
or

iI
nd

ia
7

H
. p

yl
or

iJ
9
9

H
. p

yl
or

iL
ith

ua
ni

a7
5

H
. p

yl
or

i P
1
2

H
. p

yl
or

iP
eC

an
1
8

H
. p

yl
or

iP
eC

an
4

H
. p

yl
or

iP
un

o1
2
0

H
. p

yl
or

iP
un

o1
3
5

H
. p

yl
or

iS
A

fr
ic

a7
p

H
. p

yl
or

is
ah

ul
6
4

H
. p

yl
or

iS
at
4
6
4

H
. p

yl
or

iS
hi
1
1
2

H
. p

yl
or

i S
hi
1
6
9

H
. p

yl
or

iS
hi
4
1
7

H
. p

yl
or

iS
hi
4
7
0

H
. p

yl
or

iS
JM

1
8
0

H
. p

yl
or

iS
N

T4
9

H
. p

yl
or

iv
22

5d
H

. p
yl

or
iX

Z2
7
4

Figure 3: Core and pan-genome estimation for the genus, H. pylori and non-pylori species. The figure demonstrates the distribution of core
(1,193) and pan-genome (2,614) of H. pylori species (Table 1). The pan-genome plot represents total number of genes, gene clusters (families)
for each genome (light grey), new gene families (dark gray) pan-genome (blue), and core genome (red). Name of genome is provided on
𝑥-axis and number of genes can be observed on 𝑦-axis.

interstrain relationships. For example, H. pylori 2017 and
H. pylori 2018 are located quite close in phylogenetic tree; this
also reflects the similar geographic relationship (WestAfrica).
Similarly, they are closely related to H. pylori 908, isolated
from an African patient living in France having history
of recrudescent duodenal ulcer disease, which in turn was
found phylogenetically related to H. pylori J99, isolated from
gastric carcinoma and gastritis patients in Costa Rica. These
findings helped in understanding the intraspecies (strains)
diversity and/or similarity and its correlation with that of
phylogenomic variations based on genomic contents.

3.4. Pan-Genome Analysis of H. pylori. The global gene
repertoire of 39 H. pylori genomes comprises 59,958 genes.
Among this set of genes, core or central genome was
estimated to contain 1,193 CGFs and the pan-genome was
found to contain 2,614 PGF. An average genome of H. pylori
contains ∼1537 genes (the lowest 1,464 in H. pylori Sat464
and the highest 1,701 inH. pylori XZ274).The calculated core
genome represents ∼77% of the average genome size (∼1,537
genes/proteins). As expected, theH. pylori genomes (isolates)
share a large part of their genomic content and a decrease in
the number of new GFs/genes was observed as compared to
what was accumulated upon subsequent genome inclusion
to the study; this can be seen in the pan-core genome plot

in Figure 3. We also observed accumulation of an average
of ∼39 new gene GFs (40 genes) with subsequent addition
of genome; however, the highest numbers of species specific
(unique) GFs observed were 189, 103, and 89 in H. pylori
26695, H. pylori 35A, and H. pylori XZ274, respectively
(Table 1). These findings demonstrated that these particular
strains are more diverse among those analyzed strains; the
phylogenic tree also reflects similar image of evolutions or
genome distributions. The pan-genome, on the other side,
rose at a lower rate and roughly twice the size (∼57%) of
the core genome while the core genome is about 45% of
the global gene repertoire, that is, the pan-genome of H.
pylori. In a previous study by Salama et al., in 2000, they
determined the core set of genes in 15 H. pylori strains with a
microarray method, and a total of 1,281 genes were found to
constitute the core genome [11]. As the strains were mainly
isolated from only the western part of the world, it was
difficult to estimate that those core geneswould also represent
the larger number of species, once they became available.
However, it is notmuch surprising to estimate highnumber of
CGFs for a few intraspecies genomes due to higher genomic
similarities. On a random comparison, the first 15 genomes
in our dataset represent 1,223 CGFs, which is close to the
core genome (1,281) previously observed. Furthermore, 25
genomes were found to share 1,208CGFs and the total set of
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39 genomes constitutes a core genome of 1,193 CGFs (Addi-
tional File 1, in Supplementary material available online on
http://dx.doi.org/10.1155/2014/139580). Our findings are quite
closed to previous data, indicating the consistent behavior,
evolution, and gene distribution [11, 40]. Nevertheless, we are
sure that even with the addition of more genome sequences,
the pattern would remain the same or the conserved regions
would be limited, but not necessary. Also, an average of ∼40
new genes added to the study on addition of each new strain.
The overall picture ofH. pylori genomes statistics (genes, gene
clusters (GFs), and unique genes associated with), core, and
pan-genome pattern is shown in Figure 3, and the individual
genomic data can be found in Table 1.

3.5. H. pylori Core EGFs and Nonhost Homologs Predictions.
Essential genes in a genome are the geneswhich are crucial for
growth, cellular activities, and foundation of life.These genes
represent aminimal gene setwhich is essential for a living cell.
The identification of essential genes is of practical importance
in drug designing against bacterial infections, and due to
the fact that most of the antibiotics target essential cellular
processes and essential gene products of microbial cells, they
are suitable candidate targets for such drugs [43]. For this
propose, we subjected our predicted CGFs (1,193) against
the database of essential genes, DEG and classified CGFs as
EGFs if they had significant similarity against experimentally
validated essential genes in other bacteria, bacterial group,
or database. We predicted a total of 779 (∼65%) EGFs in
our core data set with the following selection parameters:
𝑒-value cutoff 10−10, percentage of identity ≥ 35% between
query and hits, and a minimum bit score of 100 [27]. The
list of those 779 EGFs along with their matching DEG ID
is provided in Additional File 2. In principle, ideal targets
for bacterial therapeutics are pathogen’s genes/protein whose
homologs are absent in the corresponding host. In the case
of H. pylori, colonizing humans, we downloaded the human
proteome (taxid: 9606) available on GenBank, which has
34,521 proteins. BLASTp analyses were performed and the
predicted core EGFs in previous step (779) was aligned
against human proteome. This time, the 𝑒-value cutoff was
set to 0.005 and the percent of identity to 35%. Proteins
without hits below the set parameters were chosen as nonhost
bacterial proteins. Two datasets were then generated and
the so-called pathogen essential gene families having human
homologs (497) were kept aside. The remaining 283 core
essential proteins were found specific to pathogen (H. pylori)
and do not have corresponding human homologs with same
threshold (Additional File 3). The later set (core nHEGFs =
283) were selected as potential candidates and subjected to
further validations (sequence and structural).

3.6. Vaccine Candidates Identification. For multiple related
pathogenic species (intraspecies), once the complete genome
sequences are available, it is a desirable task to predict global
vaccine targets that are conserved among all genomes. Gen-
erally, surface and secreted proteins are involved in bacterial
pathogenesis and are recognized as good candidates for
vaccine development [19, 44].On the other hand, cytoplasmic
and innermembrane proteinsmay not be good candidates for

vaccine development; however, they can be targets for drug
designing against bacteria. The following steps have been
followed for the prediction of potential candidates.

3.7. Core Exoproteome Prediction. For H. pylori global vac-
cine identification, we analyzed our predicted nHEGFs set
of EGFs (283) by an online protein localization tool CELLO
[45]. Among the 283 (nHEGFs), 29 proteins predicted to be
associated with bacterial cell surface (7 outer membrane, 12
innermembrane 8 periplasmic, and 5 extracellular) and some
of the proteins were found to have multiple locations. Multi-
fasta file containing predicted surface proteins (sequences) is
created and is provided as Additional File 4.

3.8. Prioritization of Vaccine Targets. The predicted 29 H.
pylori (CGFs/EGFs) surface proteins predicted by using
CELLO [45] and PSORTb [46] were then analyzed for
their molecular weight. Proteins having molecular weight
<110 KDa are thought to be good targets for vaccine. nHEGFs
generated in our analysis showed that 28 out of 29 proteins
have molecular weight <110 KDa which are then supposed to
be good targets for vaccines (Table 2).

3.9. Functional Annotation of Targets. Blas2go being a reliable
workstation was used to generate functional annotation
of targeted proteins [29]. Proteins were analyzed for their
functions, characterization as enzymes, and InterPro scan. 28
out of 29 proteins were predicted to be potential therapeutic
targets and are found to be involved in many essential bio-
logical functions such as abc transporter, membrane protein,
intertase, and potassium transporter. Eleven core proteins
are enzyme in nature and thus can be the best for vaccine
or therapeutic targets. Complete functional annotation of
proteins is given in Table 2. Blast2go was used to analyze
molecular and biological function distribution among 28
proteins and a graph was obtained showing most of the
proteins involved in hydrolase activity, organic cyclic com-
pound binding, heterocyclic compound binding, substrate-
specific transporter activity, ion binding, and transmembrane
transporter activity (Figure 4).

3.10. Protein-Protein Interaction Network. The 28 predicted
potential surface core exoproteins were analyzed to generate
a PPI network ofH. pylori. The interaction map generated by
STRING revealed many new insights of protein interactions
among target proteins. In principle, the interaction network
is constructed by integrating many types of experimen-
tally proved statistics like cooccurrence, neighborhood, gene
fusion, homology, text mining, and coexpression [30]. PPI
map shown in Figure 5 exhibits direct or indirect relation
between targeted proteins; 11 proteins appear to have direct
relations/interactions among each other. Further enrichment
analyses of proteins appearing in interactome have been
carried out to explore potential role of these interactions;
KEGG pathway analysis showed involvement of interact-
ing proteins in citrate cycle, metabolic pathways, microbial
metabolism in diverse environment, ABC transporters, and
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Table 2: Biological categorization of candidate essential gene families.TheH. pylori EGFs analyzed by CELLO and PSORTb for prediction of
surface proteins.This is followed by calculation of molecular weight of proteins by Expasy tool and Blast2go is used for functional annotation.

Protein Localization Mol. weight (Da) EC number Sequence
description

SeqID: /gene family=“1495” Cytoplasmic
Outer membrane

76937.16

SeqID: /gene family=“1623” Outer membrane
Inner membrane

81336.76
EC 3.6.3.3,
EC 3.6.3.4,
EC 3.6.3.5

Copper-exporting ATPase

SeqID: /gene family=“1487” Extracellular
Outer membrane

51589.98 EC 3.4.21 Serine protease

SeqID: /gene family=“1447” Outer membrane
Cytoplasmic

24108.16

SeqID: /gene family=“821” Inner membrane
Outer membrane

26170.79

SeqID: /gene family=“222” Inner membrane
Cytoplasmic

61901.64 Abc transporter permease

SeqID: /gene family=“197” Inner membrane 32817.21 EC 2.5.1 Prenyltransferase
SeqID: /gene family=“577” Inner membrane 25149.00 Membrane protein
SeqID: /gene family=“1486” Inner membrane 62563.95 Insertase
SeqID: /gene family=“948” Inner membrane 52460.09 Lysine-specific permease

SeqID: /gene family=“1028” Cytoplasmic
Inner membrane

33346.74 EC 1.1.1.8 Glycerol-3-phosphate
dehydrogenase

SeqID: /gene family=“1439” Inner membrane 46137.77 Potassium transporter
SeqID: /gene family=“1480” Inner membrane 53997.01 Sodium proline symporter

SeqID: /gene family=“714” Inner membrane 49579.70 Sodium: neurotransmitter
symporter family protein

SeqID: /gene family=“1238” Inner membrane 115481.83 Cation efflux system protein

SeqID: /gene family=“230” Outer membrane
Extracellular

30259.72 EC 1.3.1.9 Enoyl-acp reductase

SeqID: /gene family=“940” Extracellular 33739.71

SeqID: /gene family=“792” Extracellular 39410.96

SeqID: /gene family=“747”
Cytoplasmic

Outer membrane
Extracellular

32881.19 Domain protein

SeqID: /gene family=“30” Periplasmic 30271.1 50s ribosomal protein l2

SeqID: /gene family=“1043” Periplasmic
Cytoplasmic

15669.30

SeqID: /gene family=“128” Periplasmic
Cytoplasmic

37289.58 EC 3.5.1.49 Formamidases

SeqID: /gene family=“428” Periplasmic 40467.09 EC 1.1.1.1 NADP-dependent alcohol
dehydrogenase

SeqID: /gene family=“664” Cytoplasmic
Periplasmic

26515.58 EC 3.6.1.3 ABC transporter ATP-binding
protein

SeqID: /gene family=“928” Periplasmic 61103.25 EC 2.3.2.2 Gamma-glutamyltranspeptidase
SeqID: /gene family=“1097” Periplasmic 65613.27 EC 3.1.4.16 5-nucleotidase protein
SeqID: /gene family=“88” Cytoplasmic membrane 21533.23 Membrane protein
SeqID: /gene family=“1595” Cytoplasmic membrane 74214.44 EC 2.41.129 Penicillin-binding protein 1a

SeqID: /gene family=“387” Periplasmic 62296.56 Peptide ABC transporter
substrate-binding protein
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Figure 4: Functional characterization of proteins selected as potential vaccine targets. Total of 29 nonhuman homolog proteins were
functionally annotated using Blast2go and distribution of their molecular functions in analyzed in the form of graph.
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Figure 5: Protein-protein interaction (PPI) map of targeted core
proteins. An interactome established between prioritized core pro-
tein targets. Eleven proteins showed interactions among each other
revealing their collaborations in different pathways. Number and
color of edges between nodes represent the type of evidence for the
associations.

various other metabolic pathways. Domain enrichment anal-
ysis revealed only 2 proteins having outer membrane efflux
protein domain.

3.11. Epitope Mapping. The 28 potential proteins were then
analyzed for epitopes which can bind to B-cells and generate
immune response efficiently. BCPredwas used to predict 75%
specific 20-mer epitopes of each protein. Each protein has 1
or more sites that have ability to bind B-cells epitopes except
a core protein 1028, a glycerol 3-phosphate dehydrogenase.
Though it is an enzyme, no epitope was predicted in its
sequence [31]. Three core proteins have a single epitope
binding site, BCPred suggested 3 proteins with 2 sites for
protective antigens, and all other core proteins have >2 epi-
tope binding sites. All predicted epitopes were then subjected
to VaxiJen to check their antigenic property (threshold =
0.4, ACC output). Being based on alignment independent
method VaxiJen follows autocross covariance (ACC) algo-
rithm that mines protein sequences for antigenicity based on
chemical properties [32]. We used mode for bacterial protein
prediction for protective antigens. Some proteins’ epitopes do
not show antigenic behavior whereas as some proteins show
highly antigenic epitopes. Complete list of predicted epitopes
and their VaxiJen score to be specified as antigenic or not are
given in Additional File 5. Epitopes with highest scores for
antigenicity can be further checked for MHC class binding
and then can be approved as the best targets for vaccine devel-
opment against H. pylori. Some epitopes from core proteins
like MEHQNTTQKQGELKRDMKMR residing at position
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1 of gene family = “948” (Additional File 5) have a VaxiJen
score of 1.5091, which ismuch higher than the cutoff value 0.4,
whereas some epitopes, for example, MMQLYKKHGAN-
PLGGCLPLI initiating from 407 bp of gene family = “1486,”
has 041 score near to cutoff value. Epitopes with the best
value can be subjected to vaccine development. Although
there aremany loop holes in the defined experimental process
of developing therapeutic targets, these in silico predicted
epitopes can provide a good platform for vaccinology to begin
a new era.

3.12. Pathogenicity Islands Prediction in H. pylori. We have
identified 22 nonredundant putative PAIs across the genomes
of H. pylori strains: 26695, Cuz-20, J99, PeCan4, and
SouthAfrica7, which are named as putative pathogenicity
islands ofH. pylori 1–22 (PiHp1–22). To create a heatmapwith
the percentage of similarity of each PAI in all genomes, the
content of PAIs identified as PiHp1–18, PiHp19, PiHp20-21,
and PiHp22 were acquired from the genome sequences of
H. pylori strains 26695, Cuz-20, SouthAfrica7, and PeCan4,
respectively. Although some of the reference PAIs may be
partially or totally present in the other reference genomes,
these reference PAIs were chosen due to the higher repre-
sentability (according to their size and gene content); for
example, PiHp19 inH. pyloriCuz20 is also present inH. pylori
26695; however, it has only 40% of the genes of PiHp19 of
H. pylori Cuz20 and, thus, the latter one has been chosen for
comparative analysis.

In the heatmap, we observed a high degree of variability
in most of the PAIs across all 39 genomes, where only
PiHps 2 (C694 01095-C694 01190), PiHps 4 (C694 01445-
C694 01490), PiHps 14 (C694 05735-C694 05795), and
PiHps 15 (C694 06365-C694 06390) are totally present
in at least 50% of the strains (Figure 6). On the other
hand, PiHps 8 (C694 02175-C694 02345) and PiHps 13
(C694 05045-C694 05230) are the most variable regions,
presenting percentages of similarity ranging from 0–57% to
10–71%, respectively. Figure 7 demonstrates the conserved
PiHps 2, 4, 14, and 15 (Figures 7(a), 7(b), 7(c), and 7(d))
and variable PAIs PiHps 8, 13, and 9 (Figures 7(e), 7(f),
and 7(g)).

The majority of the genes harbored by PiHps 2, 4, 8, 13,
14, and 15 have been assigned the term “hypothetical protein”
on their product tag, meaning that most of the gene products
are not yet identified. However, some genes on these PAIs
deserve attention; for example, PiHp2 harbors a gene coding
for a DNA repair protein, RadA (C694 01125), which is part
of a superfamily of recombinases or DNA strand-exchange
proteins, composed of archaeal RadA, bacterial RecA, and
eukaryal Rad51 and DMC1 proteins. RadA has a pivotal role
in DNA strand-exchange process between single stranded
DNA (ssDNA) and a homologous double-stranded DNA
(ds-DNA) in homologous recombination [47]. Homologous
recombination is one of several DNA repair pathways (direct
reversal, base excision repair, nucleotide excision repair,
mismatch repair, and recombination repair pathways) and
functions in the repair of double-stranded DNA breaks and
the restarting of stalled replication forks, therefore, guar-

anteeing accurate functioning and propagation of genetic
information [47, 48]. However, as RadA is mainly found in
archaea, in vitro experiments are required to elucidate the
putative function of RadA in bacteria, speciallyH. pylori and
to clarify its putative acquirement through horizontal gene
transfer from archaea.

In PiHp4, there are genes coding for a cell division protein
FtsH (C694 01445) and a toxin-like outer membrane protein
(C694 01460), also termed putative vacuolating cytotoxin-
(VacA) like protein. The cell division protein FtsH is a
member of the AAA+ super-family (ATPases associated
with diverse cellular activities), which consists of highly
conserved molecular machines responsible for a number
of cellular processes like cell division, cell differentiation,
signal transduction, stress response, and others [49]. FtsH
is required for the proper functioning of sigma 54 under
nitrogen limitation conditions and FtsH mediated degrada-
tion of misassembled membrane and cytoplasmic proteins
is thought to be responsible for its role in the heat shock
response, therefore explaining its upregulation in response
to heat shock in several bacteria, including H. pylori [50, 51].
VacA, or vacuolating cytotoxin A, is one of the most studied
toxins produced by H. pylori, whereas the CagA (cytotoxin-
associated gene A) occupies the first place. VacA has the
ability to cause vacuole-like membrane vesicles in the cyto-
plasm of gastric cells and is also associated with disruption
of mitochondrial functions, stimulation of apoptosis, and
blockade of T-cell proliferation.The presence of the toxigenic
allelic s1 form of VacA in strains of H. pylori is commonly
associated with an increased risk of peptic ulceration and
gastric cancer [7, 52–54]. CagA, on the other hand, after
injected in host cells, can influence cellular tight junction,
cellular polarity, cell proliferation and differentiation, cell
scattering, and induction of the inflammatory response.
CagA was already identified to be located in an extensively
studied pathogenicity island (cag-PAI), which is ∼40 kb in
size, encodes for a type IV secretion system (T4SS), and
was identified by PIPS, in this work, as PiHp9 (C694 02670-
C694 02870) (for detailed reviews of VacA and CagA, please
refer to [52, 54]).

Inside themost variable PAIs, PiHps 8 and 13, IS605 trans-
posases tnpA (C694 02220, C694 05100 and C694 05150)
and tnpB (C694 02225, C694 05105 and C694 05145) can
be observed, which are probably responsible for the incor-
poration of the PAIs and could also account for their high
instability. Additionally, PiHp8 also harbors genes coding for
2 VirB4-like proteins (C694 02240 and C694 02345). VirB4
is part of T4SS in bacteria, which is necessary for pilus bio-
genesis, substrate transfer, and virulence as it is responsible
for horizontal transfer of plasmid DNA between bacteria
during conjugation and for the delivering of macromolecules
to prokaryotes and eukaryotes [55, 56]. In H. pylori, the
T4SS formed by the VirD4/VirB genes are known to have a
pivotal role in the delivery of CagA protein into the cytosol
of gastric epithelial cells and the entire T4SS is coded by
VirD4/VirB genes harbored by the cag-PAI (PiHp9). The
putative backup function of the 2 copies of VirB4-like pro-
teins in PiHp8 for the VirB4 harbored by cag-PAI is yet to be
elucidated.
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Figure 6: Pathogenicity islands in H. pylori genomes (Pan-Heatmap). Heatmap analysis demonstrates high degree of variability on most of
the PAIs across all genomes. Among the 22 predicted PAIs, only PiHps 2, 4, 14, and 15 are present in at least 50% of the strains.



14 BioMed Research International

C694 01080
C694 01085
C694 01090

C694 01095

C694 01100

C694 01105
C694 01110

C694 01115

C694 01120

C694 01125

C694 01130

C694 01135

C694 01140

C694 01145

PiHp2
C694 01150

C694 t08271
C694 01155

C694 01160

C694 01165

C694 01170
C694 01175

C694 01180

C694 01185

C694 01190

hemC

hemA

235kbp

240kbp

Helicobacter pylori 26695 chromosome complete genomes

(a)

C694 01435

C694 01440

C694 01445

C694 01450

C694 01455

C694 01460

PiHp4

C694 01465

C694 01470

C694 01475

C694 01480

amiE

flgL
rplU
rpmA
C694 01505

300kbp

305kbp

310kbp

Helicobacter pylori 26695 chromosome complete genomes

(b)

C694 05820
tolB

C694 05810
C694 05805
C694 05800
C694 05795
C694 05790
C694 05785
C694 05780

flgK

C694 05770

C694 05765

C694 05760

PiHp14
C694 05755

C694 05750

C694 05745

C694 05740

C694 05735

C694 05730

porA
porD

1190kbp

1185 kbp

1180 kbp

Helicobacter pylori 26695 chromosome complete genomes

(c)
C694 06395

amiF

C694 06385

C694 06380

PiHp15

C694 06375

C694 06370

C694 06365

C694 06360

1311kbp

1310kbp

1309kbp

1308kbp

Helicobacter pylori 26695 chromosome complete genomes

(d)

C694 02170

C694 r08337
C694 r08329
C694 02175

C694 02180
C694 02185
C694 02190
C694 02195
C694 02200
C694 02220
C694 02225
C694 02230
C694 02235

C694 02240

C694 02245
C694 02250

C694 02255

PiHp8
C694 02260
C694 02265

C694 02270
C694 02300

C694 02305

C694 02320
C694 02325
C694 02330
C694 02335

C694 02340
C694 02345

C694 02350
C694 02355
C694 02360
C694 02365
C694 02370

445kbp

450kbp

455kbp

460kbp

465kbp

470kbp

Helicobacter pylori 26695 chromosome complete genomes

(e)

C694 05245

C694 05240

C694 05235
C694 05230
C694 t08307

C694 05220

C694 05210

C694 05225 C694 05195

C694 05215
C694 05170
C694 05165

C694 05185C694 05150

C694 05160C694 05135C694 05145
C694 05155 C694 05130

PiHp13C694 05110
C694 05105

C694 05125C694 05095
C694 05085C694 05100C694 05070

C694 05090 C694 05065

C694 05075 C694 05060

C694 05080C694 05055

C694 05045
C694 05040

C694 05050 C694 05035
C694 05030

1070kbp

1065kbp

1060kbp

1055kbp

1050kbp

Helicobacter pylori 26695 chromosome complete genomes

Potential RNA of . . .

(f)
C694 02675

C694 02680
C694 02685

C694 02690
C694 02695

C694 02700
C694 02705

C694 02710
C694 02715

C694 02720
C694 02725

C694 02730
C694 02735

C694 02740
C694 02745

C694 02750
C694 02755

C694 02760
C694 02765

PiHp9
C694 02770
C694 02775

C694 02780
C694 02785

C694 02790
C694 02795

C694 02800
C694 02805

C694 02810
C694 02815

C694 02820
C694 02825

C694 02840
rhorpmE

C694 02855
C694 02860

555kbp

560kbp

565kbp

570kbp

575kbp

Helicobacter pylori 26695 chromosome complete genomes

Potential frames . . .

(g)

Figure 7: Conserved and variable pathogenicity islands inH. pylori. Putative pathogenicity islands predicted inH. pylori.TheH. pylori 26695
a reference genome is selected for analysis (scaffold). All the genomes are aligned and a phylogenetically related nonpathogenic organism
Wolinella succinogenes DSM 1740 is also included for comparison. PAIs 2, 4, 14, and 15 are found conserved ((a), (b), (c), and (d)). On the
other side, PAIs PiHps 8, 13, and 9 ((e), (f), and (g)) were found variable among H. pylori genomes.

4. Conclusion

The study illustrates the comparative genomic and pan-
genomic analysis of important human pathogen H. pylori.
Multiple genomes from the same species have been analyzed,
showing genomic similarities to a large extent, and thus
constitute relatively higher conserved core genome. The
number of strain specific genes was observed to be signifi-
cantly low, indicative of the close relationships among these
strains. A number of potential novel pathogenicity islands

were predicted and vaccine candidates and drug targets
have been characterized providing detailed insights into the
pathogenesis of H. pylori. Therapeutic targets’ prioritization
includes molecular weight analysis, nonhomology with host,
and epitope mapping. Proteins with weight <110 kDa are
supposed to be good targets for vaccines as they can easily
be extracted and purified. Antigenic epitopes of selected
core proteins can provide good insight into development of
targeted peptide vaccines. The candidate genes and proteins
identified could be further analyzed for the development of
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therapeutics against this neglected pathogen. Furthermore,
conserved pathogenic regions in multiple genomes which
have been identified will help in understanding the common
pathogenic behavior of this pathogen. Finally, the compara-
tive genomic tools and technique applied in the study can be
extended to other pathogens even on a larger scale.Webelieve
that the data generated during this study can assist further
research in comparative genome analysis in order to expose
the genetic markers of virulence, organism adaptability to
host tissues, antibiotic resistance, and effective therapeutic
strategies in the same or other similar species.
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The binding and ingestion ofMycobacterium avium subsp. paratuberculosis (MAP) by host cells are fibronectin (FN) dependent. In
several species of mycobacteria, a specific family of proteins allows the attachment and internalization of these bacteria by epithelial
cells through interactionwith FN.Thus, the identification of adhesionmolecules is essential to understand the pathogenesis ofMAP.
The aim of this study was to identify and characterize FN binding cell wall proteins of MAP. We searched for conserved adhesins
within a large panel of surface immunogenic proteins of MAP and investigated a possible interaction with FN. For this purpose, a
cell wall protein fraction was obtained and resolved by 2D electrophoresis. The immunoreactive spots were identified by MALDI-
TOF MS and a homology search was performed. We selected elongation factor Tu (EF-Tu) as candidate for further studies. We
demonstrated the FN-binding capability of EF-Tu using a ligand blot assay and also confirmed the interaction with FN in a dose-
dependent manner by ELISA. The dissociation constant of EF-Tu was determined by surface plasmon resonance and displayed
values within the 𝜇M range. These data support the hypothesis that this protein could be involved in the interaction of MAP with
epithelial cells through FN binding.

1. Introduction

Paratuberculosis (PTB) is a chronic granulomatous enteri-
tis of domestic and wild ruminants. This disease involves
extensive mycobacterial shedding, which accounts for the
high contagiousness, and ends with fatal enteritis. Decreases
in weight, milk production, and fertility produce severe
economic loss [1]. The etiological agent of PTB is Mycobac-
terium avium subsp. paratuberculosis (MAP).MAP enters the
intestinal tissue through M cells present in the dome epithe-
lium covering the continuous Peyer’s patches in the distal
ileum [2, 3]. Initially, the pathogen interacts with proteins
of the extracellular matrix (ECM), which function as ligands
for bacterial adhesion. Fibronectin (FN) binding is required
for attachment and internalization of MAP by the epithelial
cells and 𝛽1 integrins have been identified as the host cell

receptors for FN-opsonized mycobacteria in vitro and in vivo
[4]. M cells have the distinctive characteristic of displaying
𝛽1 integrins on their luminal face at high density; therefore,
the presence of these integrins on M cells may explain why
these cells are the entry of the bacteria. The interaction
between MAP and FN is explained by the presence of the
FN-binding proteins called adhesins. Different adhesins from
several pathogens were identified as virulence factors [5–
9]. Adhesins may also induce strong protective immunity
in the host and, thus, remain attractive vaccine targets. For
instance a 27-kDa outer membrane protein from Salmonella
typhi binds to laminin and induces a strong protective
antibody response in animal models and humans [10]. In
addition, the antigen 85 complex (Ag85)was the first family of
mycobacterial proteins to be identified as having FN-binding
capability. Members of the Ag85 complex were described as
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a mycobacterial adhesins firstly in M. tuberculosis [11] and
then in several mycobacterial species [12–15]. The members
of this complex are found within the outer envelope and
culture supernatants of mycobacteria and are immunodom-
inant antigens [16, 17]. Furthermore, these proteins possess
mycolyltransferase activity and catalyze the synthesis of the
most abundant glycolipid of the mycobacterial cell wall,
trehalose 6,6-dimycolate (TDM) [18]. Another important
adhesin described in mycobacteria is the fibronectin attach-
ment protein (FAP). FAP is a member of a family of FN-
binding proteins present in several species of mycobacteria
that mediate the attachment and internalization of these
bacteria by epithelial cells in vitro [19–23].This protein is also
called APA (for alanine-proline-rich antigen) and is encoded
by a gene annotated as MAP1569 in the MAP K-10 strain.
Although theMAP-APA is not an immunodominant antigen,
it activates dendritic cells and induces aTh1 polarization [24].
Furthermore, MAP-infected cattle showed a strong humoral
response to recombinant APA assayed by Western blot and
ELISA [7]. In a previous study conducted by our group,
APA was detected mainly in the culture supernatant filtrates,
demonstrating that this protein is predominantly secreted
[7]. Other cell wall proteins thus could interact with FN to
facilitate complex formation and, in this way, allow adherence
to epithelial cells.

With all this in mind, we hypothesized that molecules
with similar structure, even those from nonrelated microor-
ganisms, could have conserved adhesin functions. In the
present study, we searched for conserved adhesins within a
large panel of surface immunogenic proteins of MAP and
investigated a possible interaction with FN. By using the
ligand blot assay (LBA), we confirmed the binding properties
of a protein previously described in other bacteria and iden-
tified a novel surface component with FN-binding activity in
MAP.The protein-protein interactions revealed by LBA were
confirmed by ELISA binding assays and surface plasmon
resonance (SPR) in order to determine the dissociation
constant (KD).

2. Materials and Methods

2.1. Bacterial Strains and Culture Media. All cloning steps
were performed in Escherichia coliDH5𝛼. E. coli BL21(kDE3)
was used for recombinant protein production. E. coli was
grown in Luria Bertani (LB) broth or on LB agar. When
necessary, ampicillin was added to the medium at a concen-
tration of 100 𝜇g/mL. MAP was grown in Middlebrook 7H9
medium (Difco Laboratories, USA), 0.05% Tween 80, 0.5%
glycerol, AD (0.5%bovine serumalbumin, 0.2%glucose), and
mycobactin (2 𝜇g/mL).

2.2. Preparation of Cell Wall Protein Fraction of MAP. MAP
cultures were harvested at midlog phase, centrifuged at
14,000×g for 20min at room temperature and washed twice
with phosphate buffered saline (PBS). Cell pellets were
resuspended in lysis buffer (PBS, 1mM EDTA) with 1mM
phenylmethanesulfonyl fluoride (PMSF), an inhibitor of ser-
ine proteases, and then this suspension was probe sonicated

in an ice bath for 15min with pulses of 1min on, 1min off
in a Branson Sonifier S250. Cell wall proteins were obtained
as previously described by Hirschfield and collaborators [25].
Briefly, the sonic extract was centrifuged at 27,000×g for
20min, and the resulting cell wall containing pellet was
subjected to 2% sodium dodecyl sulfate (SDS) extraction
for 2 h at 50∘C. The SDS extraction was repeated twice. The
protein concentration in the cell wall (CW) fraction was
evaluated with Kit 2D Quant (GE Healthcare).

2.3. Two-Dimensional-SDS Polyacrylamide Gel Electrophore-
sis (2D-SDS-PAGE). For 2D analysis, CW fractions were
first desalted performing a gel filtration step (Sephadex G25
column). Proteins were precipitated with cold acetone and
resuspended in a reswelling buffer (8M urea, 2% CHAPS,
0.5% IPG buffer pH 4–7, 20mM DTT, and 0.004% bro-
mophenol blue). 2D-SDS-PAGE was performed as described
by Xolalpa and collaborators [26]. The gels were transferred
onto a nitrocellulose membrane (Hybond-ECL GE Health-
care) and the membranes were subjected to Western blot.
The sera from 5 positive animals were pooled and diluted
to 1 : 100 to detect immunogenic proteins from the CW
fraction. The immunoreactive spots were manually excised
from a replicate Coomassie blue stained gel and sent to
the Mass Spectrometry Center for Biological and Chemical
Analysis (CEQUIBIEM) at the School of Exact and Natural
Sciences, University of Buenos Aires. The mass spectrometry
platform used is made up of UV-MALDI-TOF/TOFUltraflex
II (Bruker Daltonics) and the software Mascot was used
to identify proteins from peptide sequence databases. The
protein score was calculated as −10 ∗ Log(𝑃), where 𝑃 is the
probability in which the observedmatch was a random event.
Protein scores greater than 69 are significant (𝑃 < 0.05).

The proteins identified by MALDI-TOF MS were sub-
jected to bioinformatic analysis including similarity searches
with proteins with FN-binding domains. Sequence similarity
searches were performed by BlastP (http://blast.ncbi.nlm.nih
.gov/Blast.cgi).

2.4. RecombinantMAP-EF-Tu: Cloning andExpressionAssays.
DNA from MAP was purified by the CTAB method as
described previously by van Embden and collaborators [27].
PCR amplification was performed to amplify the complete
open reading frame of EF-Tu using the forward primer eftu-
fw ggatccgcgaaggcgaagttcgag (BamHI site) and the reverse
primer eftu-rev aagcttctacttgatgatcttgac (HindIII site). The
amplified 1,190 bp fragment was cloned into pGEM-T vec-
tor (Promega) and directionally subcloned into pRSET-A
(Invitrogen). Protein expression was induced with 1mM
isopropyl 𝛽-D-1-thiogalactopyranoside (IPTG). The protein
was expressed as insoluble inclusion bodies and therefore
purified using a ProBondNi-NTAResin column (Invitrogen)
under denaturing conditions with 8M urea. After purifica-
tion, EF-Tu was refolded by gradually removing the urea
using a refolding buffer (Tris 50mM pH 8, Arg-HCl, EDTA,
GSH 3mM, GSSG 0.3mM, and PMSF 1mM). Protein quan-
tification was performed using BCA protein assay (Pierce)
following the manufacturer’s recommendations.
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2.5. Western Blot. Proteins were fractionated on 12% SDS-
PAGE, according to Laemmli procedure [28], and then
stained with 0.25% Coomassie Brilliant Blue R250 (Sigma)
or transferred onto nitrocellulose membranes (Hybond-ECL
GEHealthcare). EF-Tuwas assayed byWestern blotting using
1 : 3,000 dilution anti-His (GE Healthcare) as primary anti-
body and an alkaline phosphatase-conjugated anti-mouse
IgG (Sigma) as secondary antibody (1 : 3,000 dilution). A
colorimetric detection was performed using BCIP/NBT (5-
bromo-4-chloro-3-indolylphosphate/nitroblue tetrazolium)
Color Development (Promega), according to the manufac-
turer’s instructions.

2.6. Ligand Blot Assay (LBA). Five 𝜇g of the purified recom-
binant proteins was electrophoresed in 12% SDS-PAGE gels
and transferred onto nitrocellulose membranes (Hybond-
ECL, GE Healthcare). Ag85 [15] and AhpC were used as
positive and negative controls, respectively. The membranes
were blocked with 5% BSA in PBS buffer for 1 h at room
temperature and incubated with 20 𝜇g/mL of FN for 24 hs
at 4∘C. The membranes were then washed three times with
PBS and incubated with anti-FN in PBS-BSA 5% (1 : 100) for
2 h at room temperature, followed by a final incubation with
anti-Mouse IgG alkaline phosphatase antibody (1 : 30,000)
for 1 h at room temperature. The membranes were washed
and the colorimetric detection of the bound bait protein was
performed.

2.7. Dose-Response Curves. The 96-well plates (Polysorp
Nunc) were coated with 1 𝜇g of EF-Tu in 200𝜇L carbonate
buffer pH 9.5 at 4∘C and incubated overnight. AhpC was
included as a negative control. Plates were then blocked
and increasing concentrations of FN (0, 1, 10, 20, 50, and
100 𝜇g/mL) were added in a final volume of 200 𝜇L. Protein
binding was assessed with hyperimmune anti-FN serum at
the dilution of 1 : 100 followed by incubation with HRP-
conjugated anti-mouse IgG (Sigma) (1 : 500). Both incu-
bations were performed at 37∘C for 1 h. The wells were
washed three times, and the colorimetric detection was
performed using 280𝜇L of developing solution 2,2-azino-
bis3-ethylbenzothiazoline-6-sulphonic acid (ABTS) at a con-
centration of 10 𝜇g/mL (Sigma) and 12 𝜇L of H

2

O
2

30%
in 10mL of 0.1M citrate phosphate buffer at pH 5. The
absorbance at 405 nm was determined in a microplate reader
Multiskan Spectrum (Thermo Scientific).

2.8. Surface Plasmon Resonance (SPR). Protein-protein inter-
actions were assessed by SPR [29], using a BIAcoreT100
system (GE Healthcare). Briefly, FN was covalently immobi-
lized on the BIAcore carboxymethylated dextran matrix −5
sensor chip (GE Healthcare) according to the manufacturer’s
instructions. Protein solution of EF-Tu (0, 0.312, 0.625, 1.25,
2.5, 5.0, and 10.0 𝜇M) in 10mMHEPES, 150mMNaCl, 3mM
EDTA, 0.005% surfactant P20, pH 7.4 was injected over
immobilized FN at a flow rate of 30 𝜇L/min for 1min at
25∘C.Thedissociationwas carried outwith PBS-Tween 0.05%
or HBS-P20. Surfaces were regenerated by applying pulses
of 10mM HCl. The KD was determined under equilibrium

conditions using a nonlinear BIA evaluation program. The
nonspecific binding control consisted of passing the analytes
on a free surface that had been previously activated and
blocked.

2.9. Humoral Response Evaluation by Line Print Immunoassay.
The protein EF-Tu and a set of antigens, purified protein
derivative of M. avium (PPDa), purified protein derivative
ofM. bovis (PPDb), and paratuberculosis protoplasmic anti-
gen (PPA3), were evaluated with different sera. Sera were
obtained from 10 healthy animals, from8 animalswith bovine
tuberculosis (TBB experimentally infected animals, positive
for delayed-type hypersensitivity—DTH—with PPDb and
with lesions at the end of the experience), and from 25
PTB naturally infected animals, positive for DTH with
PPDa and fecal culture positive. A total of 20𝜇L of each
of the antigens was applied onto a nitrocellulose mem-
brane (Amersham Hybond TM-ECL) using a semiautomatic
aerosolizer (Camag Scientific Inc., Wilmington, Delaware) at
a concentration of 100 𝜇g/mL. The membranes were blocked
and placed in a “mini blotter” (Isogen BioSolutions). This
procedure allowed simultaneous analysis of the 45 sera, which
were evaluated at dilutions of 1 : 100. After 1 h incubation,
sera were aspirated and the membranes were washed. The
membranes were then incubated with protein G conjugated
to peroxidase (1 : 1,500), washed, and finally developed with
chemiluminescence substrate (Pierce ECL Western blotting
substrate,Thermo Scientific) according to themanufacturer’s
directions.

3. Results

3.1. Analysis of MAP-Cell Wall Proteins. As a first screening
for surface-exposed immunogenic proteins, the MAP-cell
wall (CW) protein fraction was obtained and resolved by 2D-
SDS-PAGE and transferred onto a nitrocellulose membrane.
Then, the membranes were analyzed by Western blot using
a pool of sera from MAP-infected animals. The images were
digitalized and visually analyzed (Figure 1). A total of 41 spots
corresponding to proteins that were recognized by positive
sera were excised from a replicate Coomassie blue stained gel
and subsequently identified byMALDI-TOFMS. A total of 18
proteins were identified by this method (Table 1). We focused
our interest in proteins that were previously characterized
as adhesins in pathogenic microorganisms. Among these
proteins, we selected elongation factor Tu (EF-Tu) because
the homologous of Mycoplasma pneumoniae (identity 65%)
and Acinetobacter baumannii (identity 72%) functions as a
FN-binding protein that facilitates the interactions between
bacteria and extracellular matrix [30–32].

The eftu gene from MAP was evaluated for ortholo-
gous in M. avium strain 104 (GenBank accession number
NC 008595) and M. tuberculosis (Mtb) H37Rv (GenBank
accession number NC 000962). In the MAP genome (MAP
strain K-10 GenBank accession number NC 002944), this
gene was annotated as MAP 4143 and shares 93% of
nucleotide identity with that of Mtb and 100% with that of
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Figure 1: Analysis of MAP-cell wall proteins by 2D-SDS-PAGE. The cell wall protein fraction (CW) of MAP was resolved by 2D-SDS PAGE
per duplicate and the resulting gels were (a) stained with Coomassie blue or (b) transferred onto a nitrocellulose membrane and subjected to
Western blot. Sera from 5 positive animals were pooled and diluted to 1 : 100 to detect immunogenic proteins from the CW fraction.Molecular
weight standards are shown on the left.
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Figure 2: Purified EF-Tu protein using a ProBond Ni-NTA Resin column (Invitrogen). (a) Detection of the protein byWestern blot using an
anti-Histidine Antibody (Promega). (b) Coomassie blue stained gel showing the purified protein.

M. avium. The identity at the protein level is 100% between
MAP andM. avium and 97% with its orthologous in Mtb.

We searched for two FN-binding regions (FBR) in the
MAP-EF-Tu protein sequence, which has been previously
identified in the carboxyl terminus of Mycoplasma pneumo-
niae EF-Tu [32, 33]. The BlastP analysis is shown in Table 2.
The comparison of both regions yielded an identity of 73% for
FBR1 and 69% for FBR2.

3.2. Recombinant Expression and Ligand Blot Assay (LBA).
The MAP-EF-Tu protein was heterologously expressed in E.
coli as a recombinant His-tagged protein and its product
was purified under denaturing conditions. Purified EF-Tu
protein is showed in Figure 2. The purified protein was
used to perform LBA using FN as “bait.” Interactions were
detected with anti-FN polyclonal antiserum and an alkaline
phosphatase-conjugated antibody with further colorimetric
detection of the bound bait. A strong positive signal was
observed for EF-Tu and for Ag85 recombinant protein, which

was assayed as a positive control. No signal was observed for
the negative control, AhpC (Figure 3).

3.3. Dose-Response Curves. We further confirmed FN-EF-Tu
interactions using an ELISA assay with some modifications.
Plates were coated with 1 𝜇g of EF-Tu or AhpC used as a
negative control and then incubated with increasing concen-
trations of FN. After incubation with the hyperimmune anti-
FN serum followed by HRP-conjugated anti-mouse IgG and
the corresponding substrate, the absorbance was determined
in a microplate reader at 492 nm. We observed a dose-
dependent interaction confirming the binding of EF-Tu with
FN (Figure 4).

3.4. Surface Plasmon Resonance (SPR). To finally determine
the EF-Tu dissociation constant (KD), protein-protein inter-
actions were also assessed through SPR with a BIAcoreT100
system (GE Healthcare). FN was covalently immobilized
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Table 1: Immunogenic CW proteins of MAP identified by MALDI-TOF MS. Proteins were excised from Coomassie blue stained gels and
subsequently identified byMALDI-TOF at theMass Spectrometry Center for Biological and Chemical Analysis (CEQUIBIEM) at the School
of Exact and Natural Sciences, University of Buenos Aires. ND: no data.

Spot number MAP Locus Mtb Locus Gene Protein function/family ORF size (bp) Previously described as
envelope protein

1 MAP1164 Rv1436 gapdh
Glyceraldehyde-3-
phosphate
dehydrogenase

1,020 He and de Buck, 2010
(MAP) [34]

2 MAP1205 Rv1479 moxR ATPase 1,143 Mawuenyega et al., 2005
(Mtb) [35]

3 MAP1325 Rv1630 rpsA S1 30S ribosomal protein S1 1,443 Gu et al., 2003 (Mtb) [36]
4 MAP1367 Rv1658 argG Argininosuccinate synthase 1,197 ND

5 MAP1889c Rv2145c wag31 DivIVA family protein 783 He and de Buck, 2010
(MAP) [34]

6 MAP1962 Rv2220 glnA1 Glutamine synthetase A1 1,437 Gu et al., 2003 (MAP) [36]

7 MAP1998 Rv2245 kasA 3-Oxoacyl synthetase 1,251 He and de Buck, 2010
(MAP) [34]

8 MAP1999 Rv2246 kasB 1 3-Oxoacyl sintase 2 B 1,323 Mawuenyega et al., 2005
(Mtb) [35]

9 MAP2453c Rv1308 atpA ATP synthase subunit alpha 1,665 He and de Buck, 2010
(MAP) [34]

10 MAP2855c Rv2744c 35kd ag Phage shock protein A 828 ND
5 MAP3152c Rv3075c hpcH/hpaI Aldolase/citrate lyase 921 Gu et al., 2003 (MAP) [36]

11 MAP3404 Rv3285 accA3 Carbamoyl-phosphate
synthase subunit A 1,824 Mawuenyega et al., 2005

(Mtb) [35]

12 MAP3567 Rv0148 Hypothetical protein Short-chain
dehydrogenases/reductases 864 He and de Buck, 2010

(MAP) [34]

13 MAP3651c Rv0215c fadE3 2 Acyl-CoA dehydrogenase
FadE3 1,218 He and de Buck, 2010

(MAP) [34]

7 MAP3692c Rv0242c fabG4 3-Ketoacyl reductase 1,365 He and de Buck, 2010
(MAP) [34]

14 MAP3853 Rv0384c clpB ATP dependent protease
ClpB 2,547 He and de Buck, 2010

(MAP) [34]

3 MAP3936 Rv0440 groEL2 GroEL chaperonin 1,626 He and de Buck, 2010
(MAP) [34]

15 MAP4143 Rv0685 eftu Elongation factor Tu 1,191 He and de Buck, 2010
(MAP) [34]

Table 2: BlastP comparison between the two fibronectin binding
regions (FBRs) of EF-Tu identified by Balasubramanian and collab-
orators [37] inMycoplasma pneumoniae (MP) and the homologous
regions in MAP.

MP amino
acid region

MAP amino
acid region

Identity
between MP
and MAP (%)

FBR1 192–219 193–220 73
FBR2 340–358 342–360 69

on the BIAcore CM-5 sensor chip. Solutions of EF-Tu at
different concentrations were injected over immobilized FN.
The obtained KD was within the 𝜇M order, (3.1 ± 0.9) 10−6M
(Figure 5).This value is similar to the values of other adhesins
previously described [38]. The control using denaturized EF-
Tu was not able to bind FN. Therefore, all these experiments

confirmed the FN/EF-Tu binding with a moderate affinity
through conformational sites.

3.5. Humoral Response Evaluation by Line Print Immunoassay.
FN-binding proteins could play a role in adhesion to the host
and immunomodulation. With this in mind, we analyzed
whether EF-Tu is able to stimulate antibody production.
Using a line print assay, we evaluated a broader set of sera
including TBB-infected animals and negative controls. The
sera were obtained from 25 MAP-naturally infected cattle,
8 M. bovis-experimentally infected cattle, and 10 healthy
bovines (negative controls). EF-Tu was recognized by 64%
of the MAP positive sera. However, this protein was also
recognized by sera of healthy and TBB animals, suggest-
ing the presence of antigenic epitopes conserved among
mycobacteria species, including environmentalmycobacteria
that sensitizes healthy cattle (Table 3).
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Figure 3: Analysis of FN-binding capability of EF-Tu through a
LBA. The blot with the recombinant proteins was incubated with
20 𝜇g/mL FN. Colorimetric detection of the bound bait protein was
performed. We observed positive signal indicating the FN-binding
capability of EF-Tu and the positive control Ag85 (red circles). AhpC
was used as a negative control.
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Figure 4: Dose-response curves assayed by ELISA. Plates were
coated with EF-Tu (black bars) or AhpC (white bars) used as
negative control and incubated with different concentrations of FN.
The absorbance, measured at 492 nm, showed a dose-dependent
interaction confirming the binding of EF-Tu with FN. Significantly
different from values of the control protein AhpC ∗∗𝑃 < 0.01,
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𝑃 < 0.05.

4. Discussion

MAP invades the intestinal tissue primarily through M cells.
This could occur through FN-dependent mechanisms that
involve the binding of FN to proteins of the MAP CW
and to integrin receptors present on the luminal surface of
M cells. 𝛽1 integrins have been identified as the host cell
receptors. In addition, the attachment and internalization of
MAP by epithelial cells in vitro and in vivo depend on APA-
FN interactions [4]. However, other MAP proteins could be
involved in FN binding and they could be important for host-
pathogen interactions.
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Figure 5: KD determination by surface plasmon resonance. Protein
solutions of EF-Tu at different concentrations were injected over
immobilized FN.Theexperiment confirmedFN-EFTubinding,with
a KD of (3.1 ± 0.9) 10−6M.

Table 3: Reactivity of bovine sera to the protein EF-Tu by line print
immunoassay. 20 𝜇L of antigens was applied onto a nitrocellulose
membrane and simultaneously confronted to sera from 10 healthy
animals, 8 animals with bovine tuberculosis (TBB), and 25 animals
with paratuberculosis (PTB). Sixty four percent ofMAPpositive sera
recognized EF-Tu.

Number of sera with positive recognition

Antigen Healthy
(𝑛 = 10)

PTB infected
(𝑛 = 25)

TBB infected
(𝑛 = 8)

PPDA 4 16 3
PPA-3 1 18 2
PPDB 6 1 4
EF-Tu 8 16 7

In this study, we have identified immunogenic CW
proteins of MAP by 2D and MALDI-TOFMS analysis. From
the identified proteins, we selected one candidate based on
the similarity with other proteins having the ability to bind
ECM molecules in other pathogenic bacteria: elongation
factor Tu (EF-Tu).

We first screened its FN-binding capability through a
ligand blot assay using FN and anti-FN antibodies. This
screening confirmed that, in these conditions, EF-Tu binds
FN (Figure 3). Through ELISA assays, using increasing con-
centrations of FN, we confirmed the interaction in a dose-
dependent manner (Figure 4). We finally determine the
dissociation constantKDby SPR analysis, which yielded aKD
within the order of 𝜇M (Figure 5) consistent with previous
reports [38].

Several Mycobacterium adhesins capable to bind ECM
proteins have been identified inmycobacteria, such as antigen
85 complex [11–15], APA [19–23], and GlnA1 [26]. Several
reports have demonstrated that these proteins are involved
in bacterial dissemination. EF-Tu is a protein responsible
for critical steps in protein synthesis [39]. Moreover, this
protein is a cytoplasmic protein with unusual CW location
among microorganisms. For instance, when E. coli is starved
for carbohydrates, nitrogen, and phosphate, this protein
becomes methylated and associates to the membrane [40]. In
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addition, this protein was detected as a major CW protein
of Mycobacterium leprae [41]. On the other hand, EF-Tu
has been identified with periplasmic location in Neisseria
gonorrhoeae [42] and in E. coli [43]. In Lactobacillus johnsonii
and Listeria monocytogenes, EF-Tu is also associated to the
membrane; in these bacteria this protein mediates binding to
mucin [44] and fibrinogen [37], respectively. Recently, it has
been reported that EF-Tu binds factor H and plasminogen
in Pseudomonas aeruginosa [45]. Thus, EF-Tu joins the
group of housekeeping enzymes, which includes enolase
[46], glyceraldehyde-3-phosphate dehydrogenase [47], and
pyruvate dehydrogenase [30], that exhibit unexpected bio-
logical functions in addition to their well-defined enzymatic
activities. Despite the classification of EF-Tu as a cytosolic
protein, Balasubramanian and collaborators [32] have shown
that EF-Tu can relocate to the mycoplasma membrane sur-
face with an exposed carboxyl terminus that facilitates FN
binding. On the other hand, other reports document the
presence of cytosolic proteins, including EF-Tu, on surfaces of
different bacteria. Important questions regarding how these
proteins translocate to the surface remain unanswered, espe-
cially since conventional secretion or anchoring signals are
absent. The cytoplasmic enzymefructose-1, 6-bisphosphate
aldolase (FBA) has also been found on the surface of several
pathogenic bacteria. FBA is a glycolytic enzymethat, despite
lacking secretion signals, translocates across the different
compartments of the bacterial cell to access the surface, where
it binds host molecules and exhibits nonglycolytic functions
[40, 41].

The interaction of EF-Tu with the ECM could be a
keymechanism during host-pathogen interactions, However,
the overall contribution of this adhesin to the host cell
binding remains unclear. Although there is a dose-dependent
specific binding of EF-Tu to immobilized FN, the affinity
of EF-Tu to FN is intermediate. In the present study, EF-Tu
displayed a KD in the 𝜇M range, similar to other proteins
proposed as adhesins. For instance, a surface-exposed protein
of leptospira, Lsa20, binds to plasminogen and laminin
with a KD in the 𝜇M range, postulated as a protein with
adherence function and proteolytic activity [38]. Moreover,
these adhesins can also bind other proteins of the ECM, such
as elastin, laminin, and plasminogen, which contributes to
adhesion, to invasion, and to the virulence of the bacteria
modulating the immune response [15, 24, 45].

In our study, recombinant EF-Tu was recognized by 64%
of sera fromMAP-infected cattle, suggesting a putative role in
the host immune response. However, sera from noninfected
animals also recognize EF-Tu. This result could be due to the
presence of EF-Tu in environmental mycobacteria, such as
M. avium, which shares 100% identity with the MAP protein.
Moreover, the suggested role of EF-Tu in the virulence of
pathogenic bacteria could be related to the host-pathogen
interactions.

Kuo and collaborators [15] demonstrated that reducing
the expression of FN on Caco-2 cells that were transfected
with FN-siRNA impaired the ability of Ag85 or Ag85-
expressing MAP K-10 to bind to the Caco-2 cells. How-
ever, MAP K-10 strain binding to FN siRNA-transfected
Caco-2 cells showed only a 9.7% reduction (compared with

the negative siRNA transfection). This finding suggests that
FN is not the only bacterial adhesion ligand contributing to
the MAP ability to bind to host cells. Additionally, the MAP
Ag85 interaction to FN only partially accounted for MAP’s
ability to bind host cells. Other surface antigens of MAP K-10
probably participate in additional ECM interactions.

In conclusion, we have identified a novel FN-binding
MAP protein, EF-Tu, that could be implicated in the entrance
of MAP into the epithelial cells, which is the first step of
mycobacteria infection necessary for the progression of PTB.
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Tuberculosis (TB) has been the biggest killer in the humanhistory; currently,Mycobacterium tuberculosis (Mtb) kills nearly 2million
people each year worldwide.The high prevalence of TB obligates the identification of new therapeutic targets and the development
of anti-TB vaccines that can control multidrug resistance and latent TB infections.Membrane proteins have recently been suggested
as key targets for bacterial viability. Current studies have shown that mycobacteria P-type ATPases may play critical roles in ion
homeostasis and in the response of mycobacteria to toxic substances in the intraphagosomal environment. In this review, we bring
together the genomic, transcriptomic, and structural aspects of the P-type ATPases that are relevant during active and latent Mtb
infections, which can be useful in determining the potential of these ATPases as drug targets and in uncovering their possible roles
in the development of new anti-TB attenuated vaccines.

1. Introduction

Mycobacterium tuberculosis (Mtb), the causative agent of
tuberculosis (TB), kills approximately one person every 25
seconds which means that 2 million people worldwide die
of TB every year [1]. The current high TB prevalence is
mainly due to pervasive poverty, coinfection with human
immunodeficiency virus (HIV), and the emergence of Mtb
strains that are resistant to the commondrugs used to treat TB
(MDR and XDR strains). Each of these factors has positioned
this infectious disease as a major public health problem [2].
Controlling TB is complicated due to several factors, of which
the most important is the capacity of Mtb to persist for
long periods of time in adverse conditions into macrophages
[3, 4]. In the intraphagosomal environment, mycobacteria
face ion and nutrient deficiencies, as well as an arsenal
of toxic substances, such as acid hydrolases, antimicrobial
peptides, reactive oxygen and nitrogen species, and high
concentrations of heavy metal cations, among others [5–11].
The outcome of Mtb infection would be represented as a

distribution between active TB and latent TB on the basis of
the presence or absence of clinical symptoms, respectively,
making TB difficult to control and diagnose [12]. Thus, it is
essential to identify specific therapeutic targets that can be
used to control latent and active TB infections. In this regard,
a new anti-TB drug should achieve the following: (i) shorten
the duration and dose of treatment; (ii) be active against both
MDR and XDR Mtb strains; (iii) be able to eradicate latent
TB; and (iv) be capable of being coadministered with drugs
to treat HIV [13, 14].

The identification of new therapeutic targets in mycobac-
teria takes into account aspects that allow mycobacteria to
adapt and succeed during the infectious process. Based on
the current knowledge, P-type ATPases might be important
as they transport metal cations across the plasmamembranes
of both the host and pathogen and generate electrochemical
gradients necessary for the transport of other solutes and for
the protection of the cell against the toxic substances in the
phagosomes [15, 16]. For example, the deletion of the Mtb
CtpV P-type ATPase reduces the resistance of the tubercle
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bacilli to the toxic levels of copper ions in its surroundings.
This deletion also diminishes the bacteria’s ability to grow
inside the lungs in murine infection models, suggesting that
this pump is required tomaintain the virulence of the tubercle
bacilli [17].

The aim of this review is to present the potential of
Mtb P-type ATPases as possible therapeutic targets and to
assess their usefulness in the development of vaccines for
TB control. This potential will be evaluated based on three
different aspects: (i) experimental evidence for differential
gene expression patterns of these ion transporters during
critical mycobacterial infection processes and treatment with
toxic substances; (ii) the existence of close homologs of the
Mtb P-type ATPases in other pathogens and their consider-
able divergence with the human P-type transporters; and (iii)
the apparent impairment of Mtb virulence after deleting the
aforementioned ion pumps.

2. P-Type ATPases

In general, the ATPase enzymes are membrane proteins
that perform energetically unfavorable processes, such as
folding and degrading proteins, the initiation of replication,
DNA repair, and the transport of substances [18], using
the energy released during ATP hydrolysis. Specifically, P-
type ATPases are active transporters of metal cations that
are autophosphorylated on a conserved aspartate residue
during each catalytic cycle, and these enzymes can be
inhibited by orthovanadate [19]. All P-type ATPases have
multiple domains (Figure 1): three cytoplasmic domains (A,
actuator; N, nucleotide binding; P, phosphorylation) and
two domains embedded in the membrane (T, transport;
S, class specific support) [15, 19–21]. During the catalytic
cycle, the phosphorylation process is catalyzed by the N
domain (protein kinase activity), while dephosphorylation
is catalyzed by the A domain (phosphatase activity). The
phosphorylation/dephosphorylation cycle is accompanied by
conformational changes in the enzyme that allow cation
transport, which is mediated by the T domain, which also
exhibits amino acid determinants that define the ion speci-
ficity of each type of pump [15, 19].

2.1. The Tubercle Bacillus Has a Large and Unusual Number
of P-Type ATPases. Mtb has 11 P-type ATPases (CtpA, CtpB,
CtpC, CtpD, CtpE, CtpF, CtpG, CtpH, CtpI, CtpJ, and
CtpV), as shown in Table 1. Seven of these enzymes have
been identified as possible carriers of heavy metal cations,
suggesting their possible role in the intraphagosomal survival
ofMtb [22]. Metals, such as iron, magnesium, cobalt, copper,
manganese, and zinc, are essential for all forms of life, as
they act as members of prosthetic groups or as cofactors of
many enzymes. In general, microorganisms only need traces
of these micronutrients for proper cell function; indeed,
excessive accumulation is toxic [23]. An overabundance
of metals can block enzymatic functional groups, displace
essential metal ions, and modify the active conformations
of biomolecules [24]. In response, cells have developed
strategies to maintain a balance between the entrance and

A-domain

P-domain

N-domain

T-domain S-domain

Cytoplasmic

Extracytoplasmic

Figure 1: Structural organization of the five P-typeATPase domains.
M. tuberculosis CtpF tertiary structure model, generated using
the SWISS-MODEL server (http://swissmodel.expasy.org/) in auto-
mated mode and the structure of the Sarco(endo)plasmic reticulum
calcium ATPase 1 from Oryctolagus cuniculus (PDB accession
number 3AR4) as template.Themodel was modified using the PPM
server to include the possible location of the lipid bilayer, which is
displayed in cyan dummies that correspond to the location of the
carbonyl groups in the bilayer.

the exit of cations to preserve their concentrations at nutrient
levels. Transport systems involved in cell homeostasis must
be pivotal for the virulence of intracellular pathogens, such
asMtb [17]. The large number of P-type ATPases encoded in
the genome of Mtb is twice the size of those encoded in the
genomes of saprophyte mycobacteria, such as M. smegmatis
[25]; this may strongly suggest the importance of this type
of metal cation transporters to the virulence of the tubercle
bacillus [26, 27].

2.2. P-Type ATPases Have Been Associated with the Intracellu-
lar Survival ofMycobacteria. Recently, it has been established
that the heavy metal P-type ATPases CtpC and CtpD are
necessary formurine infectionwithMtb [28]. In linewith this
discovery, it has been proposed that the heavy metal pumps
CtpC, CtpV, and CtpG are part of a defense mechanism
used by mycobacteria to survive for long periods of time
within human phagocytic cells [11, 17]. For example, deletion
of CtpC, a Zn2+ efflux system, in Mtb cells causes the
tubercle bacilli to be hypersensitive to physiologic Zn2+
concentrations, thereby affecting their capacity to grow inside
macrophages [11]. In general, it could be suggested that
deletion of nutrient uptake systems significantly attenuates
the growth ofMtb strains [28].

2.3. Mycobacterium tuberculosis P-Type ATPases Are Located
in the Plasma Membrane. In general, membrane proteins
are considered key therapeutic targets due to their roles as
substance carriers and mediators in the interactions between
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Table 1: Mtb P-type ATPases and related human counterparts. The search for homologous ATPases was performed using the Blastp tool
(http://blast.ncbi.nlm.nih.gov/).The table is organized according to the levels of similarity based on the “scores” from the pairwise alignment
obtained using MATCHER (http://mobyle.pasteur.fr).

Mtb P-type ATPase Closet human homologs
Pairwise alignment score Identifier∗ Human P-type ATPase

CtpF (Rv1997) 1272 P98194 Ca-transporting ATPase
CtpV (Rv0969) 886 Q04656 Cu-transporting ATPase 1
CtpA (Rv0092) 727 P35670 Cu-transporting ATPase 2
CtpB (Rv0103c) 722 P35670 Cu-transporting ATPase 2
CtpC (Rv3270) 539 P35670 Cu-transporting ATPase 2
CtpI (Rv0107c) 450 Q13733 Na/K-transporting ATPase 𝛼 4
CtpG (Rv1992c) 441 P35670 Cu-transporting ATPase 2
CtpD (Rv1469) 392 P35670 Cu-transporting ATPase 2
CtpJ (Rv3743c) 377 Q04656 Cu-transporting ATPase 1
CtpH (Rv0425c) 334 Q93084 SERCA Ca ATPase
CtpE (Rv0908) 250 P98194 Ca-transporting ATPase
∗UniProt identifiers (http://www.uniprot.org/).

pathogens and the surrounding environment. Additionally,
the P-type ATPases are located in the plasma membrane,
which makes them highly accessible [29] to antimicrobial
compounds.These properties are advantageous for the devel-
opment of new drugs because the permeability of this biolog-
ical barrier does not have to be resolved [14]. Consistent with
this assertion, certain anti-TB drugs, such as diarylquinolines
(TMC207) and benzothiazines (BTZ043), have been recently
developed to target molecules located in the mycobacterial
plasmamembrane [14].Therefore,Mtb P-type ATPases could
be possible targets for the design of inhibitors that are capable
of acting on their targets without being internalized by the
mycobacterial cell.

While the location of P-type ATPases on the plasma
membrane may be advantageous for their accessibility, this
location also could be problematic, as it can be difficult to
determine the tertiary structure of this kind of proteins which
is useful for molecular docking experiments.The appropriate
tertiary structure of target proteins is crucial for a rational
drug design. An optional strategy may involve the use of
the crystal structures of close homologues that share at least
70% identity [30]. Certainly, the constant development of
crystallizationmethods formembrane proteinswillmake this
strategy more feasible in the near future.

3. P-Type ATPases Are Useful Drug Targets

For the development of rational drugs against specific cel-
lular targets, information about the chemical structure of
similar inhibitors is pivotal for the design of new molecules
with improved affinities and diminished minimal inhibitory
concentrations. For example, the anti-TB drug rifabutin is a
rifamycin derivative that was developed to replace rifampicin
in the treatment of HIV-TB coinfections [14]. On the other
hand, P-type ATPases are the general targets of many drugs
[18, 29]. For example, omeprazole, which is used to treat
gastric ulcers, acts as an inhibitor of an H+/K+ ATPase, and
thapsigargin, a Ca2+ SERCA ATPase inhibitor, is used as

a prodrug for prostate cancer treatment [29]. Interestingly,
inhibitors of P-type ATPases have also been developed as
antibiotics; for example, clotrimazole, an antifungal that
blocks certain Ca2+ ATPase, and chloroquine/artemisinin,
which inhibit Plasmodium falciparum P-type ATPases, have
been used as antimalarial drugs [29].

4. Potential of P-Type ATPases as
Targets for the Development of Novel
Antituberculous Drugs

Currently, the exploration for new anti-TB drugs is based,
in part, on Mtb gene expression profile data from different
stress conditions [4, 30]. In this review, the potential ofMtbP-
type ATPases as therapeutic targets is specifically considered
according to the following: (i) the gene expression profiles of
the P-type ATPases inMtb facing toxic substances and under
both latent infection and active disease; (ii) their roles in
virulence; and (iii) their structural divergences from human
P-type ATPases.

5. Transcriptional Behavior of
Mycobacterium tuberculosis P-Type
ATPases under Stress Conditions

The transcriptional behavior of P-type ATPases in the pres-
ence of toxic substances and in models of latent infection
and active disease could suggest strategies used by Mtb to
colonize, interact with, and/or alter the functions of the
host cells [31]. A detailed review of the published Mtb
gene expression profiles (Table 2) shows the activation or
repression of most of the Mtb P-type ATPases under stress
conditions.

5.1.The ctpF, ctpG, and ctpCGenes Are Preferentially Activated
in the Presence of Toxic Substances. In addition to punctual
mutations in drug targets,Mtbpossesses alternative antibiotic
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Table 2: Studies investigatingM. tuberculosis gene expression profiles under stress conditions.

Model Experimental conditions Methodology∗∗ References

MDR strains 1 Comparison between MDR and
H37Rv strains MA Chatterjee et al.

(2013) [32]

Toxic
substances
(in vitro)

2 SDS RT-qPCR and
MA

Manganelli et al.
(2001) [33]

3 Isoniazid, isoxyl, tetrahydrolipstatin,
SRI #221, SRI #967, and SRI #9190 MA Waddell et al.

(2004) [34]

4 Sodium hypochlorite MA Jang et al.
(2009) [35]

5 Peracetic acid MA Nde et al.,
(2011) [36]

Toxic substances
related to
infection
(in vitro)

6 Oxidative stress MA Manganelli et al.
(2002) [37]

7 Nitrogen reactive substances RT-qPCR and
MA

Ohno et al.
(2003) [38]

8 Physiological levels of copper RT-qPCR Ward et al.
(2008) [39]

9 Physiological levels of zinc RT-qPCR and
MA

Botella et al.
(2011) [11]

Latency
(in vitro)

10 Hypoxia MA Sherman et al.
(2001) [40]

11 Hypoxia MA Bacon et al.
(2004) [41]

12 Hypoxia and nitric oxide MA Voskuil et al.
(2003) [42]

13 Steady culture RT-qPCR and
MA

Kendall et al.
(2004) [43]

14 Nonreplicating persistence (NRP) MA Muttucumaru et al.
(2004) [44]

15 Nonreplicating persistence (NRP) Proteomic Cho et al.
(2006) [13]

16 Starvation MA Hampshire et al.
(2004) [45]

17 Starvation MA Betts et al.
(2002) [46]

Infection
(in vivo)

18 Mouse macrophage infection MA Schnappinger et al.
(2003) [47]

19 Mouse lung infection MA Talaat et al.
(2004) [31]

20 Artificial granulomas in mice MA Karakousis et al.
(2004) [48]

21 Human dendritic cells and
macrophage infection MA Tailleux et al.

(2008) [49]

22 Human lung infection RT-qPCR Kumar et al.
(2011) [50]

∗∗ MA, microarrays.

resistance mechanisms, such as efflux pumps, DNA repair
proteins, and membrane transporters [32]. Therefore, it is of
interest to knowwhich transporters are overexpressed during
the exposure ofMtb to toxic substances.

The CtpF and CtpC P-type ATPases are the most over-
expressed transporters when Mtb is treated with toxic sub-
stances, including isoniazid, tetrahydrolipstatin, isoxyl, SRI

#221, SRI #967, SRI #9190 [34], SDS [33], sodiumhypochlorite
[35], and peracetic acid [36] (Figure 2), which suggests that
these transporters could contribute to the intrinsic resistance
of Mtb to those compounds. Furthermore, CtpF, which
is a possible alkali/alkaline earth metal cation transporter,
is almost 60-fold overexpressed when mycobacteria face
nitrogen reactive substances [38], whileCtpG, a possible Zn2+
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Figure 2: General scheme of the transcriptional behaviors of the Mtb P-type ATPases under stress conditions, such as toxic substances,
latency, and infection. This figure was generated from the information reported in the references of Table 2 and is organized depending on
the experimental conditions, which were numbered in the same table.

ATPase, is activated in response to the oxidant agent diamide
[37]. As expected, the genes that respond to heavy metal
poisoning (Cu2+ and Zn2+) are the genes predicted to encode
heavy metal cation P-type ATPases (ctpG, ctpC, and ctpV)
[11, 39].

5.2. CtpF and CtpC Are Activated under In Vitro Models
of Hypoxia and Starvation. Nearly 95% of Mtb lung infec-
tions are acquired via aerosol progress to latent TB [14].
Therefore, many models of hypoxia, starvation, and murine
infection have been developed to simulate the dormant state
ofmycobacterial latent infection, in an attempt to understand
the mechanisms of Mtb persistence. However, these models
cannot entirely represent the complexity of the granuloma
[4, 48]. In the in vitro models of hypoxia, it has been
observed that the ctpF gene is highly overexpressed (15
times) during low oxygen tension under microaerophilic
and anaerobic conditions, suggesting a key role of the CtpF
transporter in hypoxia [43, 51]. Certain heavymetal cation P-
type ATPase genes, including ctpC, ctpA, ctpV, and ctpB, are
also activated under hypoxic conditions, but at a lower level
[13, 40, 44] (Figure 2). However, ctpF is the only Mtb P-type
ATPase gene that is regulated by the global latency regulator
dosR [43, 51]. Additionally, models that simulate nutrient
starvation, a characteristic of the caseous compartments in
which the tubercle bacilli reside during the latent infection
(granuloma), show that the genes that code for the heavy
metal pumps CtpC and CtpG are overexpressed, while CtpH
is suppressed under these stress conditions [45, 46].

Alternatively, gene regulation data also show that, during
the dormant phase, there is a large attenuation of theMtb F

0

-
F
1

-ATP synthase pump, indicating impaired ATP production
during the nonreplicative state of mycobacteria [4]. A dimin-
ished ATP level would limit the overall activity of the ATPase
enzymes due to the scarcity of energy sources; conversely,
under this particular stress condition, P-type ATPases have
been shown to be overexpressed, a biological phenomenon
that highlights the importance of this type of transporters in
the tubercle bacilli persistence during the latent infection.The
above observations lead us to postulate that P-type ATPases
could be exploited as therapeutic targets if their roles in
persistence were interpreted in the opposite direction. For
example, it would be possible that the activation of Mtb P-
type ATPases during the dormant phase (using a stimulating
compound) could cause a leak in the mycobacterial ATP
stores, resulting in the physiological instability or death of
the tubercle bacilli or forcing the bacilli to return to an
active state, in which the bacteria are susceptible to common
anti-TB drugs [4]. In this regard, a mycobacterial F

1

-F
0

-
ATP synthase inhibitor, such as TMC207 [52], could be used
in combination with compounds that mediate Mtb P-type
ATPase activation, thus promoting ATP consumption and
avoiding ATP synthesis in the pathogen.

5.3. The Majority of Mycobacterium tuberculosis P-Type
ATPases Are Activated In Vivo. When designing new anti-TB
drugs, it is important that the selected therapeutic targets play
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an essential role in both active disease and latent Mtb infec-
tions [14, 30].Therefore, it is necessary to identify gene prod-
ucts that are pivotal for the persistence ofMtb within phago-
cytic cells [53]. Thus, it has been shown that the following
gene products are overexpressed during infectious processes,
especially during the infection of human macrophages: CtpF,
CtpG, CtpV, CtpC, CtpA, CtpH, and CtpI (Figure 2). The
overexpression of these genes highlights the importance of
P-type ATPases in TB infection. Interestingly, the ctpE gene
is the only gene that is downregulated during Mtb infection.
Finally, it is worth noting that no changes were observed in
the expression of the heavy metal transporter CtpJ under
the stress conditions shown in Table 2. These observations
strongly suggest that P-type ATPases might play essential
roles during the Mtb infection process and that their inhibi-
tion could affect the viability and/or virulence of the tubercle
bacilli.

6. Divergence of the Mycobacterium
tuberculosis P-Type ATPases

P-type ATPases share the same catalytic mechanism, inde-
pendent of their origin and ion specificity [15, 19, 20]. On the
other hand, to useMtb P-type ATPases as therapeutic targets,
it is important that differences exist between the human and
mycobacterial P-type ATPases to avoid cross-reactions with
the host cells [30].

6.1. P-Type ATPases AreWell Conserved in the Mycobacterium
tuberculosis Complex. Preferably, a therapeutic target must
be present in other pathogens belonging to the same taxo-
nomic class, due to the fact that an inhibitor designed against
a particular infectious agent may be able to act against an
infection caused by any one or several of its phylogenetically
related pathogens. RegardingMtbP-typeATPases, it has been
observed that this type of transporters is quite well conserved
in theMtb complex, with at least 98% identity in their amino
acid sequences [22]. This high similarity may be advanta-
geous, as the inhibitor of a particular Mtb P-type ATPase
could be active against other members of the Mtb complex,
which can also cause serious infectious diseases. From the
experimental point of view, the fact that the attenuated and
virulentMtb, H37Ra, and H37Rv strains share an identical P-
type ATPase sequence [22] is an advantage because it gives
to the investigator the possibility to work with the attenuated
and biosafe H37Ra strain, which vastly simplifies the experi-
mental procedures oriented towards the characterization of
these enzymes. Additionally, an interesting and ambitious
option would be to exploit the similarities between the Mtb
P-type ATPases to design inhibitors that can block several
of these transporters. For example, the mycobacterial CtpA
and CtpB transporters are predicted to be Cu1+PIB-1-type
ATPases, and these enzymes share 68% identity in their
amino acid sequences (see Figure S1 in SupplementaryMate-
rial available online at http://dx.doi.org/10.1155/2014/296986)
[22]. Thus, if an inhibitor is designed against one of these
transporters, it is very likely that such an inhibitor could be
active against the other enzyme.

6.2. Divergence between the Mycobacterial and Human P-
Type ATPases. Table 1 shows that CtpE, CtpH, CtpJ, and
CtpD are the most divergent Mtb P-type ATPases compared
with their human counterparts; thus, these enzymes are
the most likely to be inhibited without affecting the host
cells. Conversely, CtpF, CtpV, CtpA, and CtpB are closer to
human P-type ATPases, with similarities lower than 57%.
This implies that, at any rate, Mtb P-type ATPase pumps
contain a considerable proportion of divergent sequences,
potential targets for inhibitor compounds. Trying to avoid
possible cross-reactions of theMtb P-type ATPase inhibitors
with the host, the development of prodrugs, which can be
converted into their active forms in the intraphagosomal
environment or as products of mycobacterial metabolism,
could be an interesting strategy for the discovering of
new antituberculous drugs. This approach has been used
successfully in other cases, including the omeprazole and
thapsigargin prodrugs, which inhibit tissue-specific P-type
ATPases [29].

7. Mtb P-Type ATPases as Virulence Factors

Virulence factors are involved in the invasion and per-
sistence of pathogens inside the hosts, as well as in dis-
ease manifestations [53]. In this sense, P-type ATPases are
required for the virulence of several bacterial pathogens,
such as Pseudomonas aeruginosa and Streptococcus pneumo-
niae [27, 54–56]. Recent studies on the Mtb complex have
considered the heavy metal cation transporters CtpC and
CtpV as virulence factors whose inhibition may induce an
attenuation of the tubercle bacilli [23]. However, pheno-
typic studies have shown that the deletion of these pumps
does not result in a complete loss of virulence, suggesting
the existence of compensatory mechanisms among these
enzymes.

8. Mycobacterium tuberculosis
P-Type ATPases in the Development of
Novel Vaccines

The large number of P-type ATPases encoded in the tubercle
bacillus genome suggests the evolutionary importance of
Mtb metal cation homeostasis [17, 22]. According to this
assumption, the tubercle bacillus apparently developed a
compensatory strategy involving the P-type ATPases, in
which the suppression of one P-type pump is counterbal-
anced by the overexpression of another P-type ATPase with
similar activity [11]. Interestingly, it has been observed that
the deletion of CtpV, one of the Mtb P-type ATPases, leads
to an attenuation of the ΔctpV mutant compared with other
mycobacterial strains [17]. Then, this mechanism opens a
window for the design of attenuated anti-TB vaccines and
allows the construction of mycobacterial mutant strains, null
in multiple P-type ATPase genes. This strategy represents a
promising option for the development of a novel, live vaccine
to replace the current, questionable BCG vaccine [11].
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9. Conclusions and Outlooks

In general, most Mtb P-ATPases modify their expression
profiles when themycobacteria face stressful conditions, such
as the presence of toxic substances, latency infection, and
active disease, suggesting that these transporters may be part
of the strategies used by tubercle bacilli to colonize, interact
with, and/or alter the functions of the host cells. In light of
these behaviors, we suggest two strategies for the rational
design ofMtb P-type ATPases inhibitors: (i) blocking theMtb
P-type ATPases that are overexpressed under stress condi-
tions, as these enzymes might be required for the persistence
of the pathogen during infection and their inhibition may
compromise Mtb viability, and/or (ii) activating the P-type
ATPases during the dormant phase of Mtb infection to alter
the strict homeostasis required by Mtb to survive during
this process. Additionally, P-type ATPases are very well
conserved among theMtb complex; thismay be advantageous
because a potential inhibitor designed against any Mtb P-
type ATPase could be active against other members of the
Mtb complex, thereby combating the serious health problem
caused by TB worldwide. Another remarkable feature is the
considerable divergence between human and mycobacterial
P-type ATPases, which makes the latter potential targets
for novel anti-TB drugs. Finally, the apparent existence of
compensatory mechanisms among Mtb P-type ATPases and
the possible attenuation related to the deletion of this kind of
transporters open the possibility for the design of new, anti-
TB attenuated vaccines to replace the current BCG vaccine.
Of course, further researchmust be performed to evaluate the
applicability, advantages, and disadvantages of these targets,
taking into account that it is essential for new drugs to be
economical, as 94% of TB cases occur in extremely poor
societies.
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Emergence and spread of pandemic strains of Vibrio parahaemolyticus have drawn attention to make detailed study on their
genomes. The pathogenicity of V. parahaemolyticus has been associated with thermostable-direct hemolysin (TDH) and/or TDH-
related hemolysin (TRH).The present study evaluated characteristics of tdh and trh genes, considering the phylogenetic and in silico
functional features of V. parahaemolyticus and other bacteria. Fifty-two tdh and trh genes submitted to the GenBank were analyzed
for sequence similarity.The promoter sequences of these genes were also analyzed from transcription start point to −35 regions and
correlated with amino acid substitution within the coding regions. The phylogenetic analysis revealed that tdh and trh are highly
distinct and also differ within the V. parahaemolyticus strains that were isolated from different geographical regions. Promoter
sequence analysis revealed nucleotide substitutions and deletions at −18 and −19 positions among the pandemic, prepandemic, and
nonpandemic tdh sequences. Many amino acid substitutions were also found within the signal peptide and also in the matured
protein region of several TDH proteins as compared to TDH-S protein of pandemic V. parahaemolyticus. Experimental evidences
are needed to recognize the importance of substitutions and deletions in the tdh and trh genes.

1. Introduction

Vibrio parahaemolyticus is a Gram-negative bacterium,
which is a part of the normal flora of marine and estuarine
waters. Despite its halophilic nature, this pathogen has also
been isolated from fresh water and freshwater fishes. Genet-
ically and by serology, V. parahaemolyticus strains are very
diverse. During February 1995, an unusual incidence of V.
parahaemolyticus belonging to serovar O3:K6 was recorded
among acute diarrheal cases in the Infectious Diseases Hos-
pital, Kolkata [1]. Since 1996, this O3:K6 serovar has been
associated with several outbreaks in different countries and
hence designated as the pandemic strain [1]. The O3:K6 and
its genetically related serovars ofV. parahaemolyticus are now
documented as a pandemic clonal complex and have been
related to its global spread [1].

The pandemic serovars of V. parahaemolyticus are now
considered as an emerging pathogen in Asia and coastal

regions of the United States [2] due to several episodes of
large seafood-associated infections. This pathogen has been
frequently detected in shellfish than in sediment or water
samples [3]. Apart from gastroenteritis, wound infections
and septicemia are the other major clinical manifestations
caused by pathogenic strains of V. parahaemolyticus. This
Vibrio causes infections in human due to consumption of
raw or undercooked seafood or the wounds exposed to warm
seawater. Patients with chronic liver diseases and leukemia
are predisposed to septicemia caused byV. parahaemolyticus,
which is sometimes fatal [4]. Gastroenteritis is caused by
diverse serovars of V. parahaemolyticus; however, strains of
O3:K6 with unique toxRS gene sequence are distributed
throughout the world as a pandemic serovar. The O3:K6
serovars that lacked the toxRS sequence isolated before 1996
are known as prepandemic strains of V. parahaemolyticus.
Serovar O3:K6 continued to exist in the environment, con-
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fronting several ecological and immunological changes in
the population resulting in progression of several other new
pandemic serovars.

Enterotoxicity of this pathogen is attributed to the
extracellular production of a putative virulence factor, the
thermostable-direct hemolysin (TDH). TDH has been phe-
notypically shown as the 𝛽-type hemolysin on Wagatsuma
agar, which is also known as the Kanagawa phenomenon
(KP). Apart from the KP-test, the purified TDH has been
tested in myocardial cells [5], rabbit ileal loops [6], and
enzyme-linked immunosorbent assay. The purified TDH
caused a dose-dependent increase in intracellular free cal-
cium in both Caco-2 and IEC-6 as detected by microspec-
trofluorimetry [7]. Significant lethal activity of TDHwas also
demonstrated in the murine infection model [8]. Sometimes,
the KP-negative strains of V. parahaemolyticus produce a
TDH-related hemolysin (TRH).The TRH has similar physic-
ochemical properties like TDH, but it is liable at temperature
60∘C [9]. The pathogenic strains of V. parahaemolyticus
that harbor only the tdh and express KP were found to
be associated with acute diarrheal infection and epidemics
[10]. The environmental strains that cause extraintestinal
infections may differ in this virulence profile [11]. Generally,
the detection rate of trh in clinical strains is very less
but comparatively more in environmental strains. However,
high frequencies of tdh and trh genes positive strains have
been detected recently in a pristine estuary of US [12].
Considering their importance, detection of these virulence
marker genes is important to differentiate pathogenic strains
from nonpathogenic V. parahaemolyticus.

TDH is associated with type-three secretion systems
(T3SSs) [13, 14]. V. parahaemolyticus has two sets of T3SS
genes on chromosomes 1 and 2 (T3SS1 and T3SS2, resp.).
The T3SS1 can induce cytotoxicity [14], whereas the T3SS2
can induce cytotoxicity in Caco-2 cells and also plays an
important role in fluid secretion in the ileal loops [15].
Comparative genomic analysis confirmed that the T3SS2-
containing PAI was conserved in KP-positive strains [16].

V. parahaemolyticus that lacks typical tdh and trh may
phenotypically express hemolytic activity due to the presence
of its variant forms. These variants have considerable homol-
ogy with established prototypes of tdh/trh. In this study, we
assessed molecular diversity of tdh and trh gene sequences
in order to understand the phylogenetic relationship and
in silico functionality among V. parahaemolyticus and other
Gram-negative strains reported from different geographical
areas. In V. parahaemolyticus, five tdh alleles have been iden-
tified, namely, tdh1 to tdh5, with similar biological activities
[17]. These alleles have >96.7% sequence identity. However,
expression of these alleles varied due to the defect in their
promoter activities [18].

2. Materials and Methods

A total of 5 diverse bacteria with fully sequenced hemolysin
genes (tdh, trh, and other hemolysin genes of V. para-
haemolyticus) were selected and aligned for phylogenetic
analyses (maximum parsimony and neighbor-joining meth-
ods) using MEGA software version 5.2 [19]. Nucleotide

sequence length of 570 bp and alignment score of 13 were
sustained to include majority of hemolysin encoding genes
and aligned accurately from diverse bacterial strains. Con-
sidering these criteria, hemolysin genes represented by 52
strains, including 47 V. parahaemolyticus (37 tdh, 8 trh, and
2 of hemolysin III and a delta tdh genes), 2V. cholerae (one of
each of V. cholerae non-O1, non-O139 (NAG), and serotype
O1), and one of each of V. mimicus (tdh), Vibrio hollisae
(tdh), and Listonella anguillarum (trh), were included in this
analysis. A phylogenetic tree was constructed by bootstrap
analysis through 1000 replicates. In addition to phylogenetic
analysis, promoter regions of tdh genes harboring Vibrio spp.
and their amino acids were analyzed.

3. Results and Discussion

Hemolysin is a potential virulence factor in many bacterial
pathogens. It is well known that the TDH has a combination
of biological actions including hemolysin, cardiotoxicity, and
enterotoxicity. The severity of diarrheal illness caused by this
bacterium is closely related to the presence of two types of tdh
and tdh-related genes [20]. Depending on the environmental
conditions, these virulence genes also play an important role
in the stress tolerance in V. parahaemolyticus [21].The results
of phylogenetic analysis of tdh and trh genes are shown in
Figure 1. In the phylogenetic tree, three distinct clades (A
to C) were identified. In clade A, tdh gene from diverse
serogroup of Vibrio spp. had 85 to 100% sequence similarity
within the coding region. Clade A contained more of V.
parahaemolyticus nonpandemic strains (91%) than pandemic
strains (8%). Clade B had the trh sequences of V. para-
haemolyticus and Listonella anguillarum. Clade C contained
mostly the nonpandemic strains of V. parahaemolyticus.

So far, five tdh genes have been identified in plasmids
and chromosomes of Vibrio spp. [22] and their sequence
displayed>96.7% identitywith similar biological activity [18].
These tdh genes not only are restricted toV. parahaemolyticus
alone but also have been documented in other Vibrio species
such as V. hollisae, V. mimicus, and V. cholerae [22]. Typical
hemolysin-producing V. parahaemolyticus strains carry two
copies of tdh genes (tdh1 and tdh2) in their chromosomes
[22]. Strains that harbor any one of these genes have been
associated with weak or negative hemolytic activity.The gene
tdh2 holds 97.2% homology with tdh1 and was found primar-
ily responsible for the phenotypic expression of hemolytic
activity [22]. These two genes are designated as tdhA and
tdhS [23] and detected in a gene cluster known as tdh
pathogenicity island (tdh-PAIs) of pandemic serovars [24].
These tdh-PAIs are very similar in many epidemic strains of
V. parahaemolyticus but are absent in a prepandemic strain
AQ4037 [24]. Although this PAI has been detected in another
prepandemic strain of AQ3810, the tdhS gene orientation was
reversed [24]. The difference in the presence of tdh-PAIs in
the pandemic strains and positioning of tdh genes among
prepandemic strains indicated that these genes have been
acquired by lateral gene transfer in V. parahaemolyticus. This
hypothesis was supported by differences in the G+C content
of the tdh-PAI and the rest of the genome [25].
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gi | 375809263 |V. parahaemolyticus, tdh1

gi|295312797 |V. parahaemolyticus, tdh1
gi|30171234 |V. parahaemolyticus, tdh
gi|375809350 |V. parahaemolyticus, tdh1
gi|155290 |V. parahaemolyticus, tdh

gi|380448059|V. parahaemolyticus, tdh1

gi|155294|V. mimicus, tdh

gi|39748668|V. parahaemolyticus, tdh2
gi|222435911 | 6617–7186|V. parahaemolyticus, Peru-466, tdh2

gi|217192|V. parahaemolyticus, tdhA
gi|914140|V. parahaemolyticus, tdh/II

gi|544638|V. parahaemolyticus, tdhX
gi|48480|V. parahaemolyticus, tdh3

gi|217194|V. parahaemolyticus, tdh/ I
gi|90654454|V. alginolyticus, tdh

gi|193082928:1207–1776|V. parahaemolyticus, tdh

gi|48482|V. parahaemolyticus, tdh4
gi|155239|V. hollisae, tdh

gi|155305|V. parahaemolyticus, trh2
gi |39748665:1928–2497|V. parahaemolyticus, trh2

gi|89142726|V. alginolyticus, trh2
gi|295312886|V. parahaemolyticus, trh

gi| 89142725|V. parahaemolyticus, trh1
gi |544636|V. parahaemolyticus, trhX
gi|241994956|Listonella anguillarum, trh

gi|39748662:742–1311|V. parahaemolyticus, trh1
gi|379772246|V. parahaemolyticus, tdh1

gi|28896774|VP1729: V. parahaemolyticus, tdh-delta-VPH
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gi|47118311|VPA1314:V. parahaemolyticus (O3:K6), tdhA
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gi|21326605 |V. parahaemolyticus (O3:K6) New York 1998, tdh
gi|21326603 |V. parahaemolyticus (O3:K6) Texas 1998, tdh
gi|21326601|V. parahaemolyticus (O4:K68), tdh
gi|21326599|V. parahaemolyticus (O4:K68), tdh

gi|47118311|VPA1378:V. parahaemolyticus(O3, K6), tdhs

gi|21326607|V. parahaemolyticus, Bangladesh-1980 (O3:K6), tdh

Figure 1: Neighbor-joining phylogenetic tree obtained by the analysis of tdh and trh genes. Bootstrap values are presented next to the tree
nodes. The branch of the tree is not proportional to evolutionary distance. The bar represents 0.02 nucleotide substitution per site.



4 BioMed Research International

GTTTGCTTCTTTGGTTTTTT--AGTTTTCATAACATCCGTCATTCTGGCAAAGTTATTAAT
GTTTGCTTCTTTGGTTTTTT--AGTTTTCATAACATCCGTCATTCTGGCAAAGTTATTAAT
GTTTGCTTCTTTGGTTTTTT--AGTTTTCATAACATCCGTCATTCTGGCAAAGTTATTAAT
GTTTGCTTCTTTGGTTTTTT--AGTTTTCATAACATCCGTCATTCTGGCAAAGTTATTAAT
GTTTGCTTCTTTGGTTTTTT--AGTTTTCATAACATCCGTCATTCTAGCAAAGTTATTAAT
GTTTGCTTCTTTGGTTTTTT--AGTTTTCATAACATCCGTCATTCTGGCAAAGTTATTAAT
GTTTGCTTCTTTGGTTTTTT--AGTTTTCATAACATCCGTCATTCTGGCAAAGTTATTAAT
GTTTACTTTTTTGGGTTTTTT-GGCTTTCATGAAACCTGCCATTCTGGCAAAGTTATTAAT
GTTTGCTTCTTTGGTTTTTTTTAGTTTTCATAACACCCGTCATTCTGGCAAAGTTATTAAT
GTTTGCTTCTTTGGTTTTTT--AGTTTTCATAACATCCGTCATTCTGGCAAAGTTATTAAT
GTTTGCTTCTTTGGTTTTTT--AGTTTTCATAACATCCGTCATTCTGGCAAAGTTATTAAT
GTTTGCTTCTTTGGTTTTTTTTAGTTTTCATAACACCCGTCATTCTGGCAAAGTTATTAAT
GTTTGCTTCTTTGGTTTTTTTTAGTTTTCATAACACCCGTCATTCTGGCAAAGTTATTAAT
GTTTGCTTCTTTGGTTTTTTTTAGTTTTCATAACACCCGTCATTCTGGCAAAGTTATTAAT
GTTTGCTTCTTTGGTTTTTTT-AGTTTTCATAACACCCGTCATTCTGGCAAAGTTATTAAT
GTTTGCTTCTTTGGTTTTTTT-AGTTTTCATAACACCCGTCATTCTGGCAAAGTTATTAAT
GTTTACTTTTTTGGGTTTTTT-GGCTTTCATGAAACCTGCCATTCTGGCAAAGTTATTAAT
GTTTACTTTTTTGGGTTTTTT-AGATTTTATGAAACCTGCCATTCTGGCAAAGTTATTAAT
GTTTACTTTTTTGGGTTTTTT-GGCTTTCATGAAACCTGCCATTCTGGCAAAGTTATTAAT
GTTTGCTTTTTTGGGTTTTTT-AGCTTTCATGAAGCCTGCCATTCTGGCAAAGTTATTAAT
GTTTGCTTTTTTGGGTTTTTT-AGCTTTCATGAAGCCTGCCATTCTGGCAAAGTTATTAAT
GTTTGCTTTTTGGTTTTTTTT-AGGTTTCATGACGTCTGCCATTCTGGCAAAGTTATTAAT
GTTTGCTTTTTTGGATTTTTT-GGTTTTCATGAAACCTGCCATTCTGGCAAAGTTATTAAT

Pa
nd

em
ic

 st
ra

in
s

N
on

pa
nd

em
ic

 st
ra

in
s 

TTTTCATGATTATTCAGTTTGCTTTTTGGTTTTTTTT-AGGTTTCATGACGTCTGCCATTCTGGCAAAGTTATTAATCAACTCATAGGTTTTTT-ATGAAATACCAATAT
−10−35

+1

Consensus-10 promoter sequence
Start of coding region

T

gi|21326603|1998
gi|21326605|1998
gi|21326599|2002
gi|21326601|2002
gi|380448059|2011
gi|375809175|2011

gi|47118311|tdhA 1996

gi|30171234|2003
gi|155290|1993
gi|48477|1990
gi|217196|1985
gi|21326607|1980
gi|21326595|2001
gi|21326597|2001
gi|21326593|2001
gi|39748668|2003
gi|217192|1990
gi|380448055|2011
gi|48482|1990
gi|48480|1990

gi|155239|1991 (VC)

gi|47118311|tdhS 1996

gi|155294|1991 (VM)

Figure 2: Comparison of promoter nucleotide sequences of tdh genes of V. parahaemolyticus, V. mimicus, and V. cholerae. VM, V. mimicus;
VC, V. cholerae non-O1 and non-O139.

In the phylogenetic analysis, the pandemic and prepan-
demic strains were placed in A and C clades. The size
of the typical tdh coding sequence was 570 bp. However,
in this analysis, we have included only the published full
length sequences. The trh gene from Aeromonas veronii
biovar Veronii sequences has also been analyzed for this
study. Since all the three trh sequences are identical, we
have considered one to examine its relation to the trh of
V. parahaemolyticus. The trh sequences of Aeromonas spp.
are highly diverse and their bootstrap values remained less
than 50%. Clades A and C are the two clusters in which
diverse hemolysin encoding genes have been grouped. Clade
A contained tdh of pandemic and nonpandemic strains.
The tdh sequence of pandemic serovars exhibited 86–99%
bootstrap homologywith nonpandemic serovars and trh gene
of theV. parahaemolyticusATCC strain 17802 (serovarO1:K1)
[26]. In addition, the tdh also showed 86% homology with
trh of Listonella anguillarum, which is a member in the
family Vibrionaceae. In clade A, tdhA of RIMD2210633 had
86% sequence homology with a Peruvian pandemic strain
Peru-466 and the tdhS had 64% homology with tdh1 of
Indian pandemic strain K5030 [24]. This genetic comparison
demonstrates that pandemic strains isolated from several
geographical areas displayed sequence dissimilarity within
the tdh coding region. However, clade A contained tdh genes
of V. parahaemolyticus from US, Bangladesh, and Russia.
The pandemic serovars from US and Bangladesh had 93%
sequence homology [27] but the information on the types of
Russian serovars is not available.

In this study, tdh of V. cholerae non-O1 and non-O139, V.
mimicus, andV. hollisae showed sequence homology with tdh
of V. parahaemolyticus. However, the bootstrap similarities
are distinct (Figure 1). Although these organisms had some
sequence similarities within the coding regions of hemolysin

encoding genes, a comparative analysis showed that they had
different flanking regions as compared toV. parahaemolyticus
[22]. Honda et al. [28] reported the presence of plasmid-
encoded TDH in some of the environmental strains of V.
cholerae non-O1 and non-O139 (also called nonagglutinable
(NAG) vibrio) strains. Type-III secretion system (T3SS)
located in ∼49.7 kb genomic island has been identified in
NAG strains, which has a strong homology with T3SS2 of
V. parahaemolyticus. The TDH and TRH encoding genes in
NAG strains have been identified eitherwithin [29] or outside
[30] the T3SS genomic island. AlthoughV. hollisae strains had
T3SS2 island, TDH/TRH was not reported as a part of this
island [31].

It has already been established that the expression of tdh
and trh genesis different due to defect in the promoter regions
[18, 27]. In V. parahaemolyticus, changes in the promoter
sequences of different tdh genes have shown considerable
variation in the expression of KP [18]. It was shown that
the nucleotide sequence positions from −35 to −10 of tdh
gene promoter act as a hotspot and nucleotide substitution at
−34 from A to G affects the expression of hemolytic activity
[18]. This −34 position corresponds to −35 in our realigned
sequence comparison (Figure 2). In a recent finding, it was
revealed that, in the absence of any substitution or an
additional mutation at position −3 (substitution of G to A)
relative to −10, sequence of promoter region could change
the expression of hemolysin [32].This information facilitated
analyzing the nucleotide sequences of promoter regions
from transcription start point to −35 position of tdhS of
RIMD2210633 with other available 23 promoter sequences of
tdh from the GenBank (except tdh5, which was not available
in the database). The gene tdhS is highly transcribable under
the influence of the promoter region, which was associated
with stronger KP [18]. However, in the comparative analysis,
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Table 1: Comparison of the deduced amino acid sequences of the products of the tdh genes taken from GenBank.

Particulars of tdh genes
Positions of
signal peptide Positions of mature protein sequence

3 4 23 23 28 34 43 50 89 99 108 112 116 119 136 147 162 163 165
Pandemic strains

gi|21326604|1998 (O3:K6) H Q S T Q K N E S G N N E G N I K H Q
gi|21326606|1998 (O3:K6) H Q S T Q K N E S G N N E G N I K H Q
gi|21326600|2002 (O4:K68) H Q S T Q K N E S G N N E G N I K H Q
gi|21326602|2002 (O1:KUT) H Q S T Q K N E S G N N E G N I K H Q
gi|380448060|2011 H Q S T Q K N E S G N N E G N I K H Q
gi|28901233|RIMD, TDH S, 1996 (O3:K6) H Q S T Q K N E S G N N E G N I K H Q
gi|28901169|RIMD, TDH A, 1996 (O3:K6) Y R F T N E N K H D D N E D N I K H Q

Nonpandemic strains
gi|48478|1992 H Q S T Q K N E S G N N E G N I K H Q
gi|155291|1993 H Q S T Q K N E S G N N E G N I K H Q
gi|21326608|1980 (O3:K6) H Q S T Q K N E S D N N E G N I K H Q
giI|217197|1985 H Q S T Q K N E S D N N E G N I K H Q
gi|30171235|ATCC 17803, 2003 H Q S T Q K N E S D N N E G N I K H Q
gi|21326594|2001 (O4:K8) H Q S T Q K N E S D N N E G N I K H Q
gi|375809176|2011 H Q S T Q K N E S D N N E G N I K H Q
gi|21326598| 2001 (O5:K15) H Q S T Q K N E S D N N E G N I K H Q
gi|21326596|2001 (O4:K13)∗ H Q S T Q K N E S D N N E G N V — — —
gi|155295|Vm-TDH, 1991 Y Q F T K K D E S D N N E D N V E H R
gi|39748669|2003 Y R F T N E N K H D D N E D N I K H Q
gi|217193|1990 Y R F T N E N K H D D S E D N I K H Q
gi|380448056|2011 Y R F T N E N K H D D N E D N I K H Q
gi|48483|1990 Y R F T N K N K N D N N E D D I K Y N
gi|155240|VcNAG-TDH, 1991 Y R F T N K N K N D N N E D D I K Y N
gi|48481|1990 Y R F A N K N K R D N N K D N I E H K

∗Truncated tdh sequence; Vm,V.mimicus; VcNAG,V. choleraenon-O1 andnon-O139; Bang, Bangladesh; RIMD,RIMD2210633. Known serovars arementioned
in parentheses.

instead of substitution at −3 position, we have detected
nucleotide changes at −2 (C for T), −4 (T for C), −5 (A for
G), −6 (C for A), −8 (A for G), −15 (T for C/A/G), and −17
(A for G) in tdhS of RIMD2210633, which is a pandemic
serovar O3:K6. Site-directed mutagenesis experiments are
required to address the importance of these substitutions. In
addition to nucleotides, positions −18 and −19 relative to the
−10 were found to be altered among nine tdh genes, which are
intact, mostly in pandemic serovars such as O3:K6, O4:K68,
and O1:KUT (K antigen untypable) (Figure 2). However,
these changes were absent in four tdh genes sequenced
from strains of ATCC 17803 (gi|30171234), T4750 (gi|217196),
and Bangladesh-1980 (serovar O3:K6) (gi|21326607) and
in sequence gi|21326595 (from serovar O4:K13) (Figure 2).
Among the 10 tdh genes, a nucleotide deletion at position −18
was found among pandemic, prepandemic, and one of each
of V. cholerae non-O1 and non-O139 and V. mimicus strains.
We also analyzed protein sequences in the promoter region of
all the strains.The TDH consists of 189 amino acids, of which
first 24 amino acid residues belonged to signal peptide. A site-
directedmutagenesis study on the remaining 165 amino acids

residues has shown that Trp65 and Leu66 are very important
in the hemolytic activity of TDH and any change in these
residues could reduce its activity [33]. In addition to these
residues, Arg46, Gly62, Thr67, Gly86, Glu116, and Glu138 were
also shown to be vital for the hemolysis [33, 34]. TDH has
one intramolecular disulphide bond between Cys151 in 𝛽10
and Cys161 in the 310 helix [35]. This contiguous positioning
of Cys151 and Cys161 suggests the formation of side channels
and influences the hemolytic activity of TDH.These two Cys
residues were also found to be highly conserved in all the
TDH. However, mutations in other positions were detected
when comparing TDH sequences of RIMD2210633 with
others (Table 1). TDH-A of RIMD2210633, TDH3, TDH4, V.
mimicus TDH, V. cholerae non-O1 and non-O139-TDH, and
other prepandemic strains of V. parahaemolyticus had amino
acid substitutions within the signal peptide at positions 3
(tyrosine for histidine), 4 (glutamine for arginine), and 23
(phenylalanine for serine) as compared to RIMD2210633.
Interestingly, these groups of TDH amino acids do not have
histidine in the signal peptide, which is essential in the
protein active or binding sites. In a V. mimicus (VmTDH),
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substitution at position 4 was absent. Except in one, all tdh
sequences that contained double deletion in the promoter
sequence at −18 and −19 gained Gly99 in the place of aspartic
acid (Asp99). The significance of this mutation needs to be
evaluated.

It has been reported that trh gene has two alleles, namely,
trh1 and trh2. The sequences of trh1 and trh2 share 84%
and 68% similarity with tdh2, respectively [36]. In the initial
studies, it was thought that downstream inverted repeat
sequence (IRS) from −35 to −10 of trh1 and trh2 may have
some association with low expression of TRH [37, 38]. In
the subsequent finding, it was reported that the promoter-
bearing region was responsible for the low expression trh
transcription rather than the role of IRS [36].

The trh harboringV. parahaemolyticus strains universally
carries a urease gene (ureR); V. parahaemolyticus strains iso-
lated fromAsian countries always exhibit a strong correlation
between the ureR gene and trh positivity [39]. However, the
association between these two genes is not related in the
transcription of trh [36]. In a clinical perspective, urease-
positive phenotype is considered for elevated virulence in V.
parahaemolyticus [40]. We did not find any differences in the
promoter sequence between trh and tdhS of RIMD2210633, as
reported before [36]. Recently, the whole-genome of Oceani-
monas (strain GK1) belonging to the family Aeromonadaceae
has been sequenced and a tdh gene has been detected in the
chromosome [41]. The protein sequence of TDH matched
with a TDH of Aeromonas spp., but not with the TDH
of V. parahaemolyticus. Among the Vibrio species, only V.
alginolyticus carried tdh and trh genes. The trh of gene
of V. alginolyticus also shared considerable homology with
trh of V. parahaemolyticus (data not shown). trh genes of
V. parahaemolyticus and Listonella anguillarum have been
placed in clade B (Figure 1).

Phylogenetic analysis suggested that there is a high level
of sequence diversity in tdh and trh among V. parahaemolyti-
cus strains and in other vibrios. Since these genes are carried
by the transposon, they have been detected in many Vibrio
spp. [42]. The reason for selective uptake of these genes
only in Vibrio species needs to be investigated. Using this
in silico approach, differences in promoter sequences were
identified among the pandemic and nonpandemic strains of
V. parahaemolyticus. Such differences are probably associated
with differential transcription in V. parahaemolyticus strains.
More experimental evidences may prove the importance of
mutations detected in this study.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] G. B. Nair, T. Ramamurthy, S. K. Bhattacharya, B. Dutta,
Y. Takeda, and D. A. Sack, “Global dissemination of Vibrio
parahaemolyticus serotype O3:K6 and its serovariants,” Clinical
Microbiology Reviews, vol. 20, no. 1, pp. 39–48, 2007.

[2] J. W. Turner, R. N. Paranjpye, E. D. Landis et al., “Population
structure of clinical and environmentalVibrio parahaemolyticus
from the pacific northwest coast of the United States,” PLoS
ONE, vol. 8, no. 2, Article ID e55726, 2013.

[3] W. T. Yu, K. J. Jong, Y. R. Lin, S. E. Tsai, Y. H. Tey, and H.
C. Wong, “Prevalence of Vibrio parahaemolyticus in oyster and
clam culturing environments in Taiwan,” International Journal
of Food Microbiology, vol. 160, no. 3, pp. 185–192, 2013.

[4] G. J. Hsu, T. Young, M. Y. Peng, F. Y. Chang, and M. Y. Chou,
“Septicemia caused by Vibrio parahemolyticus: a case report,”
Zhonghua Yi Xue Za Zhi, vol. 52, no. 5, pp. 351–354, 1993.

[5] T. Honda, K. Goshima, Y. Takeda, Y. Sugino, and T. Miwatani,
“Demonstration of the cardiotoxicity of the thermostable direct
hemolysin (lethal toxin) produced byVibrio parahaemolyticus,”
Infection and Immunity, vol. 13, no. 1, pp. 163–171, 1976.

[6] Y. Miyamoto, Y. Obara, and T. Nikkawa, “Simplified purifi-
cation and biophysicochemial characteristics of kanagawa
phenomenon-associated hemolysin of Vibrio parahaemolyti-
cus,” Infection and Immunity, vol. 28, no. 2, pp. 567–576, 1980.

[7] F. Raimondi, J. P. Y. Kao, C. Fiorentini et al., “Enterotoxicity
and cytotoxicity ofVibrio parahaemolyticus thermostable direct
hemolysin in in vitro systems,” Infection and Immunity, vol. 68,
no. 6, pp. 3180–3185, 2000.

[8] S. Bechlars, D. A. Wüstenhagen, K. Drägert, R. Dieckmann,
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The Delayed type hypersensitivity skin test (DTH) and interferon-gamma assay are used for the diagnosis of bovine tuberculosis
(TBB). The specificity of these diagnoses, however, is compromised because both are based on the response against purified
protein derivative of Mycobacterium bovis (PPD-B). In this study, we assessed the potential of two cocktails containing M. bovis
recombinant proteins: cocktail 1 (C1): ESAT-6, CFP-10 andMPB83 and cocktail 2 (C2): ESAT-6, CFP-10,MPB83, HspX, TB10.3, and
MPB70. C1, C2, and PPD-B showed similar response by DTH inM. bovis-sensitized guinea pigs. Importantly, C1 induced a lower
response than PPD-B inM. avium-sensitized guinea pigs. In cattle, C1 displayed better performance than PPD-B andC2; indeed, C1
showed the least detection of animals either vaccinated or Map-infected. To optimize the composition of the cocktails, we obtained
protein fractions from PPD-B and tested their immunogenicity in experimentally M. bovis-infected cattle. In one highly reactive
fraction, seven proteins were identified. The inclusion of FixB in C1 enhanced the recognition of M. bovis-infected cattle without
compromising specificity. Our data provide a promising basis for the future development of a cocktail for TBB detection without
interference by the presence of sensitized or infected animals with other mycobacteria.

1. Introduction

The infection and disease produced byMycobacterium bovis,
which is the causative agent of bovine tuberculosis (TBB),
is an important problem in cattle and other animal species.
Human tuberculosis (TB) is produced mainly by Mycobac-
terium tuberculosis. However,M. bovis can also be responsible
for the disease in humans, which makes this bacterium
an important zoonotic species [1]. The TBB eradication

programs in Argentina are based on a prompt detection of
infected animals and their subsequent removal from the herd.

Delayed type hypersensitivity skin test (DTH), which is
based on response against single intradermal inoculation of
purified protein derivative ofM. bovis (PPD-B), remains the
primary surveillance tool to diagnose TBB in our country.
The intensity of DTH reactions elicited inM. bovis-sensitized
guinea pigs is the model to select batches of PPD-B to be
used in the field. Thus, this animal model could be used to
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evaluate reagents with potential for TBB diagnosis. Disease
control can also be facilitated by using the interferon-gamma
(IFN-𝛾) assay. In their original form, these tests, DTH and
IFN-𝛾, are based on the response against PPD-B.This reagent
is a mix of proteins, lipids, and carbohydrates obtained
from heat-killed cultures of M. bovis strain AN5, which
compromise specificity because some of its antigenic com-
ponents are present in others nonpathogenic and pathogenic
mycobacteria [2, 3]. Animals infected with Mycobacterium
avium subsp. paratuberculosis (Map), the etiologic agent
of paratuberculosis (PTB), or vaccinated with BCG have
demonstrated positive response in these assays using PPD-
B. The specificity of these tests can be increased with the use
of definedM. bovis antigens.

Many mycobacterial proteins have been isolated and
eval-uated in DTH and IFN-𝛾 assays in animals with TBB
[4–13]. For instance, ESAT-6 (Rv3875 or EsxA) is one of the
major antigenic targets identified in both cattle and humans
with tuberculosis [14]. Several other antigens with molecular
masses of around 10 kDa and belonging to the Esx family of
proteins have been identified subsequently, such as CFP10
(RV3874 or EsxB) and TB10.3 (Rv3019c or EsxR), and they
have been shown to be equally well recognized by T cells
[15]. ESAT-6 and CFP-10, or combinations of these antigens,
have been extensively tested by DTH and IFN-𝛾 assays in
naturally M. bovis-infected cattle with satisfactory results
[16–19]. The studies performed in M. bovis-infected cattle
yielded promising results with cocktails containing ESAT-6,
CFP-10 plus the addition of other antigens [18–20]. ESAT-
6 and CFP-10 are encoded in a genomic region, RD1, that
is absent in BCG Pasteur and, thus, are useful as diagnostic
tools for differentiating TB-infected from BCG-vaccinated
animals (DIVA) [19]. Proliferative immune response with
synthetic peptides derived from the sequences of CFP-10
and ESAT-6 showed that BCG-vaccinated cattle did not
respond to this peptide cocktail, whilst they all responded to
PPD-B [21].

Furthermore, the use of a recombinant ESAT-6: CFP-10
fusion protein was useful to differentiate M. bovis-infected
from those Map-infected cattle [22]. Several studies have
identified immunogenic proteins present in bothM. bovis/M.
tuberculosis [4, 9, 10, 15, 17]. A disadvantage of those studies,
however, is that they are restricted to a relatively small set
of proteins biased by the initial selection criteria. Recently,
a nonbiased approach with an extensive library of clones
expressing mycobacterial proteins was used and 33 gene
products that induced IFN-𝛾 production in whole-blood
cultures from TB-reactor animals were detected. One of
these proteins did not induce responses in BCG-vaccinated
animals, which is suitable for DIVA diagnostic. Greater
responder frequencies were observed for BCG-vaccinated
cattle than for TB reactors with the remaining antigens,
which leads to speculate that other “less immunodominant”
antigens maybe recognized to a greater extent in BCG-
vaccinated animals [23].

These recent studies show that the search of other
antigens for a more sensitive and specific diagnosis of TB
is still relevant. Unfortunately, few studies have shown the
feasibility ofM. bovis antigens to increase specificity of DTH

using either the guinea pigmodel or experimentallyM. bovis-
infected cattle [24–26]. Moreover, even more information
of the use of cocktails with M. bovis antigens in naturally
infected cattle remains scarce.

The present study aimed to assess cocktails containing
previously defined antigens of M. bovis in order to differ-
entiate animals with TBB from vaccinated- or Map-infected
animals. For this purpose,we used different approaches:DTH
in the guinea pig model and both DTH and IFN-𝛾 assays in
the cattle model. The specificity of the defined antigens was
evaluated in both BCG-vaccinated and Map-infected cattle.
Finally, novel cocktails enriched with immunogenic proteins
identified bymass spectrometry analysis of selected antigenic
fractions of PPD-B were evaluated in TBB, PTB, and free
herds.

2. Material and Methods

2.1. Antigens. In the first part of the present study, we assessed
the application of antigens that have been extensively tested
in TBB with satisfactory results. These antigens were used
to produce two cocktails: cocktail 1 (C1) containing ESAT-
6, CFP-10, and MPB83 and cocktail 2 (C2) with ESAT-6,
CFP-10, MPB83, MPB70, TB10.3, and HspX. The potency of
the cocktails was evaluated by DTH in M. bovis, M. avium
sensitized-guinea pigs, and nonsensitized guinea pigs, as well
as in experimentallyM. bovis-infected cattle (DTH and INF-
𝛾), BCG-vaccinated, naturally Map-infected cattle, and in a
free TBB and Map herd by IFN-𝛾.

The purified recombinant proteins, ESAT-6, CFP-10,
MPB70, MPB83, TB10.3, and HspX, were kindly provided by
Professor Mahavir Singh (Lionex Diagnostics andTherapeu-
ticsGmbH,Germany). In all cases, the endotoxin content was
<1.27 IU/mg.

In the second part, we characterized immunodominant
antigens from the PPD-B. The coding sequences of
CFP2, FixB, and PepA were amplified by PCR using the
following primers: CFP2-fw 5-cgcggatccatgaagatggtgaaa
tcga-3(BamHI site) and CFP2-rev 5- ataagctttcagttccctgcg
gcctgc-3(HindIII site); FixB-fw 5-cgggatccatggctgaagtac
tgg-3(BamHI site) and FixB-rev 5-taagcttctagcccttgcgggcc-
3 (HindIII site); PepA-fw 5-aaggatccatgagcaattcgcgccg-
3(BamHI site) and PepA-rev 5-ataagctttcaggccgggggtccct-
3(HindIII site). M. bovis DNA was employed as template
for the amplifications. The amplification programme was
as follows: an initial step of 95∘C for 10min, 35 cycles of
95∘C for 1min, 58∘C for 1min, and 72∘C for 1min followed
by a final termination step of 72∘C for 8min. The complete
open reading frames of CFP2 (507 pb), FixB (957 pb), and
PepA (1068) were subsequently cloned into the expression
vector pRSET-A (Invitrogen BV, Leek, The Netherlands).
The derived constructions were transformed into Escherichia
coli BL21 (pLys) competent cells. A 3-mL inoculum of E. coli
BL21 harboring pRSET-A with the gene inserts was diluted
1/20 and grown to the mid-logarithmic growth phase
(OD of 0.6) in LB-ampicillin for 16 h at 37∘C. One mM
concentration of isopropyl-D-thiogalactopyranoside (IPTG)
(Merck, Germany) was added to induce recombinant gene
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expression over 3 h. Cells were then harvested by centrif-
ugation and frozen at −20∘C until further use. The cell pellet
was lysed with 1mL of lysis buffer (Tris-HCl 100mM pH
7.5, NaCl 300mM, Glycerol 20%, NP40 1%) using a Fast
Prep FP120 40 seg. 5.5m/s (Bio101-Savant, Holbrook, NY).
The expression of the soluble antigens was confirmed by
both Coomassie blue staining of polyacrylamide gels and
Western blot analysis using Mouse anti-His antibody as
primary antibody (GE Healthcare, UK) and anti-Mouse
Alkaline phosphatase as secondary antibody (Sigma,
Missouri, USA). The recombinant proteins in the E. coli
cell extracts were purified by using a Ni-NTA resin (Niquel
nitrilotriacetic acid) (Qiagen Corp., CA). For this purpose,
the supernatant was incubated for 90 minutes at 4∘C with
the resin and immobilized in the column. The resin was
then washed with lysis buffer and eluted with increasing
concentrations of imidazole (250mM, 500mM, and 1M)
(Sigma, St. Louis, MO) in buffer (Tris-HCl 50mM pH 7.5,
NaCl 500mM, Glycerol 20%, and NP40 1%). The presence
and purification of the protein was confirmed by Coomasie
blue and Western blot. The protein concentration was
estimated with the Micro BSA Protein Assay kit (Pierce,
USA).

PPD-B and PPD-A were obtained from the National Ser-
vice of Agricultural and Food Health and Quality (SENASA,
Buenos Aires, Argentina) with a protein concentration of
1mg/mL and 0,5mg/mL, respectively.

2.2. Gene Nomenclature and Identity of Antigens of C1 and C2.
The cfp-10 gene of M. bovis (Mb3904) has 100% identity to
cfp-10 of M. tuberculosis (Rv3874), which encodes a 10 kDa
culture filtrate antigen CFP-10 or EsxB.

The esat-6 gene of M. bovis (Mb3905) has 100% identity
to esat-6 ofM. tuberculosis (Rv3875), which encodes an early
secreted antigenic target 6 kDa, ESAT-6, or EsxA.

The genes cfp-10 and esat-6 are absent in the genome of
M. bovis BCG and Map.

MPB83 and MPB70 are highly homologous proteins
within M. tuberculosis complex members and the orthol-
ogous in different members of the complex are virtually
identical. However, they are major antigens that are highly
expressed by M. bovis and considerably less abundantly
expressed by M. tuberculosis. The mpb83 gene (Mb2898)
and mpb70 gene of M. bovis (Mb2900) have 100% identity
with their orthologous genes in M. tuberculosis (Rv2873 and
Rv2875, resp.).

The genesmpb83,mpb70, and hspX inM. bovis have 100%
identity with these genes inM. bovis BCG and they are absent
from Map’s genome. The hspX gene of M. bovis (Mb2057c)
has 100% identity with the gene (Rv2031c) that encodes the
16-kDa alpha crystalline (Acr) protein of M. tuberculosis or
heat shock protein X.

The TB10.3 or esxR gene ofM. bovis (Mb3045c) has 100%
identity with the gene (Rv3019c) of M. tuberculosis, which
encodes a secreted esat-6 like protein.

The protein TB10.3 ofM. bovis has 100% identity with this
protein inM. bovis BCG and 80% with the protein of Map.

2.3. Animal Models

2.3.1. DTH Skin Test in M. avium and M. bovis-Sensitized
Guinea Pigs. Two groups of guinea pigs were sensitized, one
with M. bovis, another with M. avium, by intramuscular
inoculation of 0.5mL of a sterile heat-killed suspension ofM.
bovis strain AN5 or heat-killed suspension ofM. avium strain
D4ER, respectively. A group of nonsensitized guinea pigs was
used to evaluate the specificity of the reagents. The sensitized
animals were prepared by clipping the hair from the entire
abdominal and flank areas. Thirty days after injection, the
guinea pigswere used for testing PPD-B, PPD-A,C1, C2, Esat-
6/CFP-10, and buffer phosphate saline (PBS) as a negative
control. On each guinea pig, six sites for injection of PPD-
B and the cocktails were selected. Three sites on each side of
themidline and spaced at a sufficient distance (2-3 cm aprox.)
from each other to avoid overlapping of skin reactions. The
induration diameter in guinea pig was read at 24 h, according
to protocol used by the National Service of Agricultural
and Food Health and Quality (SENASA), Buenos Aires,
Argentina.

C1 and C2 cocktails were prepared in PBS at a final con-
centration of 1 𝜇g/mL of each antigen. The animals received
intradermal injections with 0.2mL of each cocktail or PPD-B
and PPD-A at 1 𝜇g/mL.

2.3.2. Cattle

(1) BCG-Vaccinated and ExperimentallyM. bovis-InfectedCat-
tle. One group of five castrated male Holstein-Fresian calves
of three to four months of age was inoculated subcutaneously
in the side of the neck with 1 × 106 colony forming units
(CFU) of BCG Pasteur suspended in PBS. Another group of
six animals was infected with a wild boar virulent strain M.
bovis 04-303 by intratracheal instillation of 5 × 107 CFU as
described previously [27]. The strain M. bovis 04-303 is an
isolate obtained from a wild boar with tuberculous lesions
[28]. Briefly, this inoculation procedure was carried out by
anaesthetizing the calves with xylazine HCl (Rompun, Bayer,
Germany; 0.1mg/kg) intravenously and then inserting an
80 cm endotracheal tube into the trachea. A cannula was
inserted through the endotracheal tube.The 1.5mL inoculum
containing the M. bovis 04-303 was injected through the
cannula and flushed out with sterile saline equal to 10mL
volume.

All the animals used in this study were DTH negative to
both PPD-A and PPD-B at the beginning of the experiments.
These experimentally infected animals were part of a trial that
included evaluation of candidate TBB vaccines [27].

To confirm that the animals were successfully infected,
the calves were euthanized 100 days after infection and
then thin slices of lungs and lymph nodes of the head and
pulmonary region were analyzed in search of granuloma
formations. All M. bovis-infected animals presented macro-
scopic lesions and were positive for both bacterial isolation
and IS6110-PCR in both tissues [27].

Experimental vaccination and M. bovis infection were
performed inside the biosafety BSL3 facilities for animals of
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the National Institute of Agricultural Technology (INTA),
Argentina, in compliance with the regulations of the Ethical
Committee of INTA (CICUAE) and the biosafety protocols
as authorized by the National Service of Agricultural and
Food Health and Quality (SENASA).

(2) Naturally Map, M. bovis-Infected Cattle, and Free TBB and
PTB Herd. For the purpose of verifying the TBB cocktails
specificity by IFN-𝛾 assay, we used blood samples of 10
and 17 animals from 2 dairy herds with PTB confirmed by
fecal culture. The selected animals were positive by DTH for
PPD-A.

A total of 58 animals from M. bovis-infected beef herd
were 27 DTH positive (induration reaction ≥ 5mm), 19
displayed intermediate reaction (1–3mm) and 12 animals
were DTH negative.

As a negative control 10 animals from a free TBB and PTB
herd were used for IFN-𝛾 release assay.

2.4. Evaluation of C1 and C2 in BCG-Vaccinated, Experiment-
ally M. bovis-Infected and Naturally Map-Infected Cattle
by IFN-𝛾 Release Assay. Blood samples from infected and
vaccinated cattle were collected from the jugular vein into
heparinized vials at 20, 30, 60, and 90 days after M. bovis
infection (dpi) and 30 and 60 days after BCG vaccina-
tion (dpv). These samples were used to evaluate cocktails
and fractions from PPD-B by IFN-𝛾 release assay using a
commercial ELISA-based kit (Bovigam; Prionics, Shlieren,
Zurich, Switzerland). Briefly, aliquots of 200𝜇L of bloodwere
added in a 96-well culture microplate and incubated with
25 𝜇L of antigenic preparations per duplicate. Each of the
constituent proteins was added to the cocktails at a concen-
tration of 55𝜇g/mL and the PPD-B peptidic fractions were
used at a concentration of 36 𝜇g/mL of total protein. PPD-A
and PPD-B were used at a final concentration of 50𝜇g/mL.
Negative-control wells with PBS alone were included for
each tested animal. As positive control, 4.5 𝜇g/mL pokeweed
mitogen (Sigma-Aldrich, United Kingdom) was used. The
plates were incubated in a humidified 5% CO

2

incubator at
37∘C for 16 h. Stimulated plasma was obtained by centrifu-
gation and IFN-𝛾 concentrations in plasma were determined
following the manufacturer’s procedures. Color development
was measured at 450 nm and the results were expressed as
optical density (OD) indices (ODIs) (ODI = OD for antigens
stimulated cultures/OD for PBS stimulated cultures). An
ODI equals or higher than 2 was considered positive. The
coefficient of variation between duplicate wells was less than
5%, and the OD for the control wells was usually less than 0.1.

Also, blood samples of 17 animals from a dairy herd with
PTB, positive to DTH with PPD-A, were stimulated with C1,
C2, PPD-A, or PPD-B to test specificity in the IFN-𝛾 release
assay.

2.5. DTH Skin Test in Experimentally M. bovis-Infected Cattle.
The experimentally M. bovis-infected animals were tested
by DTH before and after infection. Before infection, all the
animals used in this study were DTH negative using PPD-
B (<1mm). The cattle were reevaluated by DTH 90 days

after M. bovis challenge, using C1, C2, and PPD-B. The
cocktails for DTH were prepared with 10 𝜇g of each antigen
per 0.1mL in PBS and 100 𝜇g per 0.1mL of PPD-B. Animals
were intradermally injected with 0.1mL of C1, C2, or PPD-
B (1mg/mL) and the thickness of the caudal fold tuberculin
skin test was measured using callipers before and 72 h after
injection.

2.6. Antigen Identification in PPD-B Fractions. PPD-B was
prepared and fractionated in order to identify new antigens
components of the PPD-B capable to improve the immuno-
logical cellular response in animalswithTBB. Briefly,M.bovis
strain AN5 was cultured in modified Dorset-Henley medium
for 8 to 10 weeks.The cultures were inactivated by autoclave at
100∘C for 3 hours and the proteins were concentrated using a
Pellicon XI device (Millipore Corporation, Bedford, MA) for
tangential flow filtration.

2.6.1. Separation of Protein Fractions from PPD-B. PPD-B
proteins were divided into narrow molecular mass fractions
by continuous elution of polyacrylamide gels as described
previously [29]. Briefly, PPD-B preparation was resuspended
in cracking buffer (SDS 2%, Tris HCl 0.125M pH 6.8, 2-
mercaptoethanol 1%, bromophenol blue 0.02%, and glycerol
10%), heated for 5min in boiling water, and resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
12% (SDS-PAGE). Thirty fractions were collected using a
whole-gel elutor (Bio-Rad Corporation). The protein con-
centration of the different fractions was estimated by the
micro BSA Protein Assay kit (Pierce, USA). The fractions
were dialyzed against PBS and kept frozen at −80∘C until
used.

2.6.2. Identification of New Antigens from Bovine PPD Frac-
tions by Mass Spectrometry. PPD-B fractions were evaluated
for their capability to stimulate IFN𝛾 release as previously
described and the proteins present in the selected fractions
with higher ODIs were identified by mass spectrometry.
The selected samples were digested with sequencing-grade
trypsin (Promega) by incubation at 35∘C overnight. Prior to
MS analyses, the digested samples were desalted using C18
reverse phase microcolumns (Omix Tips, Varian). Briefly,
columns were preequilibrated with 20 𝜇L of an aqueous
solution of 0.1% trifluoroacetic acid (TFA). After sample
loading, microcolumns were washed with 0.1% TFA and
eluted with 0.1% TFA in 60% acetonitrile.

The samples were evaporated in the speed vac, resus-
pended in 12 𝜇L of 0.05% formic acid and then injected in
a nanoLC equipment (Proxeon easynLC, Thermo Scientific).
Peptide separation was performed in a reverse-phase column
(easy C18 column, 3𝜇m; 75 𝜇m ID×10 cm; Proxeon,Thermo
Scientific) and peptides were eluted using a 0.1% (v/v) formic
acid in water 0.1% (v/v) formic acid in acetonitrile gradient
(0–60% acetonitrile in 60min; flow 400 nl/min). Online MS
detection/analysis was carried out in a linear ion trap mass
spectrometer (LTQ Velos, Thermo Fisher Scientific Corp.,
USA) with nanospray ionization. Proteins were identified by
NCBInr database searching (November 2009) with peptide
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Figure 1: DTH response induced by PPD-A, PPD-B, C1, C2, ESAT-6/CFP-10, and PBS in guinea pigs previously sensitized with M. avium
(a) or M. bovis (b). Responses were measured at 24 hs. Statistical differences between responses were found by using Kruskall Wallis test.
( ∗∗𝑃 < 0.01; ∗𝑃 < 0.05).

m/z values using theMASCOT search engine (version 2.3.02)
in the MS/MS ion search mode and the following search
parameters: taxonomy Mycobacteriun tuberculosis complex;
peptide tolerance 1.5 Da; fragmentmass tolerance 0.8Da; and
methionine oxidation as the allowed variable modification.
Significant protein scores and individual ion score (𝑃 < 0.05)
were used as criteria for positive protein identification.

2.6.3. Evaluation of Novel Enriched C1 by IFN-𝛾. The per-
formance of the enriched C1 with the recombinant antigens
identified from highly reactive fractions of PPD-B (novel
cocktails C1 + FixB, C1 + CFP2) was assessed using blood
from a beef herd with high prevalence of TBB (𝑛: 58) by IFN-
𝛾 release assay. In addition, we also used blood samples from
a dairy herd with PTB (𝑛: 10) and from a TBB and PTB free
herds (𝑛: 10).

3. Results

3.1. Evaluation of the Biological Potency of C1 andC2 inGuinea
Pigs. We initially assessed the application of antigens that
have been extensively tested in TBB with satisfactory results.
These antigens were used to produce two cocktails: cocktail
1 (C1) containing ESAT-6, CFP-10, and MPB83 and cocktail
2 (C2) with ESAT-6, CFP-10, MPB83, MPB70, TB10.3, and
HspX. The C1 and C2 were first tested in M. bovis- and M.
avium-sensitized guinea pigs by DTH reaction by detection
of swelling 24 hs after inoculation at the site of injection. The
reactions in M. bovis-sensitized guinea pigs were similar to
PPD-B when C1 or C2 was injected (Figure 1(b)). However,
inM. avium-sensitized guinea pigs PPD-B had higher values
than C1 (Figure 1(a)). Then C1 is a potential specific reactive
for diagnosis of TBB (Figure 1). In order to evaluate if
the addition of MPB83 to ESAT-6/CFP-10 compromises the
specificity of C1 we tested ESAT-6/CFP-10 without MPB83.

The response was not significantly different in M. avium-
sensitized guinea pigs, and then we could infer that the
addition of MPB83 to C1 would not compromise differential
diagnosis.

When all the antigens were assayed in a group of nonsen-
sitized guinea pigs, no reactionwas detected (data no shown).

3.2. C1 and C2 Evaluation by IFN-𝛾 Release in Experi-
mentally M. bovis-Infected, BCG-Vaccinated, Naturally and
Map-Infected Cattle. The relative amounts of IFN-𝛾 were
measured stimulating blood from experimentally M. bovis-
infected bovines using C1, C2, PPD-A, and PPD-B. No sig-
nificant differences were found at 30, 60, and 90 dpi between
C1, C2, and PPD-B. However, C1 and PPD-B stimulated
higher values of IFN-𝛾 than C2 20 dpi (Figure 2(a)). In BCG-
vaccinated animals (𝑡 = 30 and 60 dpv), no significant
differences were detected between the three antigens. How-
ever, prior vaccination (𝑡 = 0), IFN-𝛾 levels were above 2
when blood was stimulated with PPDB (Figure 2(b)). For the
purposes of this study, an ODI equals or higher than 2 was
considered positive.

Regarding the relative amounts of IFN-𝛾 induced by C1,
C2, and PPD-B in naturally Map-infected cattle, PPD-B and
C2 detected 6/17 and 4/17 positive animals, respectively, while
C1 detected only one (Figure 3). These results demonstrated
that C1 is more specific for TBB diagnosis than C2 and PPDB,
since this cocktail was effective in suppressing the detection
of animals infected with other mycobacteria.

3.3. C1 and C2 Evaluation by DTH in Experimentally M.
bovis-Infected Cattle. M. bovis-infected cattle were tested for
DTH 90 dpi, using C1, C2, and PPDB as antigens. Values at
the induration area were significantly lower when injecting
C1 and C2 than swelling at the site of injection of PPD-B.
However, if skin test is considered as positive (values above
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Figure 2: IFN-𝛾 responses induced by PPD-A, PPD-B, C1, and C2 in experimentallyM. bovis-infected cattle (𝑛 = 6) (a) and BCG-vaccinated
animals (𝑛 = 5) (b) at different times. The cocktails were tested at a concentration of 55 𝜇g/mL per constitutive protein, PPD-A and PPD-
B with concentration of 50𝜇g/mL. Aliquots of 25 𝜇L of each antigenic preparation were added to 200 𝜇L of blood samples. The results are
expressed as mean of ODIs with standard errors. Statistical differences between responses were found by using MannWhitney test. ∗: differs
(𝑃 < 0.05) from PDD-A and C2 values at 20 dpi for both PPD-B and C1. +: differs (𝑃 < 0.05) from PPD-A values at 60 and 90 dpi for PPD-B,
C1, and C2.
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Figure 3: IFN-𝛾 responses induced by PPD-A, PPD-B, C1, and C2
in naturally Map-infected cattle (𝑛 = 17). The cocktails were tested
at a concentration of 55 𝜇g/mL per constitutive protein. PPD-A and
PPD-B were assessed with concentration of 50𝜇g/mL. Aliquots of
25 𝜇L of each antigenic preparation were added to 200 𝜇L of blood
samples. The results for each animal are represented by different
figures and the horizontal line provides the mean of the ODIs. The
dashed line represents the cutoff values used for positivity.

5mm), C1 andC2 detected 5/6 reactors to PPD-B inM. bovis-
infected animals (Figure 4).

It is worth to mention that C1 and C2 were intradermally
injected at a concentration of 10 𝜇g of each antigen per 0.1mL
in PBS, while PPD-B was inoculated at 100 𝜇g/0.1mL. This
higher concentration could be responsible for the differences
to the reactions in response to PPDB.

3.4. Evaluation of PPD-B Fractions by IFN-𝛾 in Experimen-
tally M. bovis-Infected and BCG-Vaccinated Animals. Thirty
protein fractions with molecular masses ranging from <17
to 90 kDa were obtained by electroelution of PPD-B in a
12% SDS-PAGE.These fractions were used to stimulate blood
from experimentally M. bovis-infected and BCG-vaccinated
cattle by IFN-𝛾 release assays. All fractions were tested
with blood taken at 0 and 20 dpi. We observed that PPD-
B fractions with the lowest molecular masses were more
antigenic.Therefore, these samples were further checkedwith
blood taken at 30, 60, and 90 dpi. (Figure 5). These samples
were also used to test blood from BCG-vaccinated cattle
by IFN-𝛾 release tests. Blood was collected at 30 and 60
dpv and most PPD-B fractions showed low levels of ODI
(Figure 6). The fractions 21, 23, and 24 were selected for
protein identification.
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Figure 4: DTH response induced by PPD-B, C1, and C2 in exper-
imentally M. bovis-infected cattle to 90 dpi (𝑛 = 6). The cocktails
were prepared with 10𝜇g of each antigen per 0.1mL in PBS and
PPD-B 100 𝜇g per 0.1mL. The animals were intradermally injected
with 0.1mL of C1, C2, or PPD-B (1mg/mL) and the thickness of
the caudal fold tuberculin skin test was measured using callipers
prior and 72 h after injection. Animal responses were represented
by boxes and the horizontal line provides the median with standard
errors. The statistical difference between responses was determined
by using Kruskall Wallis test ( ∗∗𝑃 < 0.01).

3.5. Protein Identification from Selected PPD-B Fractions by
Mass Spectrometry. Selected fractions were analyzed by mass
spectrometry to identify individual proteins. The three frac-
tions were subjected to the LC-MS/MS but only one fraction
(number 23) allowed the identification of seven putative
antigens: CFP10, CFP2, MPB70, MPB83 FixB, PepA, HspX,
and a partial sequence of an unknown protein (Table 1).
CFP10, MPB70, MPB83, and HspX are known as antigenic
proteins andwere already included in C1 or C2. CFP2 belongs
to the CFP protein family which is the founding member of
the family; CFP10 is a putative secreted protein that may play
a role in the development of protective immune response.
FixB is an electron transfer flavoprotein that functions as
a specific electron acceptor for other dehydrogenases. PepA
is a probable serine protease. Finally, the detected partial
sequence yielded significant alignments with a possible trans-
port protein, SecE2 (M. tuberculosisRv0379), with a sequence
identity of 60% (70/116 aa).

3.6. Evaluation of the Novel Recombinant Mycobacterial Pro-
teins from PPD-B Fractions. The genomic sequences corre-
sponding to cfp2, fixb, and pepa were cloned, expressed, and
purified as described above. We first checked the specificity
of the antigens by IFN-𝛾 in Map-infected animals. CFP2

and FixB did not detect any animals with PTB, while PepA
detected 2 animals in a herd with PTB (data not shown).

Based on our results, C1 displayed better performance
diagnostic than PPD-B and even better than C2 by IFN-𝛾
assay; indeed, C1 detected animals with TBB and showed the
least detection of animals either vaccinated or infected with
Map. Thus, we prompted to improve C1 with the addition of
the recombinant proteins, CFP2 or FixB.

The novel cocktails were tested in 58 animals from a
herd with TBB. According to the average value of IFN-𝛾,
the response to PPD-B was similar to that of C1 with FixB
(average ODI = 3) (Figure 7). PPD-B detected 33/58 animals,
while C1 detected 24/58 animals suspected to be infected
with M. bovis. The addition of FixB to C1 improved the
results, detecting 29/58 animals. By contrast, the addition of
CFP2 did not yield better results, detecting 22/58 (Figure 7,
Table 2).

Most importantly, C1, C1 plus FixB and C1 plus CFP2 did
not detect animals neither in a PTB herd nor in healthy cattle
(Figures 8 and 9). Thus, the inclusion of FixB in C1 enhanced
the recognition of naturally M. bovis-infected cattle without
compromising specificity.

4. Discussion

Several immunodominant proteins identified fromM. tuber-
culosis and M. bovis have been identified by comparative
genomics [4], differential transcription rates [5], or gene
expression profiles associated with latent mycobacterial
infection [6, 7]. Others have been detected from members of
the PE/PPE family [8], proteins from crude protein fractions
of M. bovis, and potentially secreted proteins. Within these
potentially secreted proteins, we canmentionmembers of the
Esx family, such as ESAT-6, CFP-10, and TB10.3 (Rv3019c)
[10, 11, 15].

CFP-10, ESAT-6, and TB10.3 are members of a large
family ofmycobacterial proteins, typically consisting of about
100 amino acids and are characterized by their organization
in pairs within the genome [30]. Members of this family
have been identified as potent T-cell antigens [15, 31]. Our
group has previously participated in a multilaboratory study
that assessed the sensitivity and specificity of the IFN-𝛾
assay using several antigens in cattle naturally infected with
M. bovis from Northern Ireland, Mexico, and Argentina.
These regions have low, medium, and high prevalence of
TBB, respectively. In the three countries, ESAT-6 and CFP-
10 performed as superior diagnostic antigens [16]. Other
previous studies have demonstrated that antigens ofM. bovis,
such asMPB70 andMPB83, also induced strong proliferation
and IFN-𝛾 responses in vitro in M. bovis-infected animals,
while BCG-vaccinated or M. avium-sensitized animals did
not respond to these antigens [19].These results thus confirm
that MPB83 and MPB70 also might be suitable antigens
to differentiate between animals with TBB from animals
with PTB- or BCG-vaccinated as well as from animals
vaccinated against PTB. MPT83 (Rv2873) is a cell wall-
associated lipoglycoprotein ofM. tuberculosiswhose function
is still unknown. However, this protein has been suggested
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Figure 5: IFN-𝛾 responses induced by PPD-B fractions in experimentally M. bovis-infected cattle (𝑛 = 6). PPD-B fractions were tested
at a concentration of 36 𝜇g/mL. Aliquots of 25 𝜇L of each fraction were added to 200 𝜇L of blood samples. The results for each animal are
represented by different vertical lines.The fractions were first tested with blood of animals from 0 and 20 dpi.The fractions that displayed the
more stimulant responses were tested again at 30, 60, and 90 dpi.
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Figure 6: IFN-𝛾 responses induced by PPD-B fractions in BCG-vaccinated cattle (𝑛 = 5). PPD-B fractions were tested at a concentration of
36 𝜇g/mL. Aliquots of 25 𝜇L of each fraction were added to 200 𝜇L of blood samples. The results for each animal are represented by different
vertical lines. The fractions were tested with blood of animals taken at 0, 30, and 60 dpv.

Table 1: Identified antigens from PPD-B by mass spectrometry.

Accession number Rv Mb Proteins Score Length (aa)
gi 15611010 Rv3874 Mb3904 10 kda culture filtrate antigen EsxB or CFP10 182 100
gi 149926 Rv2875 Mb2900 MPB70 135 193
gi 2149409∗ Unknown 113 116
gi 15609513 Rv2376c Mb2397c Low molecular weight antigen CFP2 102 168
gi 15610165 Rv3028c Mb3054c Electron transfer flavoprotein subunit alpha FixB 85 318
gi 15607267 Rv0125 Mb0130 Serine protease PepA 70 355

gi 248681∗∗ MMP = 19 kDa major membrane protein [M.
tuberculosis Erdman strain 107] 73 143

gi 6469702 Rv2873 Mb2898 MPB83 (Mycobacterium tuberculosis) 63 220
∗Sequence producing significant alignments with the protein of M. tuberculosis Rv0379, possible protein transport protein SecE2, with identities in 70 from
116 aa.
∗∗Sequence producing alignments with HspX ofM. tuberculosis/M. bovis.
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Table 2: Number of recognized naturallyM. bovis infected animals
by the different antigens by IFN-𝛾 release assay.

Antigen Number of positive animals by IFN-𝛾/total
PPD-B 33/58
C1 24/58
C1 + FixB 29/58
C1 + CFP2 22/58
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Figure 7: IFN-𝛾 responses induced by PPD-A, PPD-B, C1, C1
plus FixB and C1 plus CFP2 in cattle from a herd with TBB
(𝑛 = 58). The cocktails were tested at a concentration of 55𝜇g/mL
per constitutive protein, PPD-A and PPD-B with concentration of
50 𝜇g/mL. Aliquots of 25 𝜇L of each antigenic preparation were
added to 200 𝜇L of blood samples. The results for each animal are
represented by different markers and the horizontal line provides
the mean of the ODIs. The dashed line represents the cutoff values
used for positivity.

to play a role in adhesion and dissemination based on seq-
uence analysis. Its homologue in M. bovis, MBP70, is also
a serodominant antigen during M. bovis infection in cattle.
MPB83 and MPB70 are major antigens highly expressed by
M. bovis and considerably less abundantly expressed by M.
tuberculosis [32–34].

In a prior study in our laboratory, eleven proteins were
detected during the evaluation of the fractions from filtrate
and cell extracts from M. bovis that elicited IFN-𝛾 response
in animals with TBB. Among the detected proteins, EsxI and
HspX triggered a high T cell immune response as measured
by IFN-𝛾 release assay [9].

According to these previous results we selected the
recombinant proteins included in each cocktail. Initially,
cocktails composed of purified recombinant M. bovis/M.
tuberculosis antigenic proteins HspX, TB10.3, ESAT-6, CFP-
10, MPB70, and MPB83 were formulated. C1 contained
the following proteins: ESAT-6, CFP-10, and MPB83 and
C2 contained ESAT-6, CFP-10, MPB83, HspX, TB10.3, and
MPB70.
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Figure 8: IFN-𝛾 responses induced by PPD-A, PPD-B, C1, C1
plus FixB and C1 plus CFP2 in cattle from a herd with PTB
(𝑛 = 10). The cocktails were tested at a concentration of 55𝜇g/mL
per constitutive protein, PPD-A and PPD-B with concentration of
50 𝜇g/mL. Aliquots of 25 𝜇L of each antigenic preparation were
added to 200 𝜇L of blood samples. The results for each animal are
represented by different figures and the horizontal line provides the
mean of the ODIs. The dashed line represents the cutoff values used
for positivity.
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Figure 9: IFN-𝛾 responses induced by PPD-A, PPD-B, C1, C2, C1
plus FixB and C1 plus CFP2 in cattle from a free TBB and PTB herd
(𝑛 = 10). The cocktails were tested at a concentration of 55𝜇g/mL
per constitutive protein, PPD-A and PPD-B with concentration of
50 𝜇g/mL. Aliquots of 25 𝜇L of each antigenic preparation were
added to 200 𝜇L of blood samples. The results for each animal are
represented by different markers and the horizontal line provides
the mean of the ODIs. The dashed line represents the cutoff values
used for positivity.

When the potency of these cocktails was evaluated by
DTH in M. avium-sensitized guinea pigs, C1 was more spe-
cific than PPD-B. C1 did not show significant differences in
comparisonwith the response of CFP-10/ESAT-6; then in this
experience the inclusion ofMPB83 to C1 did not compromise
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differential diagnosis. However, oneM. avium-sensitized ani-
mal showed response against protein cocktail that included
ESAT-6 and CFP-10 antigens, absent in M. avium, but this
response was similar to the controls inoculated with PBS.

In addition, when using protein-antigen combination of
ESAT-6, CFP-10, and MPB83 in the IFN-𝛾 released assay,
C1 was highly sensitive and specific in the detection of
experimentally M. bovis-infected cattle. This combination
elicited no response in BCG-vaccinated calves and showed
the least detection of Map-infected animals. On the other
hand, C2 had poor IFN-inducing capacities in experimentally
M. bovis-infected cattle at 20 dpi. Despite the immunogenic-
ity of MPB70, Hspx, and TB10.3, their inclusion in C2 did
not increase the IFN-𝛾 response compared with the use of
only ESAT-6, CFP-10, and MPB83 at 20, 30, 60, and 90 dpi.
Since some of these antigens as ESAT-6 and CFP-10 are with
TB10.3 members of the same family and MPB70 and MPB83
are closely related sharing 73% protein sequence identity,
it is likely that their combination may result in antigen
redundancy. C1 formulated with dominant T cell antigens,
ESAT-6 and CFP-10, also contained MPB83. B antigens such
as MPB70 and MPB83 may still have a role in promoting
reaction initiation ofDTH response, thereby, can help to elicit
a better response to dominant effector antigens [13].

In the current study, 5/6 PPD-B reactors were also
positive to DTH skin reactions when using C1 and C2
as immunogens in experimentally M. bovis-infected cattle.
DTH response in experimentally M. bovis-infected cattle
was significantly higher when injecting PPD-B than when
using C1 or C2. This latter difference could be due to the
lower concentration of each protein, 10𝜇g in C1 and C2,
compared to 100 𝜇g of PPD-B. In previous field studies,
this concentration improved skin test responses without
compromising specificity [13, 17]. The results of this study
suggest that the doses of the recombinant proteins in the
cocktails C1 and C2 for tuberculin skin test may have to be
optimized.

The sensitivity of the DTH is less than 80%, which
makes it unlikely as an only diagnostic tool for an efficient
eradication of tuberculosis from a herd [35]. Therefore, in
spite of the higher cost and complexity, the IFN-𝛾 release
assay can be used as a complementary test to the intradermal
skin test, to confirm or discard the first results. The use of
C1 in the IFN-𝛾 release test demonstrated clear benefits since
less responses were obtained, when comparedwith PPD-B, in
BCG-vaccinated, orMap-infected calves; however, the results
confirmed that the specificity of the test is compromised,
when PPD-B is used as immunogen in cattle sensitized or
infected with other mycobacteria. A minimum difference in
the performance of C1 was observed between herds with
PTB (Figures 3 and 8); it could be attributed to different
environmental exposure. Finally, the addition of FixB to C1
resulted in higher sensitivity than C1, when evaluated in a
herd with TBB. On the other hand, the addition of CFP2 to
C1 did not result in a significant improvement in IFN-𝛾 assay
with C1.

Even though less animals were recognized with C1 plus
FixB compared with PPD-B, the novel cocktail was more
specific than PPD-B. Most important, in spite of the fact

that only 58 bovine with TBB were tested, the inclusion
of FixB in C1 enhanced the recognition of these naturally
M. bovis-infected cattle without compromising specificity
of IFN-𝛾 assay, demonstrated that a C1 plus FixB could
be suitable candidates for the development of diagnostic
reagents to either differentiate betweenM. bovis-infected and
MAP infected/BCG-vaccinated animal and then improve the
specificity of the diagnosis of TBB.

5. Conclusions

This study demonstrates that cocktails containing defined
M. tuberculosis complex antigens, such as ESAT-6, CFP-
10, MPB83, and FixB can provide a sensitive and specific
diagnosis of TBB. This finding is relevant, since a DIVA and
a differential diagnosis between animals with TBB and PTB
is needed. BCG vaccination could be applied in combination
with such DIVA tests, together with PTB vaccines. These
important proof-of-principle data provide a basis for future
optimization and improvement of protein concentration in
the novel cocktail.
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Molecular epidemiology has revealed that Mycobacterium tuberculosis (Mtb), formerly regarded as highly conserved species,
displays a considerable degree of genetic variability that can influence the outcome of the disease as well as the innate and adaptive
immune response. Recent studies have demonstrated thatMtb families found worldwide today differ in pathology, transmissibility,
virulence, and development of immune response. By proteomic approaches seven proteins that were differentially expressed
between a local clinical isolate from Latin-American-Mediterranean (LAM) and from Haarlem (H) lineages were identified. In
order to analyze the immunogenic ability, recombinant Rv2241, Rv0009, Rv0407, and Rv2624c proteins were produced for testing
specific antibody responses. We found that these proteins induced humoral immune responses in patients with drug-sensitive and
drug-resistant tuberculosis with substantial cross-reactivity among the four proteins. Moreover, such reactivity was also correlated
with anti-Mtb-cell surface IgM, but not with anti-ManLAM, anti-PPD, or anti-Mtb-surface IgG antibodies. Therefore, the present
results describe newMtb antigens with potential application as biomarkers of TB.

1. Introduction

Increasing evidence suggests that genetic variation in Myco-
bacterium tuberculosis (Mtb) plays an important role in the
outcome of the disease [1–3]. Owing to the lack of exchange of
genetic material with a global microbial gene pool, Mtb had
long been considered to have a clonal population structure.
However, a significant genetic variation within Mtb has
recently been unveiled by the identification of six phylogeo-
graphic lineages [2, 4, 5]. One of these lineages is the Euro-
American clade, which includes all the spoligotype families
predominating in theWestern world, such asHaarlem, Latin-
American-Mediterranean (LAM), and the not well-defined T
group [6]. In particular, the Haarlem genotype is ubiquitous
worldwide [7] and represents about 25% of the isolates in
Europe, Central America, and the Caribbean [8]. In South

America, the LAM family is the prevalent one, followed by the
T andHaarlem families [9, 10]. Very recently, we had reported
that in Buenos Aires area 37% of TB patients were infected
with LAM, 34% with T and 17% with Haarlem lineages
[11]. Recent epidemiological data suggest that differences in
transmissibility and virulence amongMtb strains are related
to the genetic background of the organism [12–14]. Particular
outbreak strains were found to elicit distinct immune paths
and mortality rates in the course of mice infection [15]. In
this line, López et al. have demonstrated that mice infected
with Beijing strains show accelerated bacterialmultiplication,
early and massive pneumonia, and death. Conversely, infec-
tion with Canetti strains induces a slow progressive disease
characterized by delayed bacterial multiplication, limited
pneumonia, steadily increasing granulomas, and virtually no
mortality. In terms of virulence, strains belonging to two
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other conspicuous genotype families, the so-called Haarlem
and Somali clades, displayed rather intermediate and less
homogeneous results [14].

Antibody (Ab) responses strongly affect pathogenesis and
outcome of disease caused by extracellular bacteria. However,
Abs are also produced in infections caused by intracellular
bacteria, where protective immunity is primarily elicited by
the cell-mediated immune response [16]. In the case of tuber-
culosis (TB) the detection of circulating Abs in patients with
active TB dates back to 1898 [17]. Even though an estimated
90% of TB patients produce Abs against Mtb [18], little
is known about the correlation between their production,
specificity, and disease process. The evaluation of Abs as
biomarkers of active disease has been widely investigated
[18–20]. However, due to the variation in Ab profiles among
TB patients, their application as diagnostic tool has several
limitations [18, 21, 22]. Moreover, host associated variables
affecting Ab responses have been sporadically studied [23,
24].Thus, despitemuch effort, we still do not knowhowmuch
of theMtb proteome is targeted by the human Ab response or
how host characteristics and disease parameters affect target
recognition.

As a classical model of intracellular pathogen, the immu-
nity to Mtb is associated with a Th1-profile, in which the
interleukin- (IL-) 12-interferon- (IFN-) 𝛾 axis together with
tumor necrosis factor- (TNF-) -𝛼 is involved [25]. However,
recent studies have revealed that Mtb developed a more
complex host immune response [26]. It is well known that
the cell envelope ofMtb is composed of proteins intermingled
in a matrix of peptidoglycan, mycolic acids, lipids, and
carbohydrates driving a complex and diverse structure which
can influence the host immune response. We have previously
demonstrated that inactivated clinical isolates from LAM
and Haarlem families induced in vitro differential cytokine
and reactive oxygen species (ROS) production by cells from
innate and adaptive arms of the immune response in TB
patients and healthy donors [27–29]. Moreover, the immune
profiles seem to be associated with the families they belong to
and not with a special characteristic of the isolate, suggesting
that antigen composition might account for such differences
[27–29].

The aim of the current study was to analyze whether
the proteomic differences detected between the two clinical
isolates could be reflected at the level of Abs response. We
identified seven proteins that were differentially expressed
between the local clinical LAM isolate LAM10406 and the
Haarlem isolate H12425. Furthermore, Ab response against
four of these proteins was detected in drug-sensitive and
drug-resistant TB patients, showing cross-reactive humoral
responses in most of the cases.

2. Materials and Methods

2.1. Patients. TB patients were recruited at the Servicio
de Tisioneumonologı́a, Hospital F. J. Muñiz, Buenos Aires,
Argentina. Signed written informed consent was obtained
according to Ethics Committee from Hospital F. J. Muñiz.
Physical examination, serum extraction, complete blood cell
count, electrolyte, sputum bacilloscopy, chest X-ray, and HIV

testwere carried out in the same institution. Exclusion criteria
included positive HIV test, extrapulmonary dissemination of
TB, and presence of concurrent infectious diseases. Inclusion
criteria among TB patients were the presence of moderate
to severe pulmonary involvement according to chest X-ray
findings. Among enrolled TB patients (𝑛 = 37, average
age = 32 yr, range = 21–55 yr), 18 had multi-drug-resistant
(MDR) TB with severe pulmonary involvement, and among
drug-sensitive TB, 11 had severe and 9 moderate pulmon-
ary involvement. Bacteria from all MDR-TB patients were
tested for drug-susceptibility and the genotype was deter-
mined by IS6110 DNA fingerprinting and spoligotyping
according with standardized protocols [30, 31]. For drug-
sensitive TB patients included herein, the infecting strain was
not genotyped. Age matched No-TB patients were recruited
at the Laboratorio Central-IHema, Academia Nacional de
Medicina. Written informed consent was obtained according
to Ethics Committee from the institutions. Exclusion criteria
for No-TB patients included positive PPD-test, positive HIV-
test, and familiar/occupational risk of contact with active TB
patients. Inclusion criterion was serum immunoglobulin (Ig)
G on normal reference range (700–1600mg/dL). Among No-
TB patients, 15 had idiopathic neutropenia (age range = 26–
45 yr), 5 had thrombocytopenic disorders (age range = 36–
51), 4 had blood malignant disorders (age range = 30–61 yr),
3 had fungal infection (age range = 35–43 yr), and 3 had
Hepatitis C infection (age range = 25–41 yr).

2.2. Clinical Mtb Isolates. Clinical strains LAM10406 and
H12425 are representative of prevalent LAM and Haarlem
lineages and were obtained from sputum-culture-positive
TB patients. Their genotype, drug-susceptibility, and the in
vitro immune responses were previously described [27]. Cells
were grown in Middlebrook 7H9 broth (Difco Laboratories,
Detroit, MI, USA) at 37∘C in 5% CO

2

until exponential
phase. For immunoassays, bacteria were killed by gamma
irradiation at ≈1550 rads/minute during 27 hours (total
dosage ≥ 2.5 Mrads) (CONEA, Argentina), suspended in
pyrogen-free PBS at OD600 nm = 1 (∼108 bacteria/mL), and
stored at −20∘C until their use.

2.3. Analysis of the Proteomic Profiles of Mtb Strains. Pellets
from 1 litre of 1-month-old cultures grown in Sautonmedium
of each strain were washed, resuspended in cold 1X PBS
pH 7.4, 1mM EDTA, 100X protease inhibitor mix (GE
Healthcare), and disrupted using a Fast Prep FP120 bead-
beater (40 s at 6m s21, using LysingMatrix B).The cell extract
was clarified by centrifugation at 3000×g for 20min and
cell wall proteins were obtained by further centrifugation
at 23000×g for 30min. The supernatant containing the cell
associated proteins was cleaned up with the 2D clean-up
kit from GE Healthcare. Proteins from the cell wall pellet
were obtained by the addition of 2mL buffer (1X PBS pH
7.4, 1mM EDTA, 2% SDS), followed by incubation for 2 h
at 60∘C and centrifugation for 15min at 18000×g. Cell wall
proteins present in the supernatant were then concentrated
and desalted using again the 2D clean-up kit. The protein
pellets were resuspended with rehydration buffer (8M urea,
2% CHAPS, 0.5% IPG buffer pH 4–7, and 20mM DTT),
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and 90 𝜇g protein in a final volume of 450𝜇L was used
to rehydrate a 24 cm immobilized pH 4–7 linear gradient
strip (Immobiline DryStrips, GE Healthcare) for 16 h at
room temperature, following themanufacturer’s instructions.
Isoelectric focusing was carried out with an Ettan IPGphor 3
system (GE Healthcare), using the following programme: 1,
0.5 kVh at 500V; 2, 5.2 kVh (gradient) at 1000V; 3, 13.5 kVh
(gradient) at 8000V; 4, 30 kVh at 8000V. After focus-
ing, the strips were equilibrated for 20min in equilibrium
buffer (2% SDS, 50mM Tris/HCl, pH 8.8, 6M urea, 30%
glycerol, 0.002% bromophenol blue, and 0.5% DTT). The
strips were then overlaid onto 12% SDS-polyacrylamide gels
and, after electrophoresis, proteins were stained with the
silver staining kit (GE Healthcare). Proteins from culture
supernatants of Mtb strains were prepared as described
previously [32] and resolved on 12% SDS-polyacrylamide
gels, which were then stained with colloidal Coomassie (2 g
Coomassie brilliant blue G250 l21; 0.5 g Coomassie brilliant
blue R250 l21; 5% methanol, 42.5% ethanol, 10% acetic
acid).

The differential bands or spots identified were cut from
the gels, digested with modified porcine trypsin (Promega),
and extracted as previously described [33]. Mass spectrome-
try (MS) analysiswas carried out on aBrukerUltraflex IImass
spectrometer, with the matrix a-cyano-4-hydroxycinnamic
acid. Data interpretation and protein identification were per-
formed with theMS/MS spectra datasets using theMASCOT
search algorithm (Version 1.6b9, Matrix Science, available at
http://www.matrixscience.com/).

2.4. RT-qPCR. DNA-free RNA was extracted from 50mL
mid-exponential-phase cultures of strains grown in Middle-
brook 7H9 medium supplemented with 0.05% Tween 80, as
described by Santangelo et al. [34]. DNA-free RNA (1 𝜇g)
was mixed with 50 ng of random primers (Invitrogen) in
a final volume of 20𝜇L and reverse-transcribed to total
cDNA with SuperScript II reverse transcriptase (Invitrogen),
following the manufacturer’s instructions. Identical reactions
lacking reverse transcriptase were also performed to confirm
the absence of genomic DNA in all samples. RT-qPCR was
performed in the Applied Biosystems 7000 DNA sequence
detection system (Perkin-Elmer), with Master Mix Quanti-
Tect SYBR Green (Qiagen), 1 𝜇L of template cDNA, and the
pairs of primers listed in Table S1 in Supplementary Mate-
rial available online at http://dx.doi.org/10.1155/2014/741309.
Each reaction was performed in duplicate. Results are pre-
sented as ratios calculated with the Relative Expression Soft-
ware Tool (REST@) application described by Pfaffl et al. [35],
based on four biological replicates for in vitro studies. Relative
quantification of each target gene was performed by using
sigA as a reference gene,with real-timePCRefficiencies of tar-
get and reference genes considered as 2. A subsequent test for
significance of the results was performed by using the pair-
wise fixed reallocation randomization test (http://rest.gene-
quantification.info/).

2.5. Recombinant Proteins Expression and Purification. For
immunogenic analyses, the differentially expressed proteins
were cloned as glutathione-S-transferase (GST) fusions using

the Gateway Cloning Technology (Life Technologies, USA).
The genes were PCR amplified using chromosomal DNA
from the strain in which they were identified, with the
primers indicated in Supplementary Table S2 and cloned
in the pENTR Directional TOPO (Invitrogen) to generate
entry clones. LR-recombination reactions were carried out
with LR Clonase II Plus enzyme mix (Invitrogen), following
the manufacturer’s instructions. Reactions were stopped by
addition of Proteinase K and incubation at 37∘C for 10min.
Destination expression vector pDEST15 was obtained from
Invitrogen. The presence of the N-terminal GST tag in
pDEST15 allows purification of recombinant fusion protein
using glutathione agarose. The expression clones generated
were used to transform BL21-AI (Invitrogen) competent cells.
Recombinant E. coli were grown in 500mL LB medium
containing 125 𝜇g ampicillin mL−1 at 37 ∘C. When the OD

600

reached 0.3–0.5, expression of the genes encoding the recom-
binant proteins was induced by addition of L-arabinose
at final concentration of 0.2%. Cells were then harvested
by centrifugation and resuspended in 100mM Tris/HCl,
pH 7.5, 1M NaCl, 20% glycerol, and 1% NP-40. Soluble
cell extracts from the cultures were prepared as described
elsewhere [36] and recombinant proteins were purified
from the supernatants by using Glutathione Sepharose (GE
Healthcare), following the manufacturer’s recommendation.
Since we were not able to solubilize recombinant Rv2241
in the above conditions, its gene was transferred to the
destination vector pDEST17 (Invitrogen) to be expressed as a
His-fusion protein and purified under denaturing conditions
using Urea 8M. In this case the recombinant protein was
purified from the supernatants by using Ni+ resin (Ni-NTA
agarose, Qiagen), following themanufacturer’s recommenda-
tion.

2.6. Indirect ELISAAssays. The following antigens (Ags) were
employed: mannosylated lipoarabinomannan (ManLAM)
from H37Rv strain (kindly provided by J. Belisle, Colorado
State University, Fort Collins, CO, USA); protein purified
derivative (PPD) (Statens Serum Institut, Copenhagen, Den-
mark). Homemade indirect enzyme-linked immunosorbent
assay (ELISA)was used for detection of serumAbs employing
goat anti-human polyvalent (anti-IgA/IgM/IgG) horseradish
peroxidase- (HRP-) conjugated secondary Ab as detection
reagent (Sigma-Aldrich Co. St. Louis, MO, USA). Briefly, 96-
well high binding microplates (Corning, USA) were coated
overnight (ON) at 4∘C with 100 𝜇L of the following Ags: PPD
(1 𝜇g/mL, in CO

3

buffer pH = 9), ManLAM (0.5 𝜇g/mL, in
PO
2

buffer pH = 8), and recombinant proteins (1 𝜇g/mL,
in PBS pH = 7.4). Optimal Ag concentration and coating
buffer was experimentally determined (37, and data not
shown). After properly washing with PBS 0.05% (v/v) tween-
20 (Sigma) and blocking with PBS 2% (v/v) human serum
albumin (HSA) (NatoCor, Córdoba, Argentina) plates were
seeded andON incubated at 4∘Cwith serum dilutions: 1/1000
(PPD), 1/800 (ManLAM), and 1/500 (recombinant proteins).
Serum dilutions were established in preliminary assays. Each
sample was tested in duplicate. In assays with recombinant
proteins (Figure 3), unspecific Abs were depleted from sera
by adsorption on plates coatedwith glutathione-S-transferase
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(GST) (1 𝜇g/mL, in PBS pH = 7.4) for 1 h at 37∘C before
serum-Ag incubation step. To deplete Abs directed to surface
exposed Mtb-Ags from sera samples (Figure 5(b)), 150 𝜇L
of 1/500 diluted sera was also preadsorbed with 106 𝛾-irra-
diated H12435 or LAM10406 clinical isolates for 1 h at 37∘C
before serum-Ag incubation step. Finally, secondary reagent
(100 𝜇L, 1/3000 dilution) was added for 30min and, after
extensive washing, HRP activity was measured using tetram-
ethylbenzidine (TMB) substrate (Sigma). Absorbance was
measured at 450 nm (subtracting 570 nm background signal)
using an UVM340 plate reader with DigiRead software (Asys
Hitech, UK).

2.7. Flow Cytometry Assays. Serum Abs directed to surface
exposedMtb-Agswere determined by flow cytometry (FACS)
analysis. Briefly, 106 𝛾-irradiated LAM10406 were incubated
for 30min at room temperature (RT∘) with 1/500 serum dilu-
tion, washed 2 times with PBS-HSA 2% by centrifugation at
800×g for 5min, and stained with anti-human(h)IgM-FITC
(polyclonal goat 𝜇 chain-specific, 1/1000 dilution, Cappel) or
anti-hIgG-PE (mouse monoclonal anti-human Fc-𝛾, 1/600
dilution, Becton Dickinson). Data acquisition of stained
bacteria was performed immediately using log-FSC/log SSC
amplification mode in a FACScan cytometer and CellQuest
software (BD). In order to estimate the isotype of Abs, a
latex bead based FACS assay was employed. Briefly, each
recombinant protein (∼200𝜇g/mL)was passively adsorbed to
latex beads (Ø = 3 𝜇m, 1% v/v, Sigma) by incubating in 3-(N-
morpholino) propanesulfonic acid (MOPS) buffer (40mM,
pH = 6.5) for 3 h at RT∘ with gentle agitation (100 rpm).Then,
protein-coated beads were extensively washed with 2% PBS-
HSA and incubated with 1/400 diluted GST-preadsorbed
serum for 30min at RT∘. Finally, after 2 washings, beads
were stained with anti-hIgM-FITC, anti-hIgG-PE, and anti-
hIgA-FITC (polyclonal goat 𝛼 chain-specific, 1/1000 dilution,
Cappel).

2.8. Data Management, Statistics, and Immunoinformatics.
All figures were edited with Photoshop (Adobe, USA). Excel
(Microsoft, USA) was employed for storage, transformation,
compilation, and edition of data sets and for depicting
the figures’ heat-maps and tables. FACS data analysis was
performed with FCS express 4 (DeNovo Software, CA, USA).
Figures’ graphs and uni/bivariate statistical analyses were
performed using Prism5 (GraphPad, USA) assuming a 𝑃 <
0.05 as significant. SPSS 15.0 (IBM, USA) was employed
for multivariate statistical analysis. Protein structure homol-
ogy models were computed by SWISS-MODEL web server
(SIB, Switzerland) [37]. Best rated protein 3D structure
models were energy relaxed by mean of normal mode-
based molecular dynamics simulations using the NMSim
web server (CPC, Germany) [38]. B-cell epitope predictions
based on crystallographic (Rv0009, Rv0407) or modeled
3D protein structures (Rv2241, Rv2624c) were accessed
with DiscoTope 2.0 server (CBS, Denmark) [39]. PyMOL
(Delano Scientific LLC, USA) was employed to depict pre-
dicted epitopes on each molecule (see Supplementary Table
S3).

3. Results and Discussion

3.1. Identification of Expressed Proteins by LAM10406 and
Haarlem (H) 12425 Clinical Isolates. The rationale behind
searching for differentially expressed proteins between a
strain belonging to LAM and a strain to Haarlem families
was to find proteins that could explain the differential
innate/adaptive immune responses developed by these two
families [26–28]. To identify these proteins we compared the
protein expression patterns of the H12425 and LAM10406
strains by 1D- and 2D-PAGE. In a first approach we prepared
proteins from culture filtrates of both strains and resolved
them by 1D electrophoresis gels, with subsequent colloidal
Coomassie staining. In this case, we identified one differential
band (Figure 1(a)) that was overexpressed in LAM10406.
This band was cut from the gel and trypsin-digested to be
identified by mass spectrometry (MS). Then, we analyzed
the cell wall and cell associated protein fractions by silver-
stained 2D electrophoresis gels. The comparison of two sets
of 2D gels from each strain revealed four proteins present in
the cell wall fraction of LAM10406 and absent in H12425,
one protein from the same fraction present in H12425
and absent in LAM10406 and one protein only present in
the cell associated fraction of LAM10406 (Figure 1(b)). All
these proteins were identified by mass spectrometry and the
results are summarized in Table 1. Although the functions
of the proteins between both strains are diverse, most of
them localize in the cell wall, where they may trigger a
differential host immune response, which could impact the
outcome/progression of the disease.

The differential expression of the genes encoding the
identified proteins was then analyzed by RT-qPCR. Of
the seven proteins, the overexpression of five of them in
LAM10406 could be validated at the transcriptional level
(Figure 2). The regulation in gene expression in the nonva-
lidated cases could occur at a posttranscriptional level.

Then, we analyzed whether the proteins were involved in
the immune response triggered by the two Mtb families. To
this end, we cloned and expressed the RT-qPCR validated
genes in Escherichia coli, by using the Gateway technology.
Since one of the validated genes failed our attempt at PCR
amplification (Rv1223), we continued working only with
the remaining four proteins (Rv2624c, Rv0009, Rv0407, and
Rv2241). All the proteins were cloned as GST fusions with
the exception of Rv2241, which was expressed as a His-fusion
protein and purified under denaturing conditions because of
its insolubility under other conditions.

3.2. Rv2241, Rv0407, Rv2624c, and Rv0009 Induce Antibody
Responses on Subsets of Drug-Sensitive and MDR-TB Patients.
Purified recombinant proteins were used as coating antigens
for serum ELISA assays. As shown in Figure 3(a), circulating
Abs against all these proteins were detected in subsets of TB
patients. Anti-Rv2241 Abs were the more frequently found
(∼54%), followed by anti-Rv0407 (∼43%), anti-Rv2624c
(∼35%), and anti-Rv0009 (∼32%). Receiver operating charac-
teristic (ROC) analysis demonstrated that immune reactivity
against all of these proteins can statistically distinguish the
TB patient population from the No-TB population (Rv2241:
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Figure 1: Proteomics to identify differential proteins between LAM10406 and H12425M. tuberculosis strains. (a) Equal amounts of proteins
from culture supernatants of Mtb LAM10406 and H12425 were resolved on 1D 12% polyacrylamide gels, which were stained with colloidal
Coomassie. The identified differential protein is indicated with the arrow. (b) Differential proteins identified by 2D gel electrophoresis. The
first-dimension isoelectric focusing used a pH range of 4–7. The second-dimension SDS-PAGE was on 12% polyacrylamide gels, which were
silver stained.Differential proteins present in the cell wall and cell-associated fractions of theMtbLAM10406 andH12425 strains are indicated.

Table 1: Differentially expressed proteins betweenM. tuberculosis LAM10406 andM. tuberculosisH12425 identified by 1D and 2D gels.

Rv number Gene symbol Description∗ Cellular localization Strain in which it is
overexpressed

Rv2624c None Conserved hypothetical protein Cell wall LAM10406

Rv0382c pyrE Probable orotate
phosphoribosyltransferase PyrE Cell wall LAM10406

Rv0009 ppiA Probable iron-regulated peptidyl-prolyl
cis-trans- isomerase A PpiA Cell wall LAM10406

Rv0407 fgd1 Probable F420-dependent
glucose-6-phosphate dehydrogenase Fgd1 Cell wall LAM10406

Rv1144 None Probable short-chain type
dehydrogenase/reductase Cell wall H12425

Rv1223 htrA Probable serine protease HtrA Cell associated LAM10406

Rv2241 aceE Probable pyruvate dehydrogenase E1
component AceE Culture supernatant LAM10406

∗According to TubercuList (http://genolist.pasteur.fr/TubercuList/).

𝑃 < 0.0001; Rv0407: 𝑃 < 0.0002; Rv2624c: 𝑃 < 0.0006;
Rv0009: 𝑃 < 0.0073). However, regarding clinical value
of these Ags in serological diagnosis of pulmonary TB,
only Rv2241 exhibited a moderate performance (% area
under ROC curve ≥ 85%, Figure 3(b)). Besides, we did not

find significant association between drug-susceptibility status
(drug-sensitive TB versus MDR-TB), Mantoux test (PPD+++
versus PPD+ versus PPDneg), and the pulmonary involvement
(Moderate versus Severe) with seroreactivity for any of the
selected proteins (𝑃 > 0.05; 𝜒2-tests with Yates’ correction).
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Figure 2: Gene expression fold-change differences between
LAM10406 and H12425 using RT-qPCR. Relative gene expression
was calculated using the 2-ΔΔCt method with E correction, using
sigA mRNA expression as reference genes and H12425 as the
calibrator. Data were analyzed using a random permutation test
( ∗𝑃 < 0.05). The bars indicate the average ratios of LAM10406/
H12425 ± SD.

Interestingly, according to the interrogation of a database
that contains published epitopes (http://www.iedb.org/; our
last query = 5/23/14), none of the above indicated proteins
have been previously reported as immunogenic/antigenic
with the exception ofRv2241. Particularly, two 9-mer peptides
present in Rv2241 sequence bind with high affinity to human
HLA-I molecules [40], which potentially can induce T-cell
dependent immune responses.

In terms of signal-to-noise ratio of ELISA assays, strong
differences among each recombinant protein were detected.
Given that this may affect accuracy and sensitivity of the test,
we evaluated if protein specific characteristics might account
for such differences.The theoretical range of Ab binding sites
per well was estimated (see Supplementary Table S3). For this
purpose several factors were considered: protein structure-
based immunoinformatic predictions, the saturating protein-
binding capacity of microplates, and the molecular weight
(Mw) of the recombinant fusion proteins. As it is shown in
Figure 3(c), a positive correlation between predicted epitope
density for a given recombinant protein and its corresponding
positive ELISA signal was verified (OD450 nm–570 nm values
from seropositive samples). This result suggests that struc-
tural characteristics of the proteins may explain variations in
the signal/noise ratio output. Furthermore, this result may be
useful for introducing technical improvements to the assay.

Having observed that Rv2241, Rv0407, Rv2624c, and
Rv0009 are augmented at mRNA and protein levels in axenic
cultures of LAM10406 strain (Table 1), we wondered whether
an association between Abs against these proteins in sera
from TB patients and the infecting strain could be detected.
To assess this we must restrict our analysis to MDR TB
patients given that genotyping data of infecting strains for
drug-sensitive TB patients were not available. Interestingly,
all patients infected with non-LAM strains (Haarlem 𝑛 =
7; Tuscani 𝑛 = 1) were seroreactive against at least one

recombinant protein. On the other hand, only two samples
among LAM-infected patients (𝑛 = 10) were seroposi-
tive (Table 2). These results showed a statistical association
between non-LAM infections and immunoreactivity (𝑃 =
0.0035;𝜒2-tests with Yates’ correction), which is in contrast to
the presumption expected. Any possible explanation behind
these apparently conflicting data could only be achieved after
analyzing a greater number of locally circulatingMtb strains
at proteomic level and a larger serological survey that should
include not only MDR-TB patients but also drug-susceptible
TB patient infected with known lineage strains.

3.3. Antibody Responses against Rv2241, Rv0009, Rv0407,
and Rv2624c Are Mutually Correlated but Independent of
the Presence of Anti-PPD or Anti-ManLAM Antibodies. One
interesting observation from Table 2 is the abundance of
MDR-TB patients’ sera that react with more than one recom-
binant protein. In order to test if cross-reactivity is confined
to recombinant proteins and if it is a specific feature of
MDR-TB patients, we extended our analysis to other Mtb-
Ags and to drug-sensitive TB patients. As can be observed
in (Figure 4(a)), a strong correlation in Ab titers among
each of the recombinant proteins was observed, but not with
PPD or ManLAM Ags. Next, we tested if IgM and IgG Abs
that bindMtb-cell surface exposed structures were correlated
with those directed to recombinant proteins. As it is shown
in Figure 4(b), Ab titers against proteins correlated with
anti-Mtb IgM but not with anti-Mtb-IgG. By multivariate
based hierarchical classification, we concluded that Rv0407,
Rv0009, Rv2624c, Rv2241, andMtb-IgMAgsmay be clustered
together as function of their seroreactivity (Figure 4(c)).
Analyses of antigen recognition by individual sera revealed
that the pattern of antigens reacting with serum Abs varied
greatly from patient to patient; thereby, no clear division
among patients with MDR versus drug-sensitive as well as
with bacillary loads was observed (Table 2).

3.4. Isotype Analysis of Anti-Rv2241, Rv0009, Rv0407, and
Rv2624c Antibodies. The functionality of Abs is largely deter-
mined by the specific interaction of their constant fragment
(Fc) domain with host cell Ig receptors. To better describe the
circulating populations of anti-Rv2241, Rv0009, Rv0407, and
Rv2624c Abs, we performed an immunoisotype characteriza-
tion based on an Ag-specific FACS analysis [41]. To do this,
sera reactive against all the recombinant proteins (𝑛 = 10)
were incubated with recombinant protein-coated latex beads
(Figure 5(a)). Because different structural features of proteins
may affect latex bead coating efficiency as well as the employ-
ment of different fluorescent-labeled secondary reagents, this
assay only allows vertical comparisons (between patients).
However, within a given isotype group, Rv0009-specific IgM
and Rv2241-specific IgA tended to be more abundant than
the others. Besides, we were able to compare two samples
from the same TB patient, one taken early when he was
impatient (MDR11.1) and the other taken later on when
the clinical symptoms declined at the moment of hospital
discharge (MDR11.2). We observed that the diminution
in Rv2241-specific IgM and IgA was accompanied by an
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Figure 3: Antibodies against Rv2241, Rv0009, Rv0407, and Rv2624c recombinant proteins in drug-sensitive and MDR-TB patients’ sera.
ELISA plates were coated with recombinant proteins, loaded with 1/500 serum dilutions, and reveled with HRP conjugated anti-human
polyvalent IgM/A/G. (a) 1D scatter plots indicating serological results of No-TB (No TB, 𝑛 = 31), drug-sensitive TB (S TB, 𝑛 = 19), and
multi-drug-resistant TB (MDR TB, 𝑛 = 18) patients’ sera. Threshold, defined by maximum likelihood ratio (ROC analysis), was shaded in
gray. Seropositive samples for each protein were color highlighted (Rv2241 = red, Rv0009 = purple, Rv0407 = blue, and Rv2624c = green).
(b) ROC analysis indicating area under curve ± 95% CI. (c) Correlation analysis between signals (mean ± SEM) of positive samples versus
immune-informatics predicted epitope density (median ± range) for each recombinant protein.

increase in Rv2241-specific IgG, which is consistent with a
class-switching event. However, these observations will need
further confirmation in more extended studies.

3.5. Mtb-Surface Accessibility of Rv2241, Rv0009, Rv0407, and
Rv2624c Antigenic Determinants. The outcome of mycobac-
terial infections is thought to be critically dependent on
the nonopsonic invasion and colonization of macrophages
during primary infection of inhaled bacteria. Indeed, if
Mtb is opsonized by cell wall specific Abs, it becomes
more susceptible to microbicidal action of phagocytes and
complement system [42]. Herein, we observed that Mtb-
surface binding IgMwas correlated with Abs against Rv0009,

Rv0407, Rv2624c, and Rv2241 (Figure 4(b)) and that, exclud-
ing the later, the three are Mtb cell wall associated proteins
(Table 1). Given these results, we assessed if the Abs that
recognized those proteins were also able to bind surface-
exposed structures onwhole bacilli. For this purpose, selected
seropositive samples were preadsorbed with clinical isolates
(LAM10406 andH12425) or mock preadsorbed (HSA-coated
Latex Beads) before ELISA assay. In order to show that this
indirect assay is sufficiently sensitive to reveal the presence
of anti-surface Abs that also bind to a given Ag, we employed
ManLAM, awell characterizedMtb-cell surface, that exposed
Ag as positive control. We observe that preadsorption of
anti-ManLAM-positive sera (𝑛 = 6) with both clinical
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Figure 4: Cross-reactivity analysis of humoral immune responses in drug-sensitive and MDR-TB patients’ sera. (a) 2D scatter plots of
combinatorial correlations among results against protein-specific and complex Ags in TB patients’ serum samples (𝑛 = 37). Pearson
correlation test was applied after verification of normal distribution of all data sets. “ns” indicates 𝑃 > 0.05. Thresholds are delimited by
dotted lines. (b) FACS analysis of cell surface binding-IgM and -IgG to LAM10406 in sera from TB patients (𝑛 = 37). Histogram plots of
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(Pearson correlation test). “ns” indicates 𝑃 > 0.05. Thresholds are delimited by dotted lines. (c) Antigens were classified as function of their
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as heat-map.
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Figure 5: Characterization of anti-Rv2241, Rv0009, Rv0407, and Rv2624c antibodies from seropositive patients. (a) Isotype characterization
of anti-Rv2241, Rv0009, Rv0407, and Rv2624c binding Abs was performed by FACS analysis using latex bead as Ag adsorbing solid support.
For data normalization, MFI values of seropositive TB patients (𝑛 = 10 + 1 repeated sample/MDR11.2) were divided by MFI values of a
No-TB patient (No TB1). Matrix of values was represented as heat-map. (b)Mtb-cell surface recognition by anti-Rv2241, Rv0009, Rv0407, and
Rv2624c Abs was evaluated by preadsorbing seropositive (𝑛 = 11) samples with 𝛾-irradiated whole LAM10406 and H12425Mtb cells or with
HSA-Latex Beads (negative binding control) before incubation step of ELISA assay. Results were presented as ratio betweenMtb preadsorbed
over mock preadsorbed OD data. Range of unspecific/experimental variation (gray shaded areas) was estimated by ratio between replicates.
For comparison, binding inhibition to ManLAM was performed in parallel using selected ManLAM-seropositive samples (𝑛 = 5).



BioMed Research International 11

Table 2: Immunoreactivity of TB MDR patients infected with Haarlem, LAM, and TuscaniMtb lineages.

Patient data Serology2

Code Sex Age SPT family1 BAAR Rv2241 Rv0407 Rv0009 Rv2624c
MDR18 F 24 Haarlem + +++ +++ +++ +
MDR5 F 35 Haarlem − +++ ++ + ++
MDR19 M 28 Haarlem +++ ++ ++ ++ +
MDR11 M 28 Haarlem + + +++ + +
MDR2 F 44 Haarlem + + + ++ +
MDR3 F 47 Haarlem + + + ++ −

MDR14 F 35 Haarlem − − + − −

MDR8 F 27 Tuscani − − − − +
MDR10 F 23 LAM + +++ +++ +++ +++
MDR9 F 20 LAM − ++ ++ +++ +
MDR6 M 49 LAM − − − − −

MDR12 M 28 LAM − − − − −

MDR17 F 46 LAM +++ − − − −

MDR7 F 36 LAM + − − − −

MDR13 M 24 LAM +++ − − − −

MDR4 F 40 LAM + − − − −

MDR16 F 48 LAM +++ − − − −

MDR1 F 42 LAM + − − − −

1For each MDR TB patient, genotype of infecting strain was assessed by standard spoligotyping methods [30, 31]. 2The relative OD values among seropositive
samples are represented by “+++” (high OD values), “++” (mid OD values) and “+” (low OD values). Seronegative samples are indicated by “−” (OD values
below cutoff measure).

Mtb isolates reduced the specific binding to ManLAM when
compared with mock preadsorbed samples (Figure 5(b)). By
contrast, Ab depletion by preadsorption of 11 antiprotein
positive sera with bothMtb strains was not able to reduce the
immunoreactivity against nonrecombinant protein (Figure
5(b)). Altogether, the above results indicate that surface-
exposed epitopes on LAM10406 and H12425 cells were not
efficiently/sufficiently recognized by anti-Rv0009, Rv0407,
and Rv2624c Abs, suggesting that these Igs have limited or
null Mtb-opsonic capacity. Moreover, we observed the same
results when we tested anti-Rv2241 Abs, which are expected
to bind secreted epitopes (Table 1).

4. Conclusions

Based on the comparison of two locally circulating Mtb
clinical isolates that exhibited divergent stimulatory proper-
ties on human leukocytes [27–29], herein we identify seven
differentially expressed proteins. Four of these proteins were
overexpressed in cultures of LAM10406 strain and they are
able to induce humoral immune response in the human host
during natural infection. Unexpectedly, when the infecting
genotype was correlated with serology, a higher proportion
of seropositive cases among patients infected with no LAM-
strains were observed. Interestingly, those TB patients that
exhibit seroreactivity against one protein also show sub-
stantial cross-reactivity against the others, suggesting that
these proteins are coexpressed during infection. However, in
order to be confirmed, extended, and/or explained, all these

interesting observations will require further studies involving
a greater number of clinical isolates fromdifferent linages and
a more representative cohort of TB patients.

Rv2241 was the most immunogenic protein studied,
with some potential in terms of practical application as
biomarker. Interestingly, Rv2241 is a secreted protein, a fea-
ture that has been previously highlighted regarding humoral
immune responses in human TB [21–24]. On the other hand,
the specific Abs against the cell-wall associated proteins
Rv0407, Rv2624c, and Rv0009 seem to have low opsonic
capacity, which might be ascribed to the complex struc-
ture and chemical composition of the mycobacterial cell
wall.

Additionally, given that in serological studies the bioin-
formatics approaches are only marginally used, we consider
that the successful application of a B-cell epitope prediction
tool to explain our experimental outputs is per se an interest-
ing finding. For example, similar strategies may be followed
during rational design of more sensitive Ag-immobilized
based immunoassays.

The humoral immune response in human TB has been
shown to be highly variable and strongly influenced by
multiple factors. This reinforces the idea that combination
of classical immunochemical assays withmodern approaches
can give a better understanding of such complexity. In this
line, the present studymakes use of the information provided
by genetic, proteomic, and immunoinformatic outputs in
order to contextualize the noisy data that come from sero-
logical analysis of TB patients.
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Memorias do Instituto Oswaldo Cruz, vol. 105, no. 6, pp. 779–
785, 2010.

[10] A. von Groll, A. Martin, C. Felix et al., “Fitness study of the
RDRio lineage and Latin American-Mediterranean family of
Mycobacterium tuberculosis in the city of Rio Grande, Brazil,”
FEMS Immunology and Medical Microbiology, vol. 58, no. 1, pp.
119–127, 2010.

[11] J. Monteserin, A. Etchart, A. Reniero, B. López, and V. Ritacco,
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Leptospirosis is an important global disease of human and veterinary concern. Caused by pathogenic Leptospira, the illness was
recently classified as an emerging infectious disease. Currently available veterinarian vaccines do not induce long-term protection
against infection and do not provide cross-protective immunity. Several studies have suggested the use of DnaK as an antigen in
vaccine formulation, due to an exceptional degree of immunogenicity. We focused on four surface proteins: rLIC10368 (Lsa21),
rLIC10494, rLIC12690 (Lp95), and rLIC12730, previously shown to be involved in host-pathogen interactions. Our goal was to
evaluate the immunogenicity of the proteins genetically fused with DnaK in animal model. The chosen genes were amplified by
PCR methodology and cloned into pAE, an E. coli vector. The recombinant proteins were expressed alone or in fusion with DnaK
at the N-terminus. Our results demonstrate that leptospiral proteins fused with DnaK have elicited an enhanced immune response
in mice when compared to the effect promoted by the individual proteins. The boosted immune effect was demonstrated by the
production of total IgG, lymphocyte proliferation, and significant amounts of IL-10 in supernatant of splenocyte cell cultures. We
believe that this approach could be employed in vaccines to enhance presentation of antigens of Leptospira to professional immune
cells.

1. Introduction

Leptospirosis is a widespread zoonosis caused by pathogenic
Leptospira spp. that is transmitted from reservoir hosts to
humans throughwater and soil contaminatedwith their urine
[1]. In the urban settings, due to the disorganized growing
population allied to the poor sanitation conditions and the
increasing presence of brown rats, the disease has become
a major public health problem. Symptoms of the disease
include fever, vomiting, headache, diarrhea, and abdominal
and generalized muscle pain. Progression to multiorgan
system complications, known as Weil’s syndrome, occurs in
5–15% of cases, with mortality rates of 5–40% [2].

The best strategy to fight leptospirosis is through the
implementation of prophylacticmeasures.However, available
vaccines are the veterinarian ones, based on inactivatedwhole

cell or membrane preparations of pathogenic leptospires.
They confer protective responses frequently through the
induction of antibodies against leptospiral lipopolysaccha-
ride [1, 2]. These vaccines, however, do not induce long-
term protection against infection and do not provide cross-
protective immunity against leptospiral serovars not included
in the vaccine preparation [3, 4]. Cuba, France, and China
have licensed vaccines for human [5–7]. Due to the large
number of leptospiral serovars, conserved and protective
antigens are being pursued.

DnaK is amember ofHsp70 family that appears to play an
important role in the innate and adaptive immune responses.
It is involved in receptor-mediated antigen internalization
by sentinel antigen-presenting cells (APCs), stimulation of
production of various cytokines, and maturation of dendritic
cells [8]. Several studies have suggested the use of DnaK as an
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antigen in the formulation of vaccines, due to its high degree
of immunogenicity (humoral and cellular) and the ability to
stimulate T cells to produce IL10 [9–15].

By data mining the genome sequences of L. interrogans
we have selected and characterized several leptospiral pro-
teins as novel adhesins [16] and cellular adhesion molecules
(CAM) inducers [17]. Among them were the adhesins Lsa21
[18], the C-terminus region of Lp95 [19], and two proteins
rLIC12730 and rLIC10494. The two preceding proteins had
their immunogenic and immunoprotective activities evalu-
ated in hamsters and have shown only modest performance
[20].

Thus, we decided to take advantage of the HSP DnaK
immunogenic properties and employ it to genetically com-
bine with these four leptospiral genes LIC10368, LIC10494,
LIC12730, and LIC12690. We aimed to evaluate if the fused
DnaK-leptospiral proteins had their immunogenic activities
boosted compared to the recombinant protein alone. We
describe in this work, the in-frame cloning, protein expres-
sion, and characterization of the DnaK-leptospiral recombi-
nant fusion proteins and their immunogenic evaluation in
mice.

2. Material and Methods

2.1. Cloning, Expression, and Purification of Recombinant
Proteins. Amplification of the CDSs was performed by PCR
from total L. interrogans serovar Copenhageni strain Fiocruz
L1-130 genomic DNA using complementary primer pairs
listed in Table 1.

PCR fragments were cloned into pGEM-T easy vector
(Promega) and transformed into E. coliDH5𝛼 subcloned into
the pAE expression vector [21], which allow the expression
of recombinant proteins with a minimal 6X His-tag at
the N-terminus. DnaK gene (LIC10524) amplified with 2X
(Gly-Pro) tag at C-terminus was cloned into pAE vector
at BamHI and PvuII restriction sites, while the LIC10368,
LIC10494, LIC12690, and LIC12730 genes were cloned into
pAE vector at BamHI and NcoI restriction sites. For the
DnaK genetically fused with LIC genes, in-frame cloning
was obtained by digesting the pAE-LIC gene with PvuII and
NcoI restriction sites and ligated into pAE-DnaK plasmid
at the same restriction sites. The genetically fused DnaK-
LIC genes will have a flexible hinge between DnaK and
leptospiral genes [22]. All cloned sequences were confirmed
by DNA sequencing with an ABI 3100 automatic sequencer
(PE Applied Biosystems, Foster city, CA).

Protein expression was achieved in E. coli BL21 (SI) strain
by the action of T7 DNA polymerase under control of the
osmotically induced promoter proU [23]. E. coli BL21 (SI)
containing recombinant plasmids were grown at 30∘C in
Luria-Bertani (LB) broth without NaCl and with 100 𝜇g/mL
ampicillin with continuous shaking until an optical density
at 600 nm of 0.6 to 0.8 was reached. Recombinant protein
synthesis was induced by the addition of 300mMNaCl. After
three hours, the cells were harvested by centrifugation, the
bacterial pellets resuspended in lysis buffer (20mM Tris-
HCl (pH 8.0), 200mMNaCl, 100 𝜇g/mL of lysozyme, 2 mM

phenylmethylsulfonyl fluoride (PMSF), and 1% Triton X-
100). The bacterial cell pellets were lysed on ice with the
aid of ultrasonic cell disruptor (Sonifier 450, Branson, USA).
The bacterial lysate was centrifuged at 3,000×g for 10min at
4∘C. The pellets were resuspended in buffer containing 8M
urea; 20mM Tris-HCl (Ph 8.0), 500mMNaCl, and 5mM
imidazol. The recombinant proteins were recovered from
the insoluble fraction except rDnaK and rLIC12730 that
were recovered from the soluble fraction. All proteins were
purified through Ni2+-charged beads of chelating fast-flow
chromatographic column (GE Healthcare). The insoluble
proteins were refolded on-column by gradually removing
urea (8–0M). The contaminants were washed away with
low imidazole concentration and the recombinant proteins
were eluted in 20mM Tris-HCl (pH 8.0), 500mMNaCl,
and 500mM imidazole. The efficiency of the purification
was evaluated by 12% SDS-PAGE. The purified recombinant
proteinwere extensively dialyzed against PBS (pH 7.4) glycine
solution (wt/vol: 0.1%), at the proportion of 10 mL of protein
per 1,000mL of buffer, with at least five changes of buffer
every 4 h for 48 h.

2.2. Circular Dichroism Spectroscopy. Recombinant proteins
were dialyzed against sodium phosphate buffer (pH 7.4),
except rLsa21 and rLp95 that were dialyzed against 100mM
Tris-HCl (pH 12.0), 500mMNaCl. Circular dichroism (CD)
spectroscopy measurements were performed at 20∘C using a
Jasco J-810 spectropolarimeter (Japan Spectroscopic, Tokyo,
Japan) equipped with a Peltier unit for temperature control.
Far-UVCD spectra weremeasured using a 1mm-path-length
cell at 0.5 nm intervals. The spectra were presented as an
average of five scans recorded from 185 to 260 nm. The
residual molar ellipticity is expressed in degree × cm2 per
decimole. The data were submitted to CAPITO CD analysis
program http://capito.nmr.fli-leibniz.de/index.php [24].

2.3. Mice Immunization. Five female BALB/c mice (4–6
weeks old) were immunized subcutaneously with 10𝜇g of
the recombinant proteins adsorbed in 10% (vol/vol) of Alhy-
drogel (2%Al(OH)

3

, Brenntag Biosector, Denmark), used
as adjuvant. Two subsequent booster injections were given
at 2-week intervals with the same recombinant proteins
preparation. Negative-control mice were injected with PBS
plus Alhydrogel. Two weeks after each immunization, the
mice were bled from the retroorbital plexus to evaluate
antibody response. The animals were then sacrificed, 45
days after the first inoculation, to isolate splenocytes for
lymphocyte proliferation and cytokine profiles in response to
prime boosted antigen.

2.4. ELISA for Detection of Mouse IgG Antibodies. For iso-
type determination, total IgG (immunoglobulin G), IgG1,
and IgG2a were measured by incubation of pooled mice
sera with recombinant protein followed by incubation with
horseradish peroxidase- (HRP-) conjugated anti-mouse total
IgG (1 : 5,000) or goat anti-mouse IgG1 or IgG2a (1 : 2,000)
followed by incubation with HRP-conjugated anti-goat IgG
(1 : 10,000). The optical density at 492 nm values exhibited
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by different dilution of mice sera were compared to a curve
generated by coating the plates with different concentrations
of mice total IgG, IgG1, or IgG2a.

2.5. Western Blotting for Identification of the Proteins Either
Alone or in Fusion with DnaK. Aliquots (1 𝜇g) of each recom-
binant protein were subjected to SDS-PAGE and transferred
to nitrocellulose membranes (Hybond ECL; GE Healthcare).
Membranes were blocked with 10% nonfat dried milk in
PBS containing 0.05% Tween 20 (PBS-T) and then incubated
with anti-DnaK-Lsa21, anti-DnaK-rLIC10494, anti-DnaK-
Lp95, or anti-DnaK-rLIC12730 mouse serum, all at 1 : 20,000
dilution in 5% nonfat dried milk/PBS-T for 2 h at room
temperature. After washing, the membrane was incubated
withHRP-conjugated anti-mouse IgG (1 : 5,000; Sigma) in 5%
nonfat dried milk/PBS-T for 1 h. The bands were revealed
with ECL reagent kit chemiluminescence substrate (GE
Healthcare).

2.6. Lymphoproliferation Assay. At the end of the immu-
nization protocols, BALB/c mice were sacrificed and their
spleens were aseptically removed and suspended in RPMI
culture medium (Roswell Park Memorial Institute Medium-
RPMI-1640 medium). Spleens were macerated and after
erythrocytes lysis splenocytes were resuspended in 1mL
of RPMI containing 10% fetal bovine serum and counted
after staining with 0.4% trypan blue for viability. Spleen
cells (5 × 105 cells/well) were plated in triplicate in a 96-
well flat bottom cell culture plates (Costar, Corning). Spleen
cells were stimulated with 5𝜇g/mL of Concanavalin A—
Con A (Sigma), employed as positive control, 5𝜇g/mL of
recombinant protein, or culture medium alone, used as
negative control. Cells were cultured for 48 h at 37∘C and
5% CO

2

in a humidified atmosphere and proliferative rates
were determined as a function of DNA synthesis, measured
by the incorporation of bromodeoxyuridine (BrdU) by BrdU
ELISA colorimetric kit (Roche Diagnostic, Indianapolis, IN)
according to the manufacturer’s instructions. Stimulation
Index (S.I.) was calculated as the ratio between the mean OD
of cells, from DnaK-leptospiral proteins immunized mice,
stimulated with the same fusion proteins and themeanODof
cells frommice immunized with the protein, stimulated with
the same leptospiral protein.

2.7. Cytokine Production Evaluation. For analysis of secreted
cytokines, spleen cells from surface proteins and from DnaK
fusion proteins immunized animals were isolated and cul-
tured as described above, except that the culture was made in
24 well tissue culture plates, each well containing 5 × 106 cells.
After 48 h, cell-free culture supernatants were collected and
stored for short-term at −20∘C. IL-4, IL-10, IFN-gamma, and
TNF-alpha weremeasured by ELISA (PreproTech) according
to the manufacturer’s instructions.

2.8. Ethics of Animal Experimentation. All animal studies
were approved by the Ethic Committees of the Instituto
Butantan, São Paulo, Brazil, under the protocol number

576/09.This Committee adopts the guidelines of the Brazilian
College of Animal Experimentation.

2.9. Statistical Analysis. All results are expressed as means
± SD. Student’s paired 𝑡-test was used to determine the
significance of differences between means, and 𝑃 < 0.05 was
considered as statistically significant.

3. Results

3.1. Construction of Genetically in-Frame Fusion of Dnak
with Surface Protein Genes. The genes, DnaK, LIC10368,
LIC10494, LIC12730, and LIC12690, were amplified from L.
interrogans serovar Copenhageni genomic DNA with com-
plementary primers, designed with the restriction sequences
at forward and reverse directions. Table 1 summarizes gene
locus, recombinant protein given name, NCBI reference
number, genome annotated protein function, sequence of
the primers with the restriction cloning sites, and predicted
molecular mass of the individual recombinant protein. The
genes were first individually cloned into pAE plasmid. The
construction generated with pAE-DnaK allows the direc-
tional cloning of other guest DNA inserts in fusion at the
carboxy-terminus of DnaK gene. The fused proteins have 6X
His tag at N-terminus of DnaK and a flexible 2X (Gly-Pro)
hinge region incorporated between the C-terminus of DnaK
and the N-terminus of the selected gene. The hinge purposes
to separate the two components of the protein fusion, thus
allowing each to undergo folding without steric hindrance
from the other [22]. The scheme of the expression cassettes
of the constructs is depicted in Figure 1(a).

3.2. Expression and Purification of Recombinant Proteins.
Genetically combined proteins were successfully obtained
and high expression level of recombinant proteins was
achieved using the pAE vector and E. coli BL21 (SI)
(Figure 1(b)). DnaK and rLIC12730 proteins were expressed
in a soluble form and purified from the supernatant. The
other proteins were expressed in insoluble form, as inclu-
sion bodies, and were purified after solubilization in 8M
urea and on-column chromatography refolding on Ni2+-
charged beads. The expected recombinant protein bands
either individually or fused with DnaK are visualized by
Coomassie blue stained SDS-12% PAGE and shown in
Figure 1(b): DnaK (69 kDa), rLIC10494 (25 kDa), DnaK-
rLIC10494 (93 kDa), rLIC12730 (76 kDa), DnaK-rLIC12730
(143 kDa), Lsa21 (20 kDa), DnaK-Lsa21 (87 kDa), C-terminal
portion of Lp95 (44 kDa), and DnaK-Lp95 C-terminal
(111 kDa). Structural integrity of the purified proteins was
assessed by circular dichroism (CD) spectroscopy. The
method evaluates the secondary structure content of the
protein and it is an important data to obtain after protein
refolding. The CD spectrum of individually cloned and
expressed protein and the spectrum of the corresponding
fusion with DnaK are shown in Figure 2(a). Analysis of
the spectrum data by CAPITO software is depicted in
Figure 2(b), except for rLsa21 and Lp95 proteins that had their
spectra badly resolved with very low absorption values. The
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Figure 1: (a) Schematic representation of the expression cassettes. The genetically fused genes were obtained from individually cloned genes
in pAE vector, and, then, surface protein genes were digested at PvuII/NcoI restriction sites and ligated in the same sites into pAE-DnaK
construct. Depicted are T7 phage RNA polymerase promoter, ribosome-binding site (RBS), ATG start códon, 6X Histidine tag, restriction
cloning sites, and the 2X (Gly-Pro) flexible hinge. (b) Analysis of purified recombinant proteins by SDS-PAGE. Purified recombinant protein
eluted from Ni+2-charged Sepharose column with 1M imidazole are visualized by Coomassie blue staining. Lane H (HMW) and L (LMW):
high and low molecular mass protein markers; In kDa: lane 1: DnaK (68.9); lane 2: rLIC10494 (25.1); lane 3: DnaK-rLIC10494 (92.5); lane
4: rLIC12730 (75.7); lane 5: DnaK-rLIC12730 (143.1); lane 6: Lsa21 (19.8); lane 7: DnaK-Lsa21 (87.2); lane 8: Lp95 C-terminal (43.6); lane 9:
DnaK-Lp95 C-terminal (110.9).

data shows that DnaK, rLIC10494, and rLIC12730 secondary
structure contents present a predominance of alfa-helix, the
minima at 208 and 222 nm, and the maxima at 192 nm. The
DnaK fusion proteins have had their secondary structure
contents shifted to alfa-helix, similar to the DnaK spectrum
alone. CD spectrum of DnaK presented higher absorption
values than the ones of the proteins alone and has, probably,
superimposed the CD spectra of the leptospiral proteins.

3.3. Antibody Response in Mice Immunized with the Recom-
binant Fused Antigens. Total IgG antibody elicited in mice
by fused-proteins was analyzed by ELISA (Figure 3(a))
and Western blotting (Figure 3(b)). The DnaK and the
leptospiral proteins were used to individually coat ELISA
microplates. The immune sera from mice injected with the
fusion proteins, DnaK-Lsa21, DnaK-rLIC10494, DnaK-Lp95
C-terminal region, and DnaK-rLIC12730 were employed to

probe the respective coated protein. The ELISA data show
that mice responded with IgG antibodies against both pro-
teins (Figure 3(a)). These results were strengthened by West-
ern blotting data (Figure 3(b)), which show that both blotted
proteins are individually recognized by their corresponding
mice antisera injected with the fusion proteins, except for
the proteins Lsa21 (DnaK-Lsa21) and Lp95 C-terminal region
(DnaK-Lp95), where the place of the expected bands are
indicated by symbols (∗).

3.4. Evaluation of Total IgG and Subclasses in Sera of Mice
Immunized with Recombinant Protein and DnaK Fused
Proteins. In order to studythe type of immune response
triggered in mice by the individual DnaK, Lsa21, rLIC10494,
Lp95 C-terminus region, rLIC12730, and the corresponding
fusion proteins with DnaK, we performed the ELISA using
subclass-specific antibodies IgG1 and IgG2a.The results show
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Figure 2: Continued.
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Figure 2: CD spectra of purified recombinant proteins depicted after refolding. (a) CD spectra (FAR-UV CD) of 10 𝜇M of each recombinant
protein in 10mMNa-phosphate buffer (pH 7.4), except Lsa21 and Lp95 C-terminus region that were in 100mMTris (pH 12.0) 500mMNaCl,
performed at 20∘C. Far-UV CD spectra are represented as an average of five scans recorded from 185 to 260 nm. Ellipticity (𝜙) is expressed
in function of wavelength. (b) Percentage of secondary structure of the recombinant proteins according to the analysis of CD spectra data by
the CAPITO software. ND: not determined.
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Figure 3: Analysis of IgG production induced in mice by recombinant proteins. The sera from mice immunized with fused-proteins were
analyzed by ELISA (a) andWestern blotting (b). In (a) wells were coated with DnaK or surface proteins, as depicted; in (b) blotted proteins are
DnaK (lane 1), Lsa21 (lane 2), rLIC10494 (lane 3), Lp95 C-terminus region (lane 4), and rLIC12730 (lane 5).M:molecularmass proteinmarker.
In both methods, proteins were probed with the respective antifusion protein serum (1 : 20,000 dilution) and the reactions were developed
with HRP-conjugated anti-goat IgG (1 : 10,000) (ELISA) and HRP-conjugated anti-mouse IgG (1 : 5,000) (Western).

that DnaK alone elicits a strong statistically significant IgG
immune response, with a predominance of IgG1 (Figure 4),
when compared to PBS-immunized control (data not
shown). Lsa21 alone was not able to induce an efficient
immune response in mice, but the DnaK-Lsa21 protein had
an improved, statistically significant production of both IgG
total and IgG2a subclass, when compared to Lsa21 alone
(Figure 4). Analysis of proteins rLIC10494, Lp95 C-terminus,
and rLIC12730 alone and with its DnaK fusion showed an
increase, statistically significant titer values of total IgG. The
values obtained with IgG subclasses were not statistically
significant.

3.5. Evaluation of Lymphocyte Proliferation in Spleen Cells
of Mice Immunized with Recombinant Proteins. To evaluate
the effect of proteins in fusion with DnaK on the cellular
immune response of the recombinant protein alone, mice
were immunized with the recombinant proteins, individually
or in fusion with DnaK. Spleens from PBS-injected mice
were employed as controls. Lymphocyte proliferation showed
an increased, boosted effect when animals were immunized

with fusion proteins comparedwith leptospiral proteins alone
(Figure 5). In all cases, but remarkablywithDnaK-rLIC12730,
an improvement was observed when animals were primed
and stimulated with proteins in fusion with DnaK (Figure 5),
having a stimulation index of 8.72. DnaK-Lsa21, DnaK-
rLIC10494, and DnaK-Lp95 C-terminus showed stimulation
index of 4.89, 2.25, and 4.09, respectively. High proliferation
level was obtained when cells were treated with ConA,
employed as positive control of the experiment (not shown).
Addition of proteins, either alone or in fusion with DnaK to
lymphocytes from animals that have not been primed with
either proteins or the correspondingDnaK fusions, produced
nonsignificant levels of proliferation (data not shown).

3.6. Cytokine Production Evaluation in Splenocytes of Mice
Immunized with Recombinant Proteins. In order to assess
secreted cytokines, supernatants of cultured spleen cells from
recombinant proteins immunized mice were analyzed for
the presence of IL-10, IL-4, IFN-𝛾, and TNF-𝛼, selected
to discriminate Th1 (IFN-𝛾 and TNF-𝛼) and Th2 (IL-10
and IL-4) immune responses [31, 32]. Recombinant proteins
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Figure 4: Analysis of IgG isotype profile in serum of mice
immunized with the recombinant proteins. Sera from BALB/c mice
immunized with the recombinant proteins alone or in fusion with
DnaK were analyzed by ELISA. IgG, IgG1, and IgG2a titers were
evaluated in each case. Sera from PBS injected mice were employed
as negative control. Statistical analyseswere performed by two-tailed
𝑡-test, comparing the titer obtained with leptospiral surface protein
alone with the corresponding DnaK fusion protein.

Lsa21 and Lp95 C-terminal were not capable to promote
secretion of IL-10 and the amount detected were similar to
the controls (Figure 6). Proteins rLIC10494 and rLIC12730,
alone, induced small amounts of IL-10, statistically significant
compared to the controls (cell culture medium). A booster
effect was elicited by the presence of DnaK in the protein
fusions, being statistically significant with the proteins Lsa21,
rLIC10494, and C-terminus of Lp95. The presence of DnaK
does not promote an enhancement on IFN-gamma level, and
in the case of rLIC12730, a decrease in the amount of IFN-
gamma detected. Measurements of the same parameters with
spleen cells from control animals immunized with medium
either stimulated or not with the recombinant proteins
produced negligible results (not shown). Cytokines IL-4 and
TNF-alfa evaluation resulted in very low values (not shown).

4. Discussion

Heat shock proteins (HSPs) are a large family of proteins with
diverse molecular mass and intracellular localizations. These
proteins assume important functions in maintaining cell
homeostasis, and they have, therefore, been conserved during
evolution. Under physiological conditions, some of these
proteins operate as intracellularmolecular chaperones. Chap-
erones take part in the assembly, stabilization, folding, and
translocation of oligomeric proteins. The expression of many
HSPs is upregulated under stress conditions, nutritional
deficiencies, ultraviolet irradiation, chemicals, viral infection,
and ischemia-reperfusion injury [33, 34]. Chaperones, like
bacterial DnaK and GroEl, have been reported to decrease
recombinant protein aggregates and to assist their folding
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Figure 5: Analysis of lymphocyte proliferation in cultured spleno-
cytes frommice immunizedwith recombinant proteins. Splenocytes
from immunized mice were isolated and cultured for 48 h. The cells
were stimulated with the recombinant protein alone or in fusion
with DnaK. Cells were further incubated with BrdU and DNA
synthesis was quantified by BrdU immunodetection kit (M&M).
ConA and culture medium were employed as positive and negative
stimulation controls, respectively (not shown). The data are from
two independent experiments.

in E. coli host expression systems [35, 36]. In our studies,
only Dnak and rLIC12730 were expressed in their soluble
form. However, after refolding, all fusion proteins have their
secondary structure contents well defined, consistent with the
chaperone activity due to the presence of DnaK.

HSPs have immunological functions: they are highly
immunogenic in BALB/c mice and recombinant complexes
of antigens with DnaK have been reported to be CD8+
T-cell-stimulating immunogens [14, 37]. Studies performed
with Mycobacterium tuberculosis heat shock fusion protein
have shown to increase delivery and cross-processing by B
lymphocytes, which could represent a new contribution to
the generation of CD8+ T-cell responses [33].

It has been demonstrated that pathogenic leptospires
can elicit Th1 response together with anti-lipopolysaccharide
antibodies in animal model [38]. OmpL1 and LipL41 com-
bined B- and T-cell epitopes can promote a Th1 immune
response in BALB/c mice [39]. We have previously shown
that OmpL1 of L. interrogans stimulated both Th1 and Th2
immune response in BALB/c mice [40]. More recently, we
have reported that two leptospiral adhesins, Lsa44 and Lsa45,
were capable of inducing a combination of humoral and
cellular immune response in mice, characterized by high
concentration of antibodies, induction of cellular lymphopro-
liferation and increased level of cytokines [41].

We have previously characterized four leptospiral pro-
teins that we have expressed in E. coli system. Two of
them were described as novel adhesins, Lsa21 and Lp95
C-terminus region [18, 19], and the other two, rLIC10494
and rLIC12730, were shown to have a modest effect in
immunoprotection studies [20].The leptospiral genes, DnaK,
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Figure 6: Analysis of cytokine profiles from spleen cells super-
natant. Spleen cells from immunized mice were isolated and cul-
tured in 24-well tissue culture plates. After 48 h, cell-free culture
supernatants were collected, and the level of cytokines, IFN-𝛾 and
IL-10, wasmeasured by ELISA. For statistical analysis, concentration
values for the recombinant fusion proteins-immunized group stim-
ulated with the same protein were compared with those immunized
and stimulated with the corresponding protein alone by the two-
tailed 𝑡-test.

LIC10368, LIC10494, LIC12730, and LIC12690, were genet-
ically cloned in fusion with DnaK. The DnaK-leptospiral
fusion proteins, as well as, the proteins alone, were employed
to immunize mice. The presence of DnaK in fusion with the
leptospiral proteins Lsa21, rLIC10494, Lp95 C-terminus, and
rLIC12730 promoted a boosted effect on their immunogenic
activities either at humoral or cellular level, as denoted
by an enhancement of total IgG production, induction of
cellular lymphocyte proliferation and IL-10 increased levels
in BALB/c mice. This improved effect is particularly evident
with the recombinant Lsa21, a protein that has been pre-
viously shown to be present only in low passage, virulent
strain of Leptospira, with a possible role in pathogenesis [18].
Similar to the data we have previously obtained with the
adhesin Lsa44 of Leptospira [41], these fusion proteins did
not induce either TNF-alfa or IL-4. IL-10 was described to
have a special role in restraining and preventing an excessive
immune response and collateral damage [42]. In the case of
leptospirosis, it was observed that the induction of IL-10 is

higher in mice than in hamsters animal model, consistent
with the chronically, asymptomatic nature of this model [43].
Future studies will have to be conducted in hamsters in order
to evaluate the ability of the recombinant antigens to elicit
protective immune response in a susceptible species.

Taken together, our data show that leptospiral pro-
teins in fusion with DnaK promoted an enhanced cellular
and humoral immune response in mice. HSPs, such as
prokaryotic DnaK, incorporated to antigens to boost their
immunological properties, have potential advantages for use
in vaccine development against leptospirosis.
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Methicillin-resistant Staphylococcus aureus (MRSA) carrying the important virulence determinant, Panton-Valentine leukocidin
(PVL), is an emerging infectious pathogen associatedwith skin and soft tissue infections as well as life-threatening invasive diseases.
In carrying out the first PVL prevalence study in Nepal, we screened 73 nosocomial isolates of S. aureus from 2 tertiary care Nepali
hospitals and obtained an overall PVL-positivity rate of 35.6% among the hospital isolates: 26.1% of MRSA and 51.9% of methicillin
sensitive S. aureus (MSSA) isolates were found to be positive for the PVL genes. PVL prevalence was not associated with a specific
(i) infection site, (ii) age group, or (iii) hospital of origin. It was found to be positively associated with heterogeneousMRSA (73.3%)
compared to homogeneous MRSA (3.2%) and MSSA (51.9%); negatively associated with multiresistant MRSA (22%) compared to
nonmultiresistant MRSA (60%) and MSSA (51.9%); and positively associated with macrolide-streptogramin B resistance (93.8%)
compared to macrolide-lincosamide-streptogramin B resistance (0%) and no-resistance (45.8%) types. Macrolide-streptogramin B
resistance was confirmed by the presence ofmsr(A) gene. Restriction pattern analyses provided evidence to support the circulation
of a limited number of clones of PVL-positive MRSA, arguing for the adaptability of these isolates to a hospital setting.

1. Introduction

First reported in 1932, Panton-Valentine leukocidin (PVL)
is a potent cytotoxin and an important virulence factor of
Staphylococcus aureus. The toxin causes tissue necrosis and
selectively disrupts leukocyte membranes, thus leading to
enhanced virulence. Comprising two exoproteins encoded by
two contiguous, cotranscribed, phage-encoded genes lukS-
PV and lukF-PV [1, 2], PVL has been epidemiologically
associated with virulent and highly transmissible strains of S.
aureus. PVL-carrying S. aureus strains can cause serious skin
and soft tissue infections and life-threatening invasive dis-
eases like necrotizing fasciitis [3], purpura fulminans [4],
and necrotizing hemorrhagic pneumonia [5]. PVL-related
infections exhibit a preference towards attacking skin and soft

tissues [6] but when the infection spreads to the lungs, the
resulting necrotizing pneumonia rapidly destroys lung tissue
and it has been proven to be lethal in 75% of the cases [7].

PVL-positive S. aureus, as a rapidly emerging worldwide
phenomenon, is exerting a powerful presence in the global
public health landscape. Even though heightened surveil-
lance and improved case recognition might have played
a role in increased reporting of such strains, the rapid
growth of PVL-carrying S. aureus nonetheless should not
be undermined. In 2010, Shallcross and colleagues reported
data from the United Kingdom where 20% of S. aureus
isolates obtained from skin and soft tissue infections were
characterized as PVL positive [8]. This is an alarming rise
from the 1.6% prevalence rate of PVL-positive S. aureus
reported in the country in 2005 [9]. Evenwithin the timespan
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Table 1: PVLprevalence grouped according to infection site, age group,methicillin resistance, andmacrolide, lincosamide, and streptogramin
B resistance types.

PVL-negative isolates (%) PVL-positive isolates (%)

Infection site

Body fluid (𝑛 = 2) 1 (50.0%) 1 (50.0%)
SSI (𝑛 = 54) 35 (64.8%) 19 (35.3%)
Lower RTI (𝑛 = 9) 7 (77.8%) 2 (22.2%)
UTI (𝑛 = 8) 4 (50.0%) 4 (50.0%)

Age group ≤30 years (𝑛 = 27) 17 (63.0%) 10 (37.0%)
≥31 years (𝑛 = 46) 30 (65.2%) 16 (34.8%)

Methicillin resistance

MSSA (27) 13 (48.1%) 14 (51.9%)
MRSA (46) 34 (73.9%) 12 (26.1%)

(i) Heterogeneous MRSA (𝑛 = 15) 4 (26.7%) 11 (73.3%)
(ii) Homogeneous MRSA (𝑛 = 31) 30 (96.8%) 1 (3.2%)

(i) nmMRSA (𝑛 = 5) 2 (40.0%) 3 (60.0%)
(ii) mMRSA (𝑛 = 41) 32 (78.0%) 9 (22.0%)

Macrolide, lincosamide, and
streptogramin B resistance

No resistance (𝑛 = 24) 13 (54.2%) 11 (45.8%)
MSB (𝑛 = 16) 1 (6.2%) 15 (93.8%)
MLSB (𝑛 = 32) 32 (100.0%) 0 (0.0%)

SSI: surgical site infection; RTI: respiratory tract infection; UTI: urinary tract infection; nmMRSA: nonmultiresistant MRSA; mMRSA: multiresistant MRSA;
MSB: macrolide-streptogramin B resistance; MLSB: macrolide-lincosamide-streptogramin B resistance.

of one year between 2005 and 2006, Ellington et al. noted a 2-
fold increase in PVL-positive S. aureus in England andWales
[10]. Comparatively, countries in western and central Africa
boast a higher prevalence rate at 57%, raising valid concerns
for the spread of virulent PVL-positive MRSA clones [11].
Along similar lines, data from across the globe paints a varied
picture for the prevalence of PVL-positive S. aureus: 12.8% in
China [12], 30% inGermany [13], 1.8% in Ireland [14], 0.9% in
Korea [15], 11.6% in Singapore [16], 4% in Turkey [17], and a
striking 97% in the United States [18, 19].

Albeit being a relatively recent phenomenon, S. aureus
clones that combine PVL production with methicillin resis-
tance are rapidly emerging. This global emergence and
propagation of clones combining methicillin resistance and
PVL toxin production necessitates commensurate counterac-
tion with improved vigilance, enhanced case ascertainment,
and effective management of PVL-related disease. Rightfully
regarded as a “superbug,” methicillin-resistant S. aureus
(MRSA) by itself is a prominent cause of nosocomial infec-
tions and has been exacting a substantial toll on healthcare
resources worldwide [20, 21]. Acquisition of the PVL genes
by MRSA therefore represents a challenging conundrum in
disease management and infection control.

To date, PVL has emerged as a significant virulence
factor of community-acquired MRSA (CA-MRSA) [22] with
relatively rare incidence of the toxin in hospital-acquired
MRSA (HA-MRSA) infections. We conducted this study
to investigate PVL prevalence among hospital isolates of
S. aureus in tertiary care facilities of Nepal. To the best
of our knowledge, this report on PVL carriage and gene
detection is the first of its kind in Nepal. In this study, we
explore the following: the presence of PVL genes in both HA-
MSSAandHA-MRSA, the association betweenPVLgene and

methicillin susceptibility pattern, its linkage with macrolide,
lincosamide, and streptogramin resistance pattern, and the
epidemiologic molecular typing of PVL-positive S. aureus by
PCR-RFLP.

2. Material and Methods

2.1. Clinical Isolates. A total of 404 consecutive, nonrepeat,
nosocomial S. aureus isolates were obtained from Lalitpur-
Based Hospital (𝑛 = 100) and Kathmandu-Based Hospital
(𝑛 = 304) from November 2007 to June 2009. A nosocomial
infection was defined as any infection acquired by a patient
after 48 hours of hospital admission. Isolate identificationwas
based on observed fermentation in oxidation-fermentation
test and positivity for catalase, clumping factor, staphylo-
coagulase, DNase, staphytect plus, and mannitol fermen-
tation. The isolates were categorized into four groups on
the basis of infection sites (Table 1): body fluid, surgical
site infection (SSI), lower respiratory tract infection (RTI),
and urinary tract infection (UTI). Antibiotic susceptibility
profiles were developed using penicillin, oxacillin, cefoxitin,
erythromycin, clindamycin, cotrimoxazole, chlorampheni-
col, ciprofloxacin, rifampicin, gentamicin, and tetracycline
(Oxoid, Japan) as recommended by Clinical and Laboratory
Standards Institute (CLSI) 2007 [23]. However, for urinary
isolates, erythromycin, ciprofloxacin, and chloramphenicol
were replaced by novobiocin (to allow for the differentiation
between S. aureus and S. saprophyticus), norfloxacin, and
nitrofurantoin (Oxoid, Japan).

MSSA and MRSA were identified based on their respec-
tive sensitivity or resistance to both oxacillin and cefox-
itin. Oxacillin disc diffusion test result was confirmed by
minimum inhibitory concentration (MIC) using the E test
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Figure 1: (a) PCR-RFLP of coa and spa amplified products of PVL-positive MRSA (12 isolates, 48–198) and PVL-negative MRSA (4 isolates,
3–41) digested by HaeII; M = 1 kb DNA ladder. PVL-negative MRSA isolates cluster under a single restriction pattern, while PVL-positive
MRSA isolates demonstrate clustering under two distinct restriction types: type I (48–120, 154–161, and 193–198) and type II (147, 177). The
isolates were obtained from two tertiary care hospitals. (b) Corresponding dendogram of the PCR-RFLP of PVL-positive and PVL-negative
MRSA isolates.

and microbroth dilution. Methicillin resistance was further
confirmed by the amplification of mecA gene by polymerase
chain reaction and by the MRSA screen test for the detection
of the protein PBP2a responsible for reduced affinity of
MRSA to 𝛽-lactam antibiotics (Denka Seiken, Japan).

Heterogeneous MRSA was identified on the basis of (i)
the presence of colonies inside the oxacillin and cefoxitin
zones of inhibition in the disc diffusion test and inside the
oxacillin strip inhibition zone in the E test and (ii) oxacillin
MIC values<100 𝜇g/mL in E test andmicrobroth dilution test
[24]. Also, on the basis of resistance to non-𝛽-lactam antibi-
otics, MRSA isolates were grouped as multiresistant (resis-
tant to ≥3) and nonmultiresistant (resistant to ≤2) MRSA,
as described by Gosbell and colleagues in 2001 [25].

And finally, macrolide-lincosamide-streptogramin B
(MLSB) and macrolide-streptogramin B(MSB) resistance
types were assessed via D test using erythromycin and
clindamycin [23]. Isolates resistant to erythromycin and
susceptible to clindamycin were identified as MSB resistance
type, isolates resistant to both erythromycin and clindamycin
as MLSB resistance type, and isolates sensitive to both
antibiotics as no-resistance type. MLSB and MSB resistance
were confirmed by the amplification of erm(A), erm(B),
erm(C), andmsr(A) as described by Lina et al., 1999 [6]. MSB
resistance was supported by the detection ofmsr(A) gene.

2.2. PVL Genes Identification. From our pool of clinical iso-
lates, 46 MRSA and 27 MSSA (total 73 isolates) were geneti-
cally analyzed for PVLpositivity by screening for the presence
of the adjacent, cotranscribed luk-PV genes, namely, lukS-PV
and lukF-PV, which encode the Panton-Valentine leukocidin
toxin. These 73 isolates were randomly selected to include
homogenous MRSA, heterogeneous MRSA, and MSSA. S.
aureus ATCC 29213 and S. aureus ATCC 49775 were used
as negative and positive controls, respectively. The primers
(Sigma-Aldrich, Germany) used for the coamplification of

PVL genes lukS-PV and lukF-PV were lukPV-1 (5-ATC ATT
AGG TAAAAT GTC TGGACA TGA TCC A) and luk-PV-2
(5-GCA TCA ACT GTA TTG GAT AGC AAA AGC) [26].
Total DNA was isolated from the clinical isolates and used
as template for PVL gene identification. The samples were
denatured at 94∘C for 3 minutes followed by 30 cycles of the
following steps: denaturation at 94∘C for 30 seconds, anneal-
ing at 55∘C for 30 seconds, extension at 72∘C for 1 minute,
and final extension at 72∘C for 5 minutes [6]. The images
were visualized and analyzed in Gel Doc (Bio-Rad, USA)
by using the Quantity One 1-D Analysis Software.

2.3. PCR-RFLP for Coa and Spa. From the study sample
size of 73 clinical isolates, all the PVL-positive isolates were
selected for PCR-RFLP, including 12 MRSA and 14 MSSA
isolates (further described in Section 3). The coa and spa
genes of these 26 PVL-positive isolates (12 MRSA and 14
MSSA) and additional 9 PVL-negative isolates (4 MRSA and
5MSSA) were amplified using the primer pairs coa1 (5-CGA
GAC CAA GAT TCA ACA AG) and coa2 (5-AAA GAA
AAC CAC TCA CAT CAG T) and spa1 (5-ATC TGG TGG
CGTAACACCTG) and spa2 (5-CGCTGCACCTAACGC
TAA TG) (Sigma Aldrich, Germany; [27]).

PCR-RFLP was carried out using HaeII digestion of the
amplified products. Unique PCR-RFLP patterns obtained
following the electrophoresis of the HaeII digested PCR
products were each designated as an independent restriction
pattern (Figures 1 and 2).

2.4. Susceptibility Patterns of the PVL-Positive and PVL-
Negative MRSA and MSSA. MIC of 12 different antibiotics
was determined for 26 PVL-positive (12MRSA and 14MSSA)
and 9 PVL-negative isolates (4 MRSA and 5 MSSA) by
microbroth dilution [23]. The antibiotics included fusidic
acid, tetracycline, Augmentin, clindamycin, levofloxacin,
erythromycin, trimethoprim-sulfamethoxazole, gentamicin,
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Figure 2: (a) PCR-RFLP of coa and spa amplified products of PVL-positive MSSA (14 isolates, 14–194) and PVL-negative MSSA (3 isolates,
79–113) digested by HaeII;M = 1 kb DNA ladder. PVL-positive MSSA isolates 16 and 47 cluster under one restriction type and isolates 14, 31,
and 185 cluster under another. The remaining nine PVL-positive MSSA isolates and all three PVL-negative MSSA isolates exist as singletons.
(b) Corresponding dendogram of the PCR-RFLP of PVL-positive and PVL-negative MSSA isolates.

vancomycin, linezolid, kanamycin, and rifampicin (Sigma-
Aldrich, Germany). The clinical isolates were suspended
in physiological saline (0.5 McFarland) using Densimat
(Biomerieux, Italy) followingwhich 100𝜇L of each suspended
isolate was dispensed into microtiter wells containing dou-
bling dilutions of the 12 antibiotics in cation-adjustedMueller
Hinton Broth (Becton Dickinson and Company, USA). The
microtiter plates were incubated at 37∘C for 18 hrs and were
read in reflected light.

Data was analyzed using the statistical software SPSS 11.5.

3. Results

The source sample of 404 hospital-acquired isolates consisted
of 197 (48.8%) MRSA isolates, of which 148 (75.1%) were
homogenous and 49 (24.9%) were heterogeneous [28]. As
mentioned earlier, from the total sample of 404 clinical
isolates, 73 isolates were randomly selected for further anal-
ysis, owing to resource limitations. Of these 73 isolates that
comprised of 46 MRSA and 27 MSSA isolates, PVL gene
was detected in 12 MRSA (26.1%) and 14 MSSA (51.9%) for a
cumulative prevalence rate of 35.6%. As indicated in Table 1,
the PVL carriage was high in samples from UTI (50%, 4/8),
SSI (35.2%, 19/54), and lower RTI (22.2%, 2/9). However,
cross tab calculation between UTI and SSI (𝑋2 = 0.655,
𝑃 = 0.418) and SSI and lower RTI (𝑋𝑓2 = 0.583, 𝑃 = 0.445)
showed that the difference in PVL prevalence in these sites
did not reach statistical significance.

For our analysis, the patient population was grouped into
2 age groups: ≤30 years (𝑛 = 27) and ≥31 years (𝑛 = 46). The
PVL-positivity rates were 37% for ≤30 age group and 34.8%
for ≥31 age group (Table 1); these values were not found to be
statistically significantly different (𝑋2 = 0.038, 𝑃 = 0.846).
We also did not find any association between PVL positivity
and hospital of origin (Table 2). The PVL prevalence of 32.1%
at KBH and of 45.0% at LBH did not meet the statistical
criteria for significant difference (𝑋2 = 1.058, 𝑃 = 0.304).

Upon conducting a pooled evaluation of isolates from
both hospitals, PVL prevalence rates were found to be 73.3%
in heterogeneous MRSA, 51.9% inMSSA, and 3.2% in homo-
geneous MRSA (Table 1). PVL occurrence was observed to
be significantly associated with a heterogeneous methicillin
resistance pattern compared to homogeneous MRSA and
MSSA (𝑋2 = 26.59, 𝑃 < 0.001). However, a pooled sample of
both homogeneous and heterogeneous MRSA failed to show
any correlation with PVL carriage when compared to MSSA
(𝑋2 = 4.925, 𝑃 = 0.026).

As mentioned previously, MRSA that was resistant to
≥3 non-𝛽-lactam antibiotics was categorized as multire-
sistant MRSA (mMRSA) and that resistant to ≤2 non-𝛽-
lactam antibiotics was identified as nonmultiresistant MRSA
(nmMRSA). The distribution of PVL carriage rates was
51.9% amongMSSA, 60% among nmMRSA, and 22% among
mMRSA (Table 1). Compared to MSSA and nmMRSA,
mMRSA had lesser prevalence of PVL positivity (𝑋2 = 7.739,
𝑃 = 0.021).

In assessing the putative relation between PVL prevalence
and macrolide, lincosamide, and streptogramin resistance
types, we found that none of the isolates withMLSB resistance
(𝑛 = 32) was positive for PVL. Among MSB resistance
types, PVL positivity was at 93.8% and among nonresistant
isolates depicting susceptibility to both erythromycin and
clindamycin, PVL carriage was at 45.8% (Table 1). We found
that MSB resistance types were significantly associated with
PVL gene carriage when compared toMLSB resistance (𝑋

2

=

42.11, 𝑃 < 0.001) and no-resistance types (𝑋2 = 9.689, 𝑃 =
0.002). Isolates susceptible to erythromycin and clindamycin
(no-resistance type) had 17.7 greater odds of being PVL neg-
ative as compared to MSB resistance types (OR = 17.727, 95%
CI: 2.0 to 156.5).

The MSB resistance type was genotypically confirmed by
the presence ofmsr(A) gene.The isolates harboring this gene
depicted a strong associationwithPVLgene possession (𝑋2 =
12.049,𝑃 = 0.001). Compared to isolates carrying themsr(A)
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Table 2: Hospital-specific PVL prevalence rates and methicillin resistance in S. aureus.

Strains (𝑛) Lalitpur Hospital Kathmandu Hospital Total
PVL Pos (𝑛) PVL Neg (𝑛) PVL Pos % PVL Pos (𝑛) PVL Neg (𝑛) PVL Pos % PVL Pos %

MSSA (27) 4 3 57.1% 10 10 50.0% 51.9% (14/27)
Homo-MRSA (31) 0 7 38.5%a 1 23 21.2%b 26.1% (12/46)
Hetero-MRSA (15) 5 1 6 3
Total (73) 9 11 45.0% 17 36 32.1% 35.6% (26/73)
aTotal PVL-positive prevalence rate in Lalitpur Hospital.
bTotal PVL-positive prevalence rate in Kathmandu Hospital.
Hetero: heterogeneous; Homo: homogeneous; Pos: positive; Neg: negative.

gene, no-resistance type isolates lacking this gene were 45.5
times more likely to be not positive for PVL (OR = 45.5, 95%
CI: 3.5 to 594.7).

The MIC of the 26 PVL-positive and 7 PVL-negative
isolates was determined by microbroth dilution method. No
substantial difference could be noted in the resistance pattern
between PVL-positive and PVL-negative S. aureus strains
(both MRSA and MSSA), with the exception of tetracycline
and clindamycin, to which PVL-positive and PVL-negative
isolates responded differently. It was observed that while
PVL-positive MRSA was sensitive to both clindamycin and
tetracycline, PVL-negative MRSA was uniformly resistant
to these antibiotics. Further, both PVL-positive and PVL-
negativeMSSA isolateswere also sensitive to clindamycin and
tetracycline.

With regard to restriction types identified by PCR-RFLP,
PVL-positive MRSA, PVL-negative MRSA, PVL-positive
MSSA, and PVL-negative MSSA isolates depicted two, one,
eleven, and three restriction types, respectively (Figures 1 and
2). The majority of the PVL-positive MRSA isolates were
clustered under one restriction type (10/12; DNA fragments
length 400 bp and 750 bp) with the remaining two isolates
being grouped under the second restriction type (2/12; DNA
fragments length 500 bp and 800 bp). All four isolates of PVL-
negative MRSA belonged to a single restriction type. For
PVL-positive MSSA, two and three isolates were included
under two distinct restriction types, while the remaining
nine isolates and all three of the PVL-negative MSSA isolates
existed as singletons within their unique restriction types
(Figure 2).

4. Discussion

In the present day context, when microbial antibiotic resis-
tance is progressively morphing into an intractable predica-
ment, acquisition of the potent PVL gene by MRSA, which
represents a rather difficult challenge in itself, would pave
the way to an alarming healthcare paradox. In this paper, we
present the findings from the first PVL prevalence study in
Nepal, which includes (i) heretofore unidentified associations
between PVL positivity and MSB resistance, verified by
msr(A) gene, (ii) PVL carriage rates specific to MRSA and
MSSA isolates obtained from two premiere tertiary care
hospitals, (iii) evaluation of putative predilection of PVL-
positive S. aureus to a select patient profile, (iv) compar-
ative assessment of PVL prevalence among heterogeneous

MRSA-homogeneous MRSA-MSSA and among mMRSA-
nmMRSA-MSSA, and (v) restriction pattern characterization
of PVL-positive and PVL-negative hospital isolates.

In the current study, we report PVL gene carriage rate
of 35.6% among nosocomial S. aureus isolates: 26.1% among
MRSA and 51.9% among MSSA (Table 1). These numbers
track along some of the highest reported PVL-positive S.
aureus prevalence rates and should rightfully be regarded as a
matter of grave concern. Further, restriction pattern analyses
of PVL-positive MRSA and MSSA have revealed that, while
PVL-positive MSSA can be grouped into eleven restriction
types with a majority of the isolates existing as singletons
(Figure 2), PVL-positiveMRSA seamlessly clusters under two
restriction types (Figure 1).This is an anticipated finding since
MRSA isolates belong to a single clone, while MSSA isolates
propagated from multiple clones. Such spread of a limited
number of PVL-carrying MRSA clones suggests that, com-
pared to their MSSA counterparts, these microbes are well-
adapted to thrive in the hospital environment.The restriction
type limitationwould also follow from the fact that theMRSA
isolates are hospital strains that cause infection in any sus-
ceptible host with the right combination of risk factors. Also,
the restriction pattern clusters included isolates from both
LBH and KBH, suggesting an interhospital transmission of
pathogenic strains. These findings, in conjunction with the
high PVL-positive S. aureus prevalence rates, warrant the
immediate institution of effective infection control measures.

In addition to clone limitation, lack of any trend of
higher PVL prevalence among a younger age group is another
finding explained by the hospital-acquired nature of the PVL-
positive S. aureus strains in the study. At prevalence rates of
37% for ≤30 years age group and 34.8% for ≥31 years age
group (Table 1), the PVL-positive isolates fail to show any age-
related predilection. Previous studies have shown a strong
predisposition of PVL-positive S. aureus isolates for younger
and previously healthy patients [14, 29]. In a 2008 Australian
study by Munckhof et al., the authors observed a steady
decline in PVL occurrence with increasing age, which they
ascribed to age-associated strengthening of immunity and to
the natural penchant of children and young adults to acquire
PVL-positive S. aureus from skin contamination during
playful and contact sports [29]. This increased likelihood of
PVL-positive S. aureus to infect younger age groups, as seen
in earlier studies, may be attributed to the fact that a majority
of PVL-carrying S. aureus isolates from these studies were
community-acquired. In contrast, our study exclusively
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investigated nosocomial isolates, which, regardless of age, can
infect any patient presenting with the right risk factors for
acquiring an infection originating in the hospital.

As with age, PVL prevalence also exhibited no association
with infection site or hospital of origin. Although the highest
numbers of PVL-carrying S. aureus isolates were recovered
from UTI (50%), followed by SSI (35.2%) and lower RTI
(22.2%), the prevalence rate difference between the sites did
not reach statistical significance (Table 1). Along similar lines,
the 45% carriage rate of PVL gene in LBHwas not statistically
significantly different from the 32.1% prevalence rate at KBH
(Table 2). On the basis of vastly different occurrence of the
PVL-positive organisms in different parts of the world, it
appears that the PVL carriage depends largely on the geo-
graphical location and the organisms that are endemic in a
particular locality.

Overall, PVL carriage rates were 51.9% (14/27) among
MSSA, 73.3% (11/15) among heterogeneous MRSA, and 3.2%
(1/31) among homogeneous MRSA (Table 1). Compared
to MSSA and homogeneous MRSA, heterogeneous MRSA
depicted a positive association with PVL carriage. However,
when heterogeneous and homogeneous MRSA were pooled
together into a single cohort of MRSA isolates and compared
to MSSA, MRSA was found to have a negative association
with PVL prevalence. The negative correlation between PVL
and MRSA as a whole can be attributed to the 30 (96.8%)
PVL-negative homogeneousMRSA isolates which would off-
set the PVL positivity of the 11 (73.3%) heterogeneous MRSA
isolates. These findings suggest that, in the observed hospital
settings, PVL positivity was associated with heterogeneous
MRSA but not with homogeneous MRSA. Consequently,
crude analyses ofMSSAversus pooledMRSA strains could be
potentially misleading; a thorough evaluation of PVL emer-
gence should constitute a breakdown of MRSA into homo-
geneous and heterogeneous strains.

A phenotypic analysis of the clinical isolates based on
their antibiotic profiles allowed for a grouping of the isolates
into 3 categories, each of which revealed a relatively high
PVL prevalence: 60% nmMRSA, 22% mMRSA, and 51.9%
MSSA (Table 1). Munckhof and colleagues (2008) [29] report
a similar rate of PVLpositivity among their nmMRSA isolates
(55%). However, their PVL prevalence rates of 2% among
mMRSA and 16% among MSSA are much lower compared
to this study.

Classifying the clinical isolates cohort on the basis of
macrolide, lincosamide, and streptogramin resistance types,
it was found that, while PVL positivity was 93.8% forMSB and
45.8% for no-resistance types, none of the isolates withMLSB
resistance harbored the PVL gene (Table 1). This finding that
isolates characterized as MSB resistance type are more likely
to depict PVL positivity compared to either MLSB resistance
or no-resistance type was verified by testing for the presence
of msr(A) gene, which showed a positive association with
PVL.

While it would have been ideal to carry out these molec-
ular epidemiological analyses on the entire cohort of 404 iso-
lates, the study needed to limit its sample size to 73 randomly
selected isolates due to resource and monetary restric-
tions. Today’s context of PVL diagnosis and epidemiology

is constrained by the lack of a reliable phenotypic test
for PVL positivity. Studies that focus on developing such
novelmethodologies for phenotypic characterization of PVL-
positive bacterium, which would complement the currently
available genetic test, will have substantial utility in promot-
ing the early detection of these virulent microbes.

5. Conclusion

Our study has shown a relatively high prevalence rate of PVL
positivity in HA-S. aureus isolates from two tertiary care hos-
pitals of Nepal. PVL carriage was associated with heteroge-
neous MRSA and MSB resistance type (confirmed bymsr(A)
gene positivity). Compared toMSSAandnmMRSA,mMRSA
was significantly less likely to harbor the PVL genes. No
associationwith age, site of infection, or hospital of originwas
observed. Such an absence of predilection for a younger age
group and the observed restriction pattern limitation of PVL-
positive MRSA are in alignment with the fact that these were
clinical isolates obtained from hospital-acquired infections.
The relatively high rates of PVL presence among HA-MRSA
andHA-MSSA isolates and the interhospital spread of strains
support the need for system-wide implementation of patient
safety and infection control initiatives.
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Alterations in whole genome expression profiles following exposure of the pneumococcus (strain 172, serotype 23F) to cigarette
smoke condensate (160 𝜇g/mL) for 15 and 60min have been determined using the TIGR4 DNAmicroarray chip. Exposure to CSC
resulted in the significant (𝑃 < 0.014–0.0006) upregulation of the genes encoding the two-component regulatory system 11 (TCS11),
consisting of the sensor kinase, hk11, and its cognate response regulator, rr11, in the setting of increased biofilm formation. These
effects of cigarette smoke on the pneumococcus may contribute to colonization of the airways by this microbial pathogen.

1. Introduction

The association of cigarette smoking with a predisposition
to the development of microbial and viral infections of the
airways is well recognized and carries a particularly high
risk for invasive pneumococcal disease (IPD) [1, 2]. Although
generally attributed to interference with the innate and
adaptive host defences of the airways, several potentially IPD
predisposing, pathogen-directed effects of cigarette smoke
exposure have also been described. Notwithstanding the
occurrence of a range of potential pathogens in cured tobacco
[3] and the associated alterations in the composition of the
microbiota of the nasopharynx [4], cigarette smoking has

been reported to increasemicrobial virulence, predominantly
by increasing the expression of adhesins and the production
of biofilm [5–8]. Biofilm consists of bacterial cells encap-
sulated in an extracellular polymer matrix composed of
DNA, proteins, and possibly polysaccharides, with choline
binding proteins being intimately involved in the formation
of biofilm [9]. We and others have recently reported that
exposure of the pneumococcus to cigarette smoke is accom-
panied by increased formation of biofilm [7, 10]. However,
the alterations in gene expression which precede increased
formation of biofilm by smoke-exposed pneumococci have
not been described. This topic is the focus of the current
study.
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2. Materials and Methods

2.1. Bacterial Strain. An antibiotic-sensitive clinical isolate
of Streptococcus pneumoniae (strain 172, serotype 23F, mul-
tilocus sequence type 81), which is of importance in the
South African setting, was provided by the National Institute
of Communicable Diseases, Johannesburg, South Africa.
Importantly, serotype 23F is one of the most common causes
of IPD [11]. The strain was cultured overnight and adjusted
to concentrations of either 6.14 × 106 (biofilm formation) or
2 × 108 (gene expression) colony-forming units (cfu)/mL in
tryptone soy broth (TSB, Merck, Darmstadt, Germany) prior
to exposure to cigarette smoke condensate.

2.2. Cigarette Smoke Condensate (CSC). CSC (Murty Phar-
maceuticals, Lexington, KY, USA) was dissolved in dimethyl-
sulfoxide (DMSO) and used at final concentrations of 80
and 160 𝜇g/mL (biofilm production) or 160 𝜇g/mL only (gene
expression). Solvent controls were included in all experi-
ments. The total amount of condensate generated during the
combustion of one cigarette is 26.3 milligrams [12].

2.3. Global Gene Expression. The protocols used for RNA
extraction, conversion to labelled cDNA, and whole genome
expression are shown as supplementary data (see supple-
mentary data in Supplementary Material available online
at http://dx.doi.org/10.1155/2014/976347). Briefly, the bacteria
were exposed to either CSC dissolved in DMSO or DMSO
only for either 15 or 60min, after which they were pelleted by
centrifugation and snap-frozen in liquid nitrogen. Following
extraction, RNA was transcribed to cDNA and amplified
by real time PCR, gene expression was detected using
the S. pneumoniae TIGR4 DNA microarray chip (Bacterial
Microarray Group (B𝜇g@S), St. George’s Hospital, London,
United Kingdom). Probes printed onto the microarray slide
were designed based on the genome sequenced strain TIGR4,
representing all 2236 open reading frames, with a further 117
probes added to represent unique genes present in the R6
genome sequence, array version SPv1.1.0 (detailed procedures
described in the supplementary data).TheTIGR4microarray
chip is broadly representative of the genetic profile of S.
pneumoniae and has been used as an indicator of gene
expression for other pneumococcal strains [13].

A more limited series of confirmatory relative gene
expression experiments, focused specifically on those genes
identified as being significantly up- or downregulated using
the microarray procedure, were also performed. This proce-
dure (included as supplementary data) is essentially similar
to that described above with isolation of RNA, conversion
to cDNA by RT-PCR, amplification of cDNA, and detection
with real time PCR.

2.4. Biofilm Formation. This was performed in parallel with
the gene expression studies to ensure strict comparison and
was measured after 16 hours of incubation at 37∘C/5% CO

2

on bacteria adherent to the sides of 6-well tissue culture
plates cultured in the presence or absence of CSC using a

crystal violet (0.1%)-based spectrophotometric procedure as
described previously [10].

2.5. Statistical Analysis. For the gene expression studies, a
total of 3 biological replicas were performed per condition,
using 12 microarrays (3 arrays were used for each of the
control and CSC-exposed time points (15 and 60min)).
Statistical analysis of RNA expression was performed in
GeneSpring using the statistical analysis (ANOVA) tool,
performing a 1-way parametric test without assuming vari-
ances are equal. False discovery rate was set to 0.05 (5%
gene false discovery rate), and a Benjamini and Hochberg
false discovery rate multiple testing correction was applied.
This resulted in the creation of lists of genes highlight-
ing those which were significantly upregulated or down
regulated in the CSC-exposed systems. The results for
the CSC-treated systems are expressed as fold alteration
in the levels of gene expression relative to those of the
corresponding untreated control systems for each time
interval.

The relative gene expression real time PCR experiments
were performed using RNA from 3 different experiments,
with 3 replicates in each system, comparing untreated and
CSC-exposed bacteria over 15 and 60min time intervals.
Statistical analyses were performed on the quantification
cycle (Cq) data, using the Wilcoxon matched pairs test,
and the results were expressed as the mean ± standard
error of the mean (SEM) of the log normalised relative
quantities (NRQ). Data were analysed using qBase software
(http://www.biogazelle.com).

In the case of biofilm formation, a total of 3 experiments
with 3 to 6 replicates for each systemwere performed, and the
results were expressed as the mean value ± SEM and the data
was analysed using the Mann-Whitney 𝑈 test.

3. Results

3.1. Microarray Analysis. As shown in Figure 1, exposure of
the pneumococcus to CSC for either 15 or 60min resulted in
selective, statistically significant upregulation of hk11 and rr11.
The pneumolysin gene (ply) was significantly downregulated
after 15min of exposure. Collectively, the hk11 and rr11 genes
comprise the two-component regulatory system 11 (TCS11),
the former being the membrane-associated histidine kinase
and the latter its cognate response regulator [14]. Three other
genes were upregulated at 15min but not at 60min: the
SpTIGR4-2004 and -2005 hyp genes (20.1+ and 17.9+, resp.,
𝑃 = 0.0137 for both) and the SpTIGR4-2003 gene (18.8+,
𝑃 = 0.0156). No specific function has been allocated to
the hyp (hypothetical) genes, but SpTIGR4-2003 is the ATP-
binding component of an ATP-binding cassette transporter
and upregulation thereof is possibly indicative of a stress
response.

These findings were confirmed in an additional series of
relative gene expression experiments focused exclusively on
the hk11, rr11, and ply genes. These results are also shown in
Figure 1.
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Figure 1: Effects of exposure of strain 172 of the pneumococcus
to cigarette smoke condensate (CSC, 160 𝜇g/mL) for 15min (solid
bars) and 60min (striped bars) on expression of the hk11, rr11, and
ply genes using the Streptococcus pneumoniae TIGR4 microarray
and selective relative gene expression procedures. The results of 3
experiments with 3 replicates in each system are expressed as either
fold increase (microarrays) or normalised relative quantities (NRQ,
real time PCR), respectively. ∗𝑃 < 0.05.

3.2. Biofilm Formation. As reported previously [10], and
shown in Figure 2, exposure to CSC was accompanied by a
statistically significant increase in biofilm formation by the
pneumococcus, independent of its effects on growth.

4. Discussion

The highly selective upregulation of TCS11 and its associated
genes, probably part of a single operon with rr11 belonging
to the NAR subfamily of regulators [14], was found to
precede the increase in biofilm formationwhich accompanies
exposure of strain 172 of the pneumococcus toCSC.Although
its function in the pneumococcus is unknown, it is notewor-
thy that TCS11 was first described in Streptococcus mutans,
representing a two-component signal transduction system
encoding the hk11 and rr11 genes, which was found to be
involved in biofilm formation and acid resistance [15]. In an
earlier study, deletion of the putative TCS11 homologue, 479
hk/rr, of S. pneumoniae strain 0100993 (serotype 3) did not
affect the numbers of viable bacteria in the lungs of mice 48
hours after intranasal infection, consistent with a limited role
in bacterial virulence [14]. However, the experimental design
of that study [14] is unlikely tomimic the interaction between
cigarette smoke exposure, upregulation of TCS11, increased
biofilm formation, and possible colonization of the airways
described in the current study. Moreover, the homologue of
response regulator 11 in Bacillus cereus, YvfTU, appears to
regulate the expression of the transcriptional activator plcR,
which is in turn a major regulator of virulence [16].

The transient downregulation of expression of the ply
gene also observed in the current study, although interesting,
is more difficult to explain. It may simply represent a
redirection of cellular biosynthetic activity geared to biofilm
formation. Alternatively, albeit speculatively, pneumolysin
may negatively regulate biofilm formation. Several other
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Figure 2: Effects of exposure of strain 172 of the pneumococcus
to cigarette smoke condensate (CSC, 80 and 160 𝜇g/mL) on biofilm
formation (solid black bars) and growth (solid white bars) following
16 hours of incubation. The results of 3 experiments with 3 to 6
replicates in each system are expressed as the mean values ± SEMs.
∗

𝑃 < 0.05.

genes were also upregulated, but the exact functions of these
have not been established.

Exposure of Staphylococcus aureus to cigarette smoke has
also been reported to result in increased biofilm formation
and gene expression [8]. Genes encoding the quorum-
sensing (agr) system which promotes biofilm dispersal were
downregulated, while those encoding sarA and rbf, which
promote biofilm formation, were upregulated [8]. These
effects of cigarette smoke exposure were associated with tran-
scriptional induction of antioxidative oxidoreductases and
were attenuated by an antioxidant, compatible with oxidative
stress as being the primary cause of smoke-mediated biofilm
formation.

While the findings of the current study implicate TCS11 in
biofilm formation following exposure of strain 172, serotype
23F of the pneumococcus to CSC, we do concede that
the genetic basis of biofilm formation may be both strain-
and stressor-dependent. In keeping with this contention,
others have reported on the involvement of pneumolysin, as
well as the LuxS/autoinducer 2 and Com quorum-sensing
systems in spontaneous biofilm formation by strain D39
(virulent serotype 2) of the pneumococcus grown in condi-
tions simulating the interactions of the microorganism with
human respiratory epithelium [17, 18]. However, others using
the virulent serotypes 4, 6A, and 6B in a murine model
of colonisation of the nasal septa reported that efficient
biofilm formation was dependent on the involvement of
multiple factors, especially CiaRH, pneumococcal serine-rich
repeat protein (PsrP), and pyruvate oxidase (SpxB), with a
lesser requirement for pneumolysin, as found in the current
study, and LuxS [19]. CiaRH also belongs to the 13-member
family of two-component signal transduction systems of the
pneumococcus and is also known as TCS05 [20].

Although the findings of the current study demonstrate
upregulation of genes encoding the TCS11 of the pneumo-
coccus, several limitations of this preliminary study preclude
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the establishment of a definitive relationship between this
event and biofilm formation. This, in turn, is dependent on
the generation of gene knockoutmutants selectively targeting
hk11 and rr11 in the setting of attenuation of CSC-mediated
augmentation of biofilm formation.

In conclusion, induction of biofilm formation, possibly
as stress response resulting in transcriptional activation of
TCS11, may contribute to cigarette smoke-mediated coloniza-
tion of the respiratory tract by the pneumococcus.
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Consumption of raw/undercooked ground beef is themost common route of transmission of Shiga toxin-producing E. coli (STEC).
The aim of the study was to determine the STEC contamination level of the ground beef samples collected in 36markets of different
socioeconomic strata in Buenos Aires, Argentina, and the characterization of the isolated strains. Ninety-one out of 252 (36.1%)
samples were stx+. Fifty-seven STEC strains were recovered. Eleven STEC strains belonged to O157 serogroup, and 46 to non-O157
serogroups. Virulencemarkers of the 57 STECwere stx1, 5.3% (3/57); stx2, 86.0% (49/57); stx1/stx2, 8.8% (5/57); ehxA, 61.4% (35/57);
eae, 26.3% (15/57); saa, 24.6% (14/57). Shiga toxin subtypes were stx2, 31.5% (17/54); stx2c-vhb, 24.1% (13/54); stx2c-vha, 20.4%
(11/54); stx2/stx2c-vha, 14.8% (8/54); stx2/stx2c-vhb, 5.6% (3/54); stx2c-vha/vhb, 3.7% (2/54). Serotypes O178:H19 and O157:H7
were prevalent. Contamination rate of STEC in all strata was high, and the highest O157 contamination was observed at low strata
at several sampling rounds. Persistence of STECwas not detected. Sixteen strains (28.1%) were resistant to ampicillin, streptomycin,
amikacin, or tetracycline. The STEC contamination level of ground beef could vary according to the sociocultural characteristics
of the population.

1. Introduction

Shiga toxin, a potent cytotoxin, is mainly produced by
Escherichia coli and Shigella dysenteriae type 1, and sporad-
ically it can also be produced by Citrobacter freundii, Enter-
obacter cloacae, Shigella flexneri, Shigella sonnei, Aeromonas
hydrophila, and Aeromonas caviae [1–3].

Shiga toxin-producing E. coli (STEC) strains can produce
two types of toxins, Stx1 and Stx2, and are the main causes
of hemorrhagic colitis (HC) and hemolytic uremic syndrome
(HUS) [4, 5]. There is evidence that the association between
Stx2 and the presence of intimin (eae), a specific adhesin, is a
predictor of HUS [6].

Unlike the commensal E. coli strains, STEC strains have
several virulence genes (stx1, stx2, eae, ehxA, saa) which
permit the evaluation of their pathogenic nature in the

laboratory [7, 8]. Ruminants, especially cattle, constitute a
vast reservoir of STEC, and it is not surprising that human
infection can frequently be traced to contamination of food
or water with cattle feces [9].

More than 400 serotypes of STEC were identified.
Although the prototype associated with the major propor-
tion of HUS cases is STEC O157:H7, non-O157 group was
identified to be at risk of HUS. The strains of non-O157 were
classified in seropathotypes according to their relation with
severity and their frequency as a cause of large outbreaks [11].

In Argentina many outbreaks of nonbloody diarrhea,
bloody diarrhea, and HUS associated with O157 and non-
O157 STEC infections have been identified through
the national surveillance system. Consumption of
raw/undercooked ground beef is the most commonmeans of
transmission of STEC. Several reports in Argentina showed
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different prevalence of STEC in meat products [12–15].
The implication of the isolation of STEC from food can be
assessed by serotypes categorization, virulence profile, and
antibacterial susceptibility [16, 17]. The STEC contamination
level of ground beef could vary due to the sociocultural
characteristics of the population [18].

Thepurpose of this studywas to determine the STEC con-
tamination level of the ground beef samples, obtained from
markets with different socioeconomic profiles in Buenos
Aires, Argentina, and to characterize the virulence profiles
and the antimicrobial susceptibility patterns of the strains.

2. Materials and Methods

2.1. Sample Collection. Ground meat samples were bought
frommarkets in SanMart́ın district, an urban area of Buenos
Aires, during Spring and Summer from 2006 to 2009. This
district is located at the urban ring of Buenos Aires City
having the five socioeconomic levels.

The study was stratified by socioeconomic level. Doc-
umentary information was obtained from the Instituto
Nacional de Estadı́sticas y Censos (INDEC—National Insti-
tute of Statistics and Census), which defines the socioeco-
nomic levels of the district of San Mart́ın as high, medium-
high, medium, medium-low, and low [19]. For this study, the
five socioeconomic levels (INDEC) were partially combined
to create three strata: high (high andmedium-high), medium
(medium), and low (medium-low and low) [20].Markets rep-
resenting 30% of each socioeconomic stratum were selected
by simple random sampling.Thirty-six markets, 11 from high
stratum (HS), 13 from media stratum (MS), and 12 from low
stratum (LS), were sampled in the same epidemiological week
by seven rounds.

A total of 252 samples were collected in sterile bags
avoiding contamination among them and were immediately
transported to the laboratory in cooled boxes.

2.2. Cultures. One portion of each sample (65 g) was stom-
ached in 585mL of Tryptic Soy Broth (TSB) for 2 minutes
for screening for STEC non-O157 group and another portion
of each sample (65 g) was stomached in 585mL of TSB
with novobiocin plus casaminoacids (mTSB+n) [21] for 2
minutes for screening for STEC O157 serogroup. The broths
were incubated at 37∘C or 42∘C, respectively. Cultures from
TSB were streaked onto MacConkey agar (MAC), and 1mL
from mTSB+n was tested for O157:H7 by immunomagnetic
separation (IMS) (Neogen’s immunobeads) and streaked
onto sorbitol MacConkey-CT agar (SMAC-CT). Plates were
incubated in aerobiosis at 37∘C for 18 hours.

2.3. Screening for STEC Strains by PCR. E. coli strains ATCC
25922 (stx1-, stx2-, eae-, saa-, ehxA-, and rfbO157-), EDL 933
(O157:H7, stx1+, stx2+, eae+, saa-, ehxA+ and rfbO157+),
and UNCPBA O91:H21 (stx1+, stx2+, eae-, saa+, ehxA+ and
rfbO157-) were used as controls. Screening for stx1, stx2,
and rfbO157 genes was performed by PCR as previously
described from the confluence zone of MAC and SMAC-CT

plates as template [22]. From each positive plate, isolation
of a representative strain was investigated in up to 50 CFU
through pools with up to ten colonies. Individual colonies of
each positive pool were retested by PCR. The STEC isolated
was kept in TSB + glycerol (20%) at −196∘C. For further
identification, all positive colonies to any of the genes under
study were streaked on Tryptic Soy Agar plates.

2.4. Characterization of STEC Strains. All strains were con-
firmed as E. coli by biochemical tests as previously described
[22] and the enterohemolytic activity was determined using
washed sheep blood cells agar supplemented with calcium
according to Beutin et al. [23]. Identification of somatic (O)
and flagellar (H) antigens was performed following standard
methods of tube agglutination test [24] and using currently
available O (O1 to O181) and H (H1 to H56) antisera as
described elsewhere [25]. All strains carrying the stx genes
were tested by PCR for the presence of eae, saa, and ehxA
virulence genes. Primers and PCR conditionswere previously
described [7, 8, 22]. Genotyping of stx2 variants was per-
formed by RFLP-PCR according to previous reports using
primers VT2-c/VT2-d, VT2v-1/VT2v-2 [26], VT2-e/VT2-f
[27], and SLTv-IIvc/CKS-2 [28]. Strains identified as mucus-
activatable stx2d variant at screening were then analyzed by
the one-step PCR method described by Zheng et al. [10].

2.5. Antimicrobial Susceptibility. Antimicrobial susceptibil-
ity patterns were determined by disk diffusion susceptibil-
ity tests in Mueller Hinton Agar (Britania) according to
the Performance Standards for Antimicrobial Susceptibil-
ity Testing [29]. Firstly, we used the following antimicro-
bials (BBL): penicillins: ampicillin (AMP); aminoglycosides:
amikacin (AK), gentamicin (CN), and streptomycin (S);
quinolones: nalidixic acid (NA) and ciprofloxacin (CIP);
chloramphenicol (C), nitrofurantoin (F), tetracycline (TE),
and trimethoprim-sulfamethoxazole (SXT) according to
Argentinean consensus for Enterobacteriaceae [30]. E. coli
ATCC 25922 was used as the control strain. The strains were
reported as susceptible (S), intermediate—having reduced
susceptibility—(r), or resistant (R) [29, 30].

The characterization of multiresistant strains was done
when coresistance to four or more unrelated families of
antimicrobials was detected.

Secondly, all the strains R/r to AMP were evaluated
for 𝛽-lactamases detection using the following antibacterial
agents (BBL): amoxicillin clavulanic acid (AMC), amoxi-
cillin sulbactam (SAM), aztreonam (ATM), cefepime (FEP),
cefotaxime (CTX), cefotaxime/clavulanic acid (CTX/CLA),
cefoxitin (FOX), cefpodoxime (CPD), ceftriaxone (CRO),
cephalothin (KF), imipenem (IPM), meropenem (MEM),
piperacillin (PRL), and piperacillin tazobactam (TZP). E.coli
35218 was used as the control strain [29].

The screening tests for extended spectrum 𝛽-lactamases
(ESBL) were evaluated by ATM, CTX, CPD, and CRO diam-
eters [29, 30] and confirmed by ≥5mm diameters increase
by CTX/CLA compared with CTX alone. Screening test for
carbapenemases was evaluated with cephalosporin class III
CTX and CRO [29].
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2.6. Study of Strain Persistence at Outlets Over Time. Thirty-
six outlets were evaluated for contamination persistence.
Identity of STEC strains was determined through subtyping.
The used algorithm included sequential steps of serotyping,
stx subtypes, virulence factors characterization, biotype, and
antibiotype through antimicrobial susceptibility pattern. In
case of strains showing identity at phenotype and virulence
profile evaluated, a high discriminatory power technique,
PFGE, was proposed to confirm the relation between isolates.

2.7. Statistical Analysis. Statistical analysis datawas processed
by the program EpiInfo 2002 version 3.2 (CDC-WHO). The
statistical analysis of the variables under study, as classified by
socioeconomic strata, was performed using Yates corrected
Chi-square independence test and the 𝑍 test to compare two
proportions. Statistical significance was regarded at a 𝑃 value
<0.05 [31].

3. Results

A total of 91 out of 252 (36.1%) screened samples were positive
for one of the stx genes. The distribution of positive samples
according to their strata was as follows: 25/77 (32.5%, CI 95%
21.36–43.58) from HS, 35/91 (38.46%, CI 95% 27.92–49.01)
fromMS, and 31/84 (36.90%, CI 95% 25.99–47.82) from LS.

The distribution of markets, according to the socioeco-
nomic strata in which at least one sample was positive for the
stx genes was 8/11 (72.7%) from HS, 10/13 (76.9%) from MS,
and 10/12 (83.3%) from LS.

Among the 91 positive samples by screening, 57 STEC
strains were recovered: 11 STECO157 and 46 STEC non-O157.

Serotyping of the STEC isolates showed that the 57 strains
belonged to 14 different O-groups and 10 different H antigens
were identified as well nontypeable (ONT) and nonmotile
(NM) strains (Table 1).

Among the 21 non-O157 serotypes, O178:H19 (13) and
O174:H21 (3) prevailed. Interestingly, from four samples two
different serotypes were recovered, which were three from
MS: (i) O178:H19 and O174:H21; (ii) O178:H19 and ONT:H8;
(iii) O2:H25 and O26:H11 and one from LS: (iv) O157:H7 and
ONT:H19 (Table 1).

Among eleven O157 strains, 10 were O157:H7, one was
O157:NM, and all of them were sorbitol nonfermenting and
𝛽-glucuronidase-negative.

Both prevalent serogroups, O157 and O178, were isolated
from the three strata (Table 1).

In total STEC O157 was recovered in 6/7 rounds of
sampling. Interestingly, their distribution was only 1 strain
from HS, 5 strains from MS in 3 (42.8%) of the rounds in 4
different markets, and 5 strains from LS in 5 (71.4%) of the
rounds in 3 different markets (Tables 1 and 2).

On the other hand, the prevalent O178:H19 serotype was
recovered in 5 sampling rounds, and surprisingly, 6 strains
were from the first round of HS and MS with 3 strains each.
In total 5 strains were from HS, 6 fromMS, and 2 from LS.

Despite the results that showed that contamination by
STEC in some markets was recurrent up to 4 rounds of sam-
pling (Table 1), identity among isolations was notmaintained.

Even though STEC O157 with similar virulence profiles was
isolated more than once in the same market (M2 andM12), it
differed from its antimicrobial susceptibility patterns. Thus,
no persistence was detected in the 36 markets evaluated
during the study (Table 1).

STEC isolates harboring the stx1, stx1 plus stx2, and
stx2 sequences, corresponded, respectively, to 5.3% (3/57),
8.8% (5/57), and 86.0% (49/57) (Table 2). Subtypes detected
were stx2, stx2c-vha, stx2c-vhb, stx2/stx2c-vha, stx2/stx2c-
vhb, and stx2c-vha/stx2c-vhb.

The stx2d variant was detected in 8 strains belonging to
serotypes O2:H25, O82:H8, O130:H11, O174:H21, O178:H19
(2/13), ONT:H8, and ONT:H46 (Table 1). Their distribution
was 7.7% (1/13) strain from HS, 16% (4/25) from MS, and
15.8% (3/19) from LS.

Among the O157 strains the prevalent genotype was
stx2/stx2c-vha/eae/exhA detected in 54.5% (6/11) of strains,
followed by the stx2/eae/exhA genotype in 27.3% (3/11) of
strains. Among the STEC non-O157 strains, various geno-
types were detected but the prevalent was stx2/exhA/saa in
30.4% (14/46).

Prevalence of adhesins was as follows: eae 26.3% (15/57)
and saa 24.6% (14/57). All the isolates belonging to O157,
O26, ONT:H19, and OR:NM were attaching and effacing E.
coli strains (eae+). Also, ehxA was detected in 61.4% (35/57)
(Table 2) and expression of EHEC hemolysin calcium-
dependent was observed among strains belonging to the
following serotypes: O157:H7 (4/10), O157:NM, O8:H16,
O8:H19, O15:H27 (1/2), O79:H19 (1/2), O82:H8, O113:H21
(1/2), O130:H11, O153:H21, O174:H28, O178:H19 (3/13),
O179:H8, ONT:H7 (1/3), ONT:H8 (1/3), ONT:H19 (1/2),
ONT:H21, ONT:H46, and OR:NT. As shown in Table 1, some
strains belonging to the serotypes O26:H11, O157:H7 (6/10),
ONT:H19 (1/2), and O178:H19 (1/10), although carrying the
ehxA sequence did not exhibit enterohemolytic activity on
blood agar plates supplemented with 10mM CaCl

2

(Table 1).

3.1. Antimicrobial Resistance. All the STEC isolates were
susceptible to CIP, SXT, and C. Among the 57 STEC isolates,
16 (28.1%) were resistant to at least one of the antimicrobials
examined in the first step (AMP, S, AK or TE). Eighteen
(31.6%) strains showed reduced susceptibility. Three out
elevenO157 strains were resistant to AMP (1), S (1), or TE and
S (1). Table 1 shows reduced susceptibility to S, TE, or NA.

When the 11 AMP R/r STEC strains were phenotypi-
cally evaluated to detect 𝛽-lactamases, interactions between
antimicrobials or zones compatible with ESBLs were not
detected, but all the strains were R/r to KF. Carbapenemases
were not detected.

Table 2 shows the distribution of virulence markers and
antimicrobial resistance patterns of STEC strains by strata.
Statistical analysis showed no significant differences in the
frequencies among strata.

4. Discussion

Thepresent study examined the (i) serotype (ii) virulence and
(iii) antimicrobial profile of a geographical, socioeconomic,
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Table 1: Characterization of Shiga toxin-producing E.coli according to their strata, market, and round of sampling.

Serotype Virulence profile stx2 subtype Strata market (sampling round) R∗ r∗∗

O2:H25 stx2 stx2/stx2d∗∗∗ M7 (6) S
O8:H16 Ehly, ehxA, stx1 — M1 (5) s
O8:H19 Ehly, ehxA, stx2, stx1, saa stx2 M4 (2)
O15:H27 Ehly, ehxA, stx2, saa stx2 H8 (2)

stx2 stx2c-vhb M1 (1) AMP s
O26:H11 ehxA, eae, stx1 — M7 (6)
O79:H19 Ehly, ehxA, stx2, saa stx2 L6 (2)

Ehly, ehxA, stx2, stx1, saa stx2 L11 (4)
O82:H8 Ehly, ehxA, stx2, saa stx2/stx2c-vhb/stx2d∗∗∗ L8 (7) S, AK amp, cn, na, te, f
O113:H21 Ehly, ehxA, stx2, saa stx2/stx2c-vhb H11 (3) s

stx2 stx2c-vha M7 (3) s
O130:H11 Ehly, ehxA, stx2, saa stx2c-vhb/stx2d∗∗∗ L3 (4) s
O153:H21 Ehly, ehxA, stx2 stx2 H8 (3) s
O156:NM stx2 stx2 H1 (2) AMP
O157:H7 Ehly, ehxA, eae, stx2, stx1 stx2c-vha L9 (5) na

Ehly, ehxA, eae, stx2 stx2 H10 (2) AMP
stx2/stx2c-vha L1 (7); L7 (1)

ehxA, eae, stx2 stx2 L5 (7) te
stx2 M12 (2)∗∗∗∗

stx2/stx2c-vha M2 (7)∗∗∗∗ S, TE
M12 (7)∗∗∗∗ S te

L9 (6) s
stx2c-vha M2 (5)∗∗∗∗

O157:NM Ehly, ehxA, eae, stx2 stx2/stx2c-vha M1 (2)
O174:H21 stx2 stx2c-vhb/stx2d∗∗∗ M11 (4) s

stx2c-vhb L3 (3); L12 (5)
O174:H28 Ehly, ehxA, stx2, saa stx2 M11 (4) s
O178:H19 Ehly, ehxA, stx2, stx1, saa stx2c-vhb H10 (1) s

Ehly, ehxA, stx2 stx2/stx2d∗∗∗ M9 (1)
stx2c-vhb/stx2d∗∗∗ H7 (3)

ehxA, stx2 stx2c-vha/vhb M6 (1)
stx2 stx2c-vha/vhb H1 (1)

stx2c-vha H4 (2); M10 (5); L1 (2) AMP s
M2 (4); M11 (4) s

stx2c-vhb M7 (1) AMP s
H5 (1); L7 (3) s

O179:H8 Ehly, ehxA, stx2, saa stx2 L9 (3) s
ONT:H7 𝛼-hemol, ehxA, stx2 stx2 M10 (1) S

stx2 stx2/stx2c-vha L10 (1)
stx2c-vha H6 (6) S ak

ONT:H8 Ehly, ehxA, stx2, saa stx2c-vhb/stx2d∗∗∗ L3 (2) AMP s
stx2 stx2 M7 (2)

stx2c-vha M2 (4)
ONT:H19 Ehly, ehxA, eae, stx2 stx2 L1 (7) S te

ehxA, eae, stx2 stx2/stx2c-vha M8 (6) amp, s
ONT:H21 Ehly, ehxA, stx2, saa stx2/stx2c-vhb L3 (1)
ONT:H46 Ehly, ehxA, stx2, saa stx2c-vhb/stx2d∗∗∗ M4 (5) amp, s
ONT:NM stx2 stx2c-vha H11 (1)

stx2c-vhb L1 (3)
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Table 1: Continued.

Serotype Virulence profile stx2 subtype Strata market (sampling round) R∗ r∗∗

OR:NM Ehly, ehxA, eae, stx1 — M2 (2)
ND Ehly, ehxA, stx2, stx1, saa stx2 H1 (7) S te
AMP, amp: ampicillin; AK, ak: amikacin; S, s: streptomycin; cn: gentamicin; Te, te: tetracycline; na: nalidixic acid; f: nitrofurantoin.
Socioeconomic strata: H: high, M: medium, L: low.
∗R: antimicrobial resistance.
∗∗r: reduced susceptibility.
∗∗∗Mucus-activatable stx2d variant (Zheng et al. 2008) [10].
∗∗∗∗Strains from different sampling rounds in the same markets (M2 (5, 7) and M12 (2, 7)) belonging to the same serotype showed differences by subtyping
and antibiotyping.

and temporal well-defined collection of STEC and revealed
a high contamination of STEC O157 in low strata over time
(71.4% of the sampling rounds) and the major antimicrobial
resistance among strains at high strata. In our study, stx genes
were detected in 91 out of 252 samples.

The present study was stratified by socioeconomic level
due to the known association between the prevalence of
childhood diarrhea and economic inequalities. Differences
among socioeconomic groups are an important factor in the
genesis of diseases related to the widespread microbiological
contamination of the environment [32]. Several studies in
Latin America have shown that adequate hygiene practices
and good sanitary conditions decrease the levels of contam-
ination significantly [14, 15, 33]. In our study, due to the
sample size, no significant differences among strata were
shown in the STEC contamination level of ground beef.
Moreover, contamination persistence at the markets could
not be detected. However, when the contamination of STEC
O157 was considered independently, a seropathotype that has
been associated to the 60% of HUS cases in Argentina [34]
was prevalent in LS and MS, but only in LS over time (5
sampling rounds). This survey showed that, even though MS
had the highest prevalence of STEC, the major risk of STEC
O157 contamination was in LS.

The level of contamination by O157, confirmed by isola-
tion, was 4.4% (11/252) slightly higher than former surveys
(0.02–3.9%), carried out in ground beef, as well as in finished
meat products, sausages, processed meat, and dairy products
at different locations in Argentina [12, 13, 35–37].

Also, our results reached 36.1% of contamination of
STEC, higher than those described by Gomez et al. in the city
of Mar del Plata (8.4% of STEC) [38]. On the other hand, an
increase in the level of contamination by STEC from 12.4% in
carcasses to 25.0% at the markets reported by Etcheverŕıa et
al. could be due to cross contamination [14]. Likewise, Brusa
et al. reported contamination of both meat and the environ-
ment (utensils and handler’s hands) [15].The results obtained
in our study could not reveal that food contaminationwas the
result of environmental contamination of the market, since
the persistence was not demonstrated, but handlers as STEC
carriers were not evaluated.

Our results showed that O178 and O157 are the prevalent
STEC serogroups in ground beef. The serotype O178:H19 has
been formerly isolated from other sources and clinical cases
in Argentina [39–41] and Brazil [42].

The vast majority of outbreaks and sporadic cases in
humans have been associated with serotype O157:H7; how-
ever, non-O157 serogroups are frequent over the world. In
this study, serotypes O26:H11 and O113:H21 of international
interest were isolated. It is important to highlight the detec-
tion of O26:H11 in food samples because it is an important
pathogen in Argentina. Interestingly, the O145:NM serotype
highly prevalent in Argentina was not isolated in the samples
analyzed, probably due to the lack of enrichment, since
IMS was only used for enrichment of O157, neither was the
serotype O104:H4, which was responsible for the outbreak in
Germany, isolated [43].

The four non-O157 serotypes prevalent in Argentina
are O145:[H27,H-,NT], O121:[H19], O26:[H2,H11,NT], and
O174:[H8,H21,H28,H-] [44]. Then, serogroup O174, which
stands out as a local problem due to its clinical prevalence,
is not considered in any European or American standard
protocol. Currently, there is no specific diagnostic routine for
O174. Despite this, 4 strains O174 were isolated in the present
research and one of them was identified as stx2d.

According to virulence patterns of clinical strains from
Argentina [45], STECO157 strains isolated from ground beef
showed the genetic profile stx2, eae, ehxA, but prevalent
profiles of non-O157 varied. The phenotypic analysis showed
that, similar to Feng et al., some strains that had ehxA did not
exhibit enterohemolysis on blood agar plates supplemented
with 10mM CaCl

2

[46].
Resistance (R) has been reported in Enterobacteriaceae

and particularly in STEC [47–49]. Also, the multidrug
resistance phenotype among diarrheagenic E. coli strains is
emerging in different developing countries; for this reason
the antibiotic resistance of the STEC isolates was investigated.
Among the non-O157 strains we found only 1 isolate (332)
R/r to 5 different antimicrobial families, but non-multidrug
resistance (MR) based only on R results. In contrast, Mora
et al. reported 92% of MR non-O157 from bovine and meat
origin [50]. Also, Vidovic et al. detected MR phenotype
in human and bovine isolates in Canada [51]. Published
data for STEC isolates from foods, human, and veterinary
sources indicated a tendency of increasing resistance rates to
antibiotics [52]. Probably, the increase in resistance could be
related to antimicrobial therapy or to the use of antimicrobials
as growth promoters [51].

Most STEC isolates were resistant or showed reduced sus-
ceptibility to at least one of the common antimicrobial drugs
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AMP and/or S.The R to AMP could be inherent to the genus
or the occurrence of extended-spectrum 𝛽-lactamase (ESBL)
[30]. The high resistance R/r rate (59.6%) found in our study
is similar to that reported in developing countries [53, 54] and
constitutes a great concern inArgentina for public health.The
resistance pattern most often observed was not the same as
it was previously reported in Spain [50]. Unlike others, R to
STX was not shown in our isolates [50, 51, 53, 54]. Opposite
to Momtaz and Jamshidi, resistance of O26 serogroup was
not detected [55]. Also, O113 serogroup showed only reduced
susceptibility to S. The resistance was observed in all the
socioeconomic strata. Therefore, STEC strains from ground
beef, mainly from HS, may represent potential reservoirs of
antimicrobial resistance genes as shown in Table 2.

In our study 8/15 attaching and effacing E. coli strains
showed R/r, according to the reported association described
by Buvens et al. [56]. According toVidovic et al. the resistance
to tetracycline detected in O157 strains was closer to bovine
origin (36%) than to human one (4%) [51]. Considering
that person-to-person transmission has been documented
and the previous report of the same strain collected from
handler’s hands and meat samples in several markets, the
animal or human origin from this tetracycline R strains must
be considered [15, 57].

Indeed, 3/6 (50%) O157 R or r strains were obtained
from LS, where poor hygienic measures were observed
(data not shown). Momtaz and Jamshidi previously observed
poor sanitation as primary factor responsible for the high
antibiotic resistance in STEC from food [55].

STEC is a potential reservoir for antimicrobial resistance
genes and plays an important role in the ecology of antimi-
crobial resistance of bacterial populations. Former reports
demonstrated that the use of antimicrobial agents in farms is
strongly associatedwith the prevalence of antimicrobial resis-
tance in STEC strains isolated from food of animal origin.The
genetic content, combination, and emergence frequency of
this antibacterial susceptibility pattern may reflect the antibi-
otic selective pressure in this specific geographical region,
providing useful antimicrobial surveillance information for
the rational and effective use of antimicrobial agents [49].

The results of this study indicate that potentially patho-
genic E. coli strains are widely distributed among ground
beef of different socioeconomic levels. This is an interesting
observation that should be taken into consideration for health
intervention purposes.

The observed results imply the need to take good care
in the slaughter of cattle, in the bromatological analysis of
food at the markets, and in the techniques of disinfection and
hygienic handling of foods, mainly ground beef.

Upcoming studies will allow (i) identifying the ability
of isolates in producing biofilms, (ii) the presence of inte-
grons that relate to the antibacterial susceptibility patterns
described, and (iii) establishing the clonal relationship of the
strains obtained from different sources.

5. Conclusion

In this study, by serial samples of ground beef sold at markets
of different socioeconomic strata in a district of Argentina,

a high level of STEC contamination was detected exceeding
former reports. The virulence characteristics of the strains
isolated in this study are those corresponding to strains with
clinical impact in Argentina. Resistance patterns contribute
to the strains characterization and to defining the possible
epidemiological source.

STEC O157 detected in all the socioeconomic strata
showed the spread of the pathogen and its risk to the
population. According to the prevalence by strata, the risk
was higher at low strata, where STEC O157 was recovered at
several sampling rounds.

The immune capture of strains O26, O45, O103, O111,
O121, and O145, with impact in USA and Europe, would not
cover most of the common serogroups in several countries.

The STEC O178:H19 prevalent serotype, which was iso-
lated without IMS in our study, suggests a higher con-
tamination level than the recovered in this study. New
diagnostic systems should be considered to identify these
pathogens efficiently, according to the prevalence of the STEC
seropathotypes in the country. Considering the high impact
of HUS, it is necessary to establish more efficient micro-
biological analysis of food and provide the corresponding
training in good hygienic practices to handlers to improve the
quality of life of the population.
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diarrheal disease: a public health challenge in Colombia,” Pan
American Journal of Public Health, vol. 17, no. 1, pp. 6–14, 2005.

[34] E. Miliwebsky, N. Deza, A. Baschkier et al., “Vigilancia del
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Correspondence should be addressed to Maŕıa Isabel Romano; mromano@cnia.inta.gov.ar

Received 13 March 2014; Accepted 2 May 2014; Published 20 May 2014

Academic Editor: Angel Cataldi

Copyright © 2014 Mariana Noelia Viale et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The lprG-p55 operon of Mycobacterium tuberculosis and Mycobacterium bovis is involved in the transport of toxic compounds.
P55 is an efflux pump that provides resistance to several drugs, while LprG is a lipoprotein that modulates the host’s immune
response againstmycobacteria.The knockoutmutation of this operon severely reduces the replication of bothmycobacterial species
during infection in mice and increases susceptibility to toxic compounds. In order to gain insight into the function of LprG in the
Mycobacterium avium complex, in this study, we assayed the effect of the deletion of lprG gene in the D4ER strain ofMycobacterium
avium subsp. avium. The replacement of lprG gene with a hygromycin cassette caused a polar effect on the expression of p55. Also,
a twofold decrease in ethidium bromide susceptibility was observed and the resistance to the antibiotics rifampicin, amikacin,
linezolid, and rifabutin was impaired in the mutant strain. In addition, the mutation decreased the virulence of the bacteria in
macrophages in vitro and in a mice model in vivo. These findings clearly indicate that functional LprG and P55 are necessary for
the correct transport of toxic compounds and for the survival of MAA in vitro and in vivo.

1. Introduction

The Mycobacterium avium complex (MAC) includes nine
species of slow-growingmycobacteria.Mycobacterium avium
is further classified into four subspecies: Mycobacterium
avium subsp. avium (MAA), Mycobacterium avium subsp.
silvaticum (MAS), Mycobacterium avium subsp. paratuber-
culosis (MAP), andMycobacterium avium subsp. hominissuis
(MAH) [1]. Despite their close taxonomic relationship, theM.
avium subspecies represent phenotypically diverse organisms
with specific pathogenicity and host range characteristics.

LprG is an antigenic lipoprotein with a potential role
in bacterial cell wall assembly. This protein was previously
described as P27 in the Mycobacterium tuberculosis complex
[2–5] and the lprG gene has been annotated as Rv1411c in the

TubercuList web server (http://genolist.pasteur.fr/Tubercu-
List/). LprG induces a strong T helper 1 (Th1) response
and simultaneously facilitates the intracellular pathogen
multiplication, exacerbating the course of infection with M.
tuberculosis. Several researches have directed their efforts to
find out themechanism of this paradoxical effect of LprG. For
instance, Hovav and collaborators [6] evaluated the effect of
LprG inmice inoculated with BCG and demonstrated that an
increase in the susceptibility to infection withM. tuberculosis
in these BCG-inoculated mice overrides the protective effect
of the vaccine. Furthermore, Gehring and collaborators [7]
showed that LprG is a toll-like receptor 2 (TLR2) ligand that
inhibits the processing of major histocompatibility complex
(MHC) class II antigens by macrophages. This inhibition
may be an attractive mechanism of immune evasion used by
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M. tuberculosis. In addition, the glycolipid binding function
of LprG enhances the recognition of bacterial triacylated
glycolipids by TLR2 [3]. In MAP, there is a protein of 22KDa
that is recognized by anti-P27 sera that shares 75% identity
with its orthologous protein, LprG, in Mycobacterium leprae
and M. tuberculosis complex and elicits a strong cellular and
humoral response [8]. Downstream of the LprG-encoding
gene, there is an open reading frame (ORF), Rv1410c, which
encodes a 55 kDa protein (P55) highly similar to the major
facilitator superfamily (MFS) membrane proteins from the
Streptomyces species and other bacteria [9, 10]. P55 was anno-
tated as an aminoglycosides/tetracycline-transport integral
membrane protein and functions as an efflux pump that
provides resistance to several drugs, probably through a
process coupled to the oxidative balancewithin the cell [9, 10].
P55 of theM. tuberculosis complex shares 81% identity with its
orthologous in MAA and MAP.

The genomic organization of lprG and p55 in an operon
inM. tuberculosis andM. bovis [3] suggests that the function
of the two proteins is related to each other. The lprG and
p55 genes are conserved across several pathogenic and non-
pathogenicMycobacterium species, includingMycobacterium
bovis, M. tuberculosis, M. avium subspecies, M. leprae, and
Mycobacterium smegmatis. The knockout of the lprG-p55
operon causes strong attenuation in M. tuberculosis and
M. bovis when assayed in mice and macrophages [4, 11].
In addition, mutants lacking the expression of the lprG-
p55 operon in M. tuberculosis and M. smegmatis are more
susceptible to toxic compounds, such as ethidium bromide
[12, 13]. The multidrug resistance pump inhibitor reserpine
inhibits the intrinsic resistance to ethidium bromide in wild
type strains of M. tuberculosis and M. smegmatis, suggesting
that lprG-p55 functions through an efflux-pump mechanism
[12, 13]. M. tuberculosis mutant strains have been shown to
be hypersensitive to malachite green and to decolorize this
antimicrobial dye faster than the wild type strain. Also, M.
tuberculosis mutant strains are more susceptible to isoniazid
and ethambutol (first-line antituberculosis drugs) as well as
to sodium dodecyl sulfate (SDS) [13–15]. In M. smegmatis,
the cells lacking the lprG-p55 operon display abnormal
colonymorphology and are defective for slidingmotility [12].
Altogether, these results suggest that the absence of both
proteins causes alterations in the cell wall permeability and
in its composition and that LprG and P55 act cooperatively
in processes that involve the preservation of the cell wall and
the transport of toxic compounds in M. tuberculosis and M.
smegmatis [12, 13].

In summary, lprG and p55 are implicated in the resistance
to drugs and are encoded in an operon that is important for
the virulence ofM. tuberculosis complex members. In MAC,
however, the implication of the presence of these genes is still
unknown. The aim of this study was to assess the effect of
the lprG gene knockout in the virulence and susceptibility to
toxic compounds in MAA.

2. Materials and Methods

2.1. Gene Nomenclature and Homology. The MAV 3367 and
MAV 3369 genes in the genome sequence of the MAA

strain 104 (GenBank accession number NC 008595) are the
orthologous genes to lprG and p55, respectively, ofM. tuber-
culosis complex.The LprG-encoding gene of MAA (Gene ID:
4529349) has 73% identity with that of M. tuberculosis. The
MAP strain K-10 (GenBank accession number NC 002944)
also has a homologous gene annotated as lprG or MAP1138c
(Gene ID: 2718014), which has 99% identity to the sequence
of the MAA gene. The p55 gene of MAA (Gene ID: 4525521),
which encodes an aminoglycosides/tetracycline-transport
integral membrane protein, has 90% homology to p55 of M.
tuberculosis. InMAP, p55 is annotated asMAP1137c (Gene ID:
2718013) and is 99% homologous to the sequence of theMAA
p55 gene.

2.2. Bacterial Strains and Culture Media. Escherichia coli
strains were grown either in Luria-Bertani (LB) broth or on
LB agar supplemented with the corresponding antibiotics.
M. smegmatis strains were maintained in Middlebrook 7H9
medium supplemented with AD (0.5% bovine serum albu-
min, 0.2% glucose).

The avian purified protein derivative (PPDA) is prepared
from the D4ER strain of MAA and is used as the basis of
the double comparative delayed-type hypersensitivity (DTH)
skin test in Argentina [16, 17]. For this reason, we selected this
MAA strain to develop amutant.MAAwas grown inMiddle-
brook 7H9 medium supplemented with AD, 0.5% glycerol,
and 0.05% Tween 80 to avoid clumps. Solid cultures where
plated on Middlebrook 7H10 medium supplemented with
AD and 0.5% glycerol. When necessary, hygromycin (Hyg)
was added to the medium at a concentration of 75𝜇g/mL.
All cultures were routinely incubated at 37∘C in a shaking
incubator (100 rpm).

2.3. Generation of lprG Mutant of MAA. The lprG deletion
mutant of MAA was generated by allelic exchange muta-
genesis using the specialized transduction system described
by Bardarov et al. [18]. Briefly, the primers lprGup-Forward
(Bgl II) and lprGup-Reverse (Hind III) (Table 1 and Figure 1)
were used to amplify the lprGup region, while the primers
lprGdown-Forward (Xba I) and lprGdown-Reverse (Afl II)
(Table 1 and Figure 1) were used to amplify the lprGdown
region. The lprGup region corresponds to the first 48-bp
of lprG coding region plus the 567-bp-flanking 5 upstream
region. The lprGdown region consists of the genomic region
containing a 250-bp end in the downstream region of the lprG
gene plus 505-bp-flanking 3 region. All amplifications were
performed by PCR.

The fragments lprGup and lprGdown containing restric-
tion sites were directionally cloned into pYUB854 on either
side of the Hyg resistance (Hygr) gene to generate the allelic
exchange substrates (AESs) (Figure 1). The pYUB854 con-
taining AESs (pYUB854-lprG) were packed into the phasmid
phAE87 using an in vitro packaging solution (Gigapack
III; Stratagene) in E. coli HB101 and plated on LB agar
with Hyg. The recombinant phasmid, phAE87 with AESs,
was prepared from the pooled Hyg-resistant colonies and
electroporated intoM. smegmatismc2 155 to generate a trans-
ducing mycobacteriophage. After electroporation, top agar



BioMed Research International 3

Table 1: Primer sequences, annealing temperatures (T
𝑎

), and sizes of amplified products.

Name Primer sequence Forward Primer sequence Reverse T
𝑎

(∘C) Size (bp)
lprGup ctgagatctggacaccgtcagcgagatgc gtcaagcttgagggtcagggatgcgaaaa 63 613
lprGdown gtctctagaggccgcgaaaccatcaac tgtcttaagcgccagtcgtggaacaggaag 63 754
lprG-0 tcctggacccacacggtgct gggctccaagcagagcggtg 60 510
IS1245 gccgccgaaacgatctac aggtggcgtcgaggaagac 62 427
lprG-1 ctatcggccgttttcgcatc acgctcttgacgttcttggt 58 146
lprG-2 ctgagcatccagggcaagat ctgaccgttgatggtttcgc 58 309
p55-1 cgatgtacctgctgggctac atgaagatcccgtacagcgg 58 325
p55-2 gtgttctggatcaacgtgcc gcgatcaagaaccacagcag 58 443
gapdh 1 ccgtcgtacttgtcgtcgtt ggctcacctgctgaaattcg 58 306
gapdh 2 cgcgtcgtagtacttcagga cgtcaacgacgacaagtacg 58 443
lprG-compl catatgatgcagacccgccgc catatgtcacgagctcaccgg 61 708
operon-compl catatgatgcagacccgccgc catatgctaacgctcacccagcg 62 2,265

600bp 708bp 1557bp

lprG MAV 3369 ribD

ribD

ribE

ribE

Hyg

Hyg MAV 3369

M. avium wild type

M. avium mutant

1500bp

615bp 755bp

Figure 1: Mutation of the lprG gene of Mycobacterium avium
strain D4ER. Genomic region with flanking genes of lprG gene and
insertion of hygromycin (Hyg) resistant cassette is indicated. Arrows
above represent the length of lprG and flanking genes in M. avium
(sequenced strain 104). Arrows at the bottom indicate expected
bands after digestion of M. avium lprG mutant with restriction
enzymes. Values between arrows indicate the molecular weight of
genes or expected bands, expressed in base pairs (bp).

(0.6%) was added to the bacteria and the mix was plated on
Middlebrook 7H10 medium and incubated at the permissive
temperature (30∘C) for 3 days to generate phage lysates.
All transducing phages were plaque-purified and tested to
confirm the phenotype by PCR with locus specific primers.
Finally, the high titer transducing mycobacteriophages were
prepared (1010 plaque forming units PFU/mL) and mixed
with an equal volume of a MAA culture with an optical
density (OD) at 600 nm of 0.6, which had been previously
centrifuged and resuspended in MP buffer (50mM Tris-HCl
pH 7.6, 150mM NaCl, 10mM MgCl

2

, 2mM CaCl
2

). After
the recovery time, the culture was plated on 7H10 agar with
75 𝜇g/mL Hyg at 37∘C for 2 weeks and colonies were finally
selected for analysis.

2.4. Confirmation of Allelic Exchange Mutants: DNA Extrac-
tion and PCR. After 2 weeks of incubation on selective agar,
each Hygr colony was subcultured on a new selective agar
plate with Hyg to expand bacterial cultures for subsequent

analyses. DNA from the mycobacterial strains, wild type,
and candidate mutant colonies were extracted by the CTAB
method as described previously [19] and the gene disruption
was confirmed by PCR. Each PCR was performed with
specific primer pairs for amplifying lprG and IS1245. IS1245
is a specific insertion element from M. avium that allows
the identification of strains within this species. In this study,
IS1245was amplifiedwith primers designed byGuerrero et al.
[20] (Primers IS1245 Forward and Reverse Table 1), while
lprGwas amplified with primers lprG-0 Forward and Reverse
(Table 1).

2.5. RNA Isolation and RT-PCR. The pellet from a 150-mL
culture of the wild typeMAA and the mutant colony selected
(MAAΔlprG) were resuspended in 1mL Trizol reagent
(Sigma) and transferred to 2-mL screw-cap microcentrifuge
tubes containing 0.1-mm-diameter zirconium beads (Bio
101) for disrupting the cells. The disruption was performed
at 6.5 speed (4 cycles of 30 s each, cooling between cycles).
The aqueous phase was subsequently extracted twice
with chloroform and precipitated with isopropanol. The
remaining DNA in the samples was digested with DNAse
I (Invitrogen) for 15min at room temperature, followed by
DNAse I inactivation at 65∘C for 5min. The RNA samples
were repurified by using an RNA purification kit, according
to the manufacturer’s instructions (RNeasy Qiagen). The
examination of the purified total RNA by 1% agarose gel
electrophoresis revealed prominent 23S, 16S, and 5S riboso-
mal bands. The first strand of cDNA was synthesized using
3 𝜇g of total RNA from the wild type or MAAΔlprG strains
as templates. Random hexamers were used for the reaction.
This synthesis was performed following the indications in
the SuperScript Preamplification System for First Strand
cDNA Synthesis kit (Life Technologies). Ribonuclease-
treated RNA samples were used as a negative control. 5
𝜇L aliquot of the cDNA synthesis reaction was amplified
with two sets of primers for the lprG (lprG-1 Forward
and Reverse and lprG-2 Forward and Reverse) and p55
(p55-1 and p55-2 Forward and Reverse) genes, respectively
(Table 1). The housekeeping gapdh gene was used as a
positive control using the corresponding primers (Table 1).
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The amplification conditions are also indicated in Table 1.
The amplification products were detected in 1% agarose gels.

2.6. Construction of Complemented MAAΔlprG Strain. For
the complementation of the mutant phenotype, a fragment
containing the lprG gene or the complete lprG-p55 operon
was PCR-amplified from the wild type MAA genomic DNA
using the primers lprG-compl or operon-compl Forward
and Reverse, respectively (Table 1). The PCR products were
cloned into pGEM-T vector (Promega) and subcloned into
pVV16 to produce the plasmids plprG or plprG-p55. The
shuttle vector pVV16 has an E. coli origin of replication,
the mycobacterial pAL5000 origin of replication, a gene
for kanamicin resistance, and the hsp60 promoter. These
plasmids were used to transform MAAΔlprG by electro-
poration and, in turn, obtain the strains MAAΔlprG::lprG
and MAAΔlprG::lprG-p55. Colony selection was performed
on plates with kanamycin. Complementant strains were
confirmed by PCR and western blot.

2.7. Protein Extraction and Western Blot. Protein extractions
from wild type MAA, MAAΔlprG, and the complemented
strains were done as previously described [2]. Briefly, cell
pellets from 50-mL cultures were washed twice using ice
cold 10mM Tris-base (pH 9.5) with a protease inhibitor
cocktail. The cells were then resuspended in 1mL of the
same buffer and transferred to 2mL screw-cap microcen-
trifuge tubes containing zirconium beads and disrupted
by using a ribolyser glass bead as previously described.
Western blot assays were performed with mycobacterial
proteins fractionated on 12%-SDS polyacrylamide gel elec-
trophoresis and transferred to nitrocellulose membranes
(Bio-Rad). The membranes were blocked with 5% nonfat
dried milk in Tris-buffered saline (TBS), washed with TBS,
and probed with anti-LprG polyclonal antibody in a 1 : 500
dilution. An alkaline phosphatase-conjugated anti-rabbit
immunoglobulin G (Sigma) dilution of 1 : 2000 was used
as a secondary antibody. BCIP/NBT (5-bromo-4-chloro-
3-indolyl phosphate/nitroblue tetrazolium) Color Develop-
ment (Promega) was used for the colorimetric detection.The
protein Hsp70 was used as an internal control.

2.8. Drug Susceptibility Testing by the Proportion Method
and the Colorimetric-Based Method. The indirect proportion
method on Middlebrook 7H11 was used to determine the
minimal inhibitory concentration (MIC) of some drugs
used in M. tuberculosis and M. avium complex treatment
and therefore compare the drug resistant profiles of wild
type MAA strain and MAAΔlprG [21]. The drugs tested
were isoniazid (INH), rifampicin (RIF), kanamycin (KAN),
levofloxacin (LX), and p-nitro-benzoic acid (PNB) (19, 20,
21). MICs were assayed over the following concentrations of
antibiotics: 0.2 𝜇g/mL INH, 1.0 𝜇g/mL RIF, 6.0 𝜇g/mL KAN,
2.0 𝜇g/mL LX, and 500.0 𝜇g/mL PNB.

A microdilution colorimetric method was used for
MIC of other drugs: p-aminosalicylic acid (PAS), ethion-
amide (ETH), cycloserine (CS), clarithromycin (CLA),
azithromycin (AZ), amikacin (AMK), moxifloxacin (MOX),

linezolid (LZ), and rifabutin (RBT). Briefly, a noncommer-
cial, microplate colorimetric-based method with resazurin
(REMA) was used as a general indicator of cell growth
and viability, following a previously described method [21–
24]. In this method, a 96-well, microtiter, flat bottom plates
were used to perform drug susceptibility tests. Serial twofold
dilutions of the drugs were performed and wells were left
free of drugs to be used as growth controls. The wells were
inoculated with 100𝜇L of a 1 : 25 bacterial suspension with
turbidity comparable to 1.0 MacFarland standard (original
bacterial suspension). The plates were incubated at 37∘C for
5 days at a normal atmosphere. After the incubation period,
0.02% resazurin was added to the wells and incubated for
24 h.TheMIC for each particular drug was considered as the
lowest concentration showing less change in color compared
to the growth controls. The ranges of drug concentrations
usedwere 8.00–0.25 𝜇g/mLwith PAS and cut-off 2.00 𝜇g/mL;
8.00–0.025 𝜇g/mLwith ETH and cut-off 2.00𝜇g/mL; 120.00–
3.75 with CS and cut-off 30.00 𝜇g/mL; 8.00–0.25𝜇g/mL with
CLA and cut-off 2.00 𝜇g/mL; 8.00–0.25𝜇g/mL with AZ and
cut-off 2.00 𝜇g/mL; 8.00–0.25𝜇g/mL with AMK and cut-off
4.00 𝜇g/mL; 4.00–0.13𝜇g/mL with MOX and cut-off 0.50;
4.00–0.13 𝜇g/mL with LZ and cut-off 0.50; 2.00–0.03 with
RBT and cut-off 0.25 𝜇g/mL.

The methods and the concentration ranges for each
drug were based on the clinical standard protocols used for
M. tuberculosis and M. avium complex drug susceptibility
testing at the Tuberculosis Control Program Reference Labo-
ratory, “Dr. Cetrángolo” Lung disease Hospital, Buenos Aires
Province, Argentina.

2.9. Ethidium Bromide Sensitivity Assays. To evaluate the
susceptibility of wild typeMAA andMAAΔlprG to ethidium
bromide, we determined the MIC of each strain to this
toxic compound with the colorimetric method previously
explained for the antituberculosis drugs. The range of con-
centration used was 10–0.3 𝜇g/mL.

To analyze the growth kinetic in the presence of ethidium
bromide, wild-type MAA and MAAΔlprG were grown in
liquidmedium in the presence of 1𝜇g/mL ethidium bromide.
When necessary, reserpine at a concentration of 125𝜇g/mL
was added into the cultures. Reserpine is a plant alkaloid
whichmodulatesmultidrug efflux pumps that is often used in
functional assays [12, 13].The bacterial growthwasmonitored
by OD and the growth rate was compared to that in the
absence of ethidium bromide.

2.10. Mouse Infection Studies. BALB/c mice were intranasally
(i.n) or intraperitoneal (i.p) inoculated with bacillary
suspensions with a known concentration of 1 × 107 viable
cells in 50 𝜇L phosphate buffer saline (PBS). Each animal was
anesthetized with Ketamine/xylazine and inoculated with
wild-type MAA or MAAΔlprG strains. Four mice per group
were sacrificed at 20 and 80 days postinfection (dpi) and the
lungs were removed and homogenized (i.n infections). Other
four mice per group were sacrificed at 2, 7, 14, and 70 dpi
and the spleens were collected from individual animals (i.p
infections). The tissues were homogenized in 1mL ice-cold
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PBS using a tissue homogenizer and serial dilutions of
each homogenate were spread onto duplicate Middlebrook
7H10 agar medium. The number of colony forming units
(CFUs) was calculated after 2 to 3 weeks. All experiments
were done according to the instructions of the Committee
for Institutional Care and Use of Animal Experimentation
(CICUAE) of INTA.

2.11. Macrophage Infection Studies. Themurine macrophage-
like cell line J774 was infected as previously described [25],
with somemodifications. Briefly, J774 cells were resuspended
in RPMI-1640 complete medium (with 4mML-glutamine,
1mM/L pyruvate, 4500mg/L glucose) and 2% fetal bovine
serum (FBS) and adjusted to a concentration of 105 cells/mL.
The cells were distributed (1mL per well) into 24-well
tissue culture plates and were allowed to adhere for 24 h at
37∘C in 5% CO

2

in a humidified atmosphere. Macrophages
were infected with a multiplicity of infection (MOI) of 5
with wild type MAA, MAAΔlprG, MAAΔlprG::lprG, and
MAAΔlprG::lprG-p55 strains. The infected cells were incu-
bated for 3 h (𝑡 = 0) and then washed three times with warm
PBS. At 0, 24, 48, and 72 hours postinfection (hpi), the cells
were scraped and lysed with 0.5mL 0.1% Triton X-100 for
15min. The lysate was serially diluted in PBS and plated on
7H10 agar to assess theCFUs.This experimentwas performed
in triplicate.

2.12. Statistical Analysis. CFU data were analyzed with
Microsoft Excel statistical software using Student’s t-test. The
P values < 0.05 were considered statistically significant.

3. Results

3.1. Generation of lprG-Knockout Strain of MAA. In the
present study, we generated the lprG deletion mutant
MAAΔlprG from MAA using a specialized transduction
system, which was previously described by Bardarov et al.
[18]. PCR with the specific lprG primers was performed to
confirm the allelic replacement and absence of lprG in those
colonies that were Hyg resistant. One MAAΔlprG clone was
selected among PCR-negative clones for further studies. As
an internal control, the identity of the MAA colonies was
corroborated by PCR using primers against IS1245 (data not
shown).

To confirm that the chromosomal mutation disrupted
lprG synthesis, cell lysates from wild type MAA and
MAAΔlprG were analyzed by SDS-PAGE and western blot
using anti-LprG polyclonal mice sera. A 22-KDa band cor-
responding to the expected size for LprG was observed in
whole-cell extracts from the wild type MAA strain but it was
absent inMAAΔlprG.These results confirmed the disruption
of the lprG gene and the absence of the protein in the
mutant strain (Figure 2).We also included the complemented
strains in the western blot analyses, demonstrating that
the complementation restored the expression of the protein
(Figure 2).

In a previous study, it has been demonstrated the presence
of polycistronic mRNA species containing both lprG and p55

1a 4b3b2b1b4a3a2a
95
72

55

43

34

26

17

Figure 2: Detection of the protein LprG in MAA wild type (1),
MAAΔlprG (2), MAAΔlprG::lprG (3), and MAAΔlprG::lprG-p55
(4). Western blot was performed with anti-LprG sera (a) and anti-
Hsp70 sera (b) as internal control. LprG was not detected in
the MAAΔlprG protein fraction, while the complemented strains
restored its expression.

lprG p gapdh lprG p gapdh
MAA wt MAAΔlprG

55 55
1000 bp
500bp
300bp
100 bp

Figure 3: RT-PCR of lprG, p55, and the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (gapdh) were used as
the internal control. MAA wild type and MAAΔlprG cDNA were
obtained using random hexamers for conversion of mRNA. Two
different specific primers pairs were used to amplify lprG (lprG-1
and lprG-2), p55 (p55-1 and p55-2), and gapdh (gapdh 1 and gapdh 2).
The introduction of a Hyg resistance cassette in the coding sequence
of lprG of the MAA D4ER strain induced a polar effect on the
expression of the downstream gene p55.

transcripts inM. bovis andM. tuberculosis [3]. To investigate
the effect of lprG mutation on the expression of lprG and
p55 inMAA, we conducted a RT-PCR. The transcription of
lprG and p55 was evaluated using different pairs of primers
for lprG and for p55 (Table 1). Neither lprG nor p55 mRNAs
were observed inMAAΔlprG (Figure 3), which indicates that
the insertion of the Hyg-resistance cassette in lprG gene
exerts a polar effect on p55. This result is consistent with the
polycistronic arrangement of these genes in M. tuberculosis
complex.

3.2. Role of LprG and P55 from MAA in the Resistance to
Antibiotics and Toxic Compounds. Several first- and second-
line drugs are used against M. tuberculosis and M. avium
complex. To explore the susceptibility of MAA to some of
these drugs in the absence of lprG and p55, we tested the
resistance of MAAΔlprG by two different methods based
on the protocol standardized at the “Dr. Cetrángolo” Lung
disease Hospital, Buenos Aires Province, Argentina. While
the lack of LprG and P55 did not affect the resistance to
INH, LX, PNB, PAS, ETH, and CS, and also did not affect
susceptibility to KAN, CLA, and AZ, MAAΔlprG was more
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Figure 4: Ethidium bromide susceptibility and effect of pump inhibitor reserpine inMAAwild type (a) andMAAΔlprG (b). Bacterial strains
were grown with 1 𝜇g/mL of ethidium bromide (full line with triangles), without ethidium bromide (full line with diamonds) or with 1𝜇g/mL
of ethidium bromide plus reserpine (dotted lines with squares).

Table 2: Drug susceptibility of MAA wild type and MAAΔlprG.

Drug M. avium wild type M. avium ΔlprG
INHa Resistant Resistant
RIFa Resistant Susceptiblec

LXa Resistant Resistant
KANa Susceptible Susceptible
PNBa Resistant Resistant

Determination of MIC (𝜇g/mL)
PASb >8.0 (resistant) >8.0 (resistant)
ETHb

>8.0 (resistant) >8.0 (resistant)
CSb 120.0 (resistant) 120.0 (resistant)
CLAb 0.5 (susceptible) 0.5 (susceptible)
AZb 1 (susceptible) 1 (susceptible)
AMKb 8.0 (resistant) 4.0 (susceptible) c

MOXb
>1.0 (resistant) 1.0 (resistant) c

LZb 2.0 (resistant) 0.5 (susceptible) c

RBTb
>2.0 (resistant) 0.25 (susceptible) c

aDrug resistance was assayed using indirect proportion method on Middle-
brook 7H11. bMICswere determined by the resazurin assay. cResitance values
lower than those of theM. avium wild type strain.

susceptible to RIF, AMK, LZ, MOX, and RBT than the wild
type MAA strain (Table 2).

Taking into account that the deletion of the lprG-p55
operon in M. smegmatis [12] and M. tuberculosis [13] makes
these bacteria more susceptible to ethidium bromide, we
decided to assay the susceptibility of MAA to this toxic
compound.We first determine theMIC of ethidium bromide
for the wild typeMAA,MAAΔlprG, and both complemented
strains by the colorimetric method with resazurin. Wild
type MAA showed a MIC of 5, while the MAAΔlprG strain
exhibited aMICof 2.5, indicating a higher susceptibility of the
mutant to the toxic compound. We then assayed the MIC for
the complemented strains. MAAΔlprG::lprG showed a MIC
of 2.5 and MAAΔlprG::lprG-p55 showed a MIC of 5, similar
to those obtained for MAAΔlprG and wild type strains,
respectively.These results suggest that P55 is implicated in the

resistance to this toxic compound inMAA. To assess efflux of
ethidiumbromide, we chose a concentration that ensures that
its accumulation is lower than that which causes ethidium
bromide to reach and intercalate into DNA (lower than
half the MIC for the mutant strain). The MAAΔlprG strain
showed higher sensitivity to 1𝜇g/mL of ethidium bromide
(Figure 4(b)) than the wild type MAA strain (Figure 4(a)).
The presence of the pump inhibitor reserpine reversed the
intrinsic resistance of the wild type strain to ethidium bro-
mide (Figure 4) indicating that resistance to this toxic com-
pound is caused by amechanismdependent on efflux pumps.

3.3. In Vivo Growth Studies. The infection and survival
patterns of MAAΔlprGwere evaluated in vivo to examine the
role of LprG and P55 in the virulence of MAA. We used the
intranasal and intraperitoneal route to infect BALB/c mice
and determined organ colonization in the lung and spleen
by colony forming units (CFUs) counting at different time
points.With the intranasal infection, the CFUs in the lungs of
both strains were equivalent to 21 dpi, and these values were
10 log higher than the values obtained at 80 dpi. However, at
this later time point, the burden of MAAΔlprG in the lungs
exhibited a significant reduction compared to that of thewild-
type MAA strain (Figure 5(a)).

With the intraperitoneal inoculation, a significant reduc-
tion in the number of CFUs was detected at 7, 14, and 70 dpi
in the spleens of mice inoculated with MAAΔlprG compared
to the mice inoculated with wild-type MAA. Very few or no
bacteria were found in the spleens 70 dpi with MAAΔlprG
(Figure 5(b)).

3.4. Macrophage Infection. Next, we used the murine
macrophage cell line J774 to determine whether the
attenuated phenotype of MAAΔlprG observed in mice
was a consequence of an inability of the MAAΔlprG strain
to subvert the macrophage microbicidal mechanism. For
this purpose, we assessed the intracellular survival of
wild-type MAA and MAAΔlprG. We also assayed the
virulence of complemented strains MAAΔlprG::lprG and
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Figure 5: Mouse infections with MAA wild type (black bars) and MAAΔlprG (white bars). BALB/c mice were intranasally (a) or
intraperitoneally (b) inoculated with bacillary suspensions to 1 × 107 viable cells. Four mice per group were sacrificed at 21 and 80 (a) or 2, 7,
14, and 70 (b) days postinfection and lungs (a) or spleen (b) were removed.The CFUs were determined by four dilutions of each homogenate
spread onto duplicate plates. The values are expressed as the means ± SD of log CFU in four mice. These data are based on two independent
experiments with similar results. Significantly different from values of the wild type strain ∗∗𝑃 < 0.01, ∗𝑃 < 0.05.
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Figure 6: Bacterial growth in J774 macrophages assessed by CFU
at 0, 24, 48, and 72 hours postinfection. Infection with MAA wild
type (black bars), MAAΔlprG (white bars), MAAΔlprG::lprG (light
grey bars), and MAAΔlprG::lprG-p55 (strong grey bars) performed
at a MOI of 5. Data indicate the mean ± SD of log CFU by triplicate.
Significantly different from values of the wild type strain ∗∗𝑃 < 0.01,
∗

𝑃 < 0.05.

MAAΔlprG::lprG-p55 in vitro in the murine macrophage.
CFUs of MAAΔlprG were significantly lower than that of
the wild-type and complemented strains (Figure 6) and
the replication rate of MAAΔlprG was steady and low.
These results indicate that the mutation of lprG impaired
the replication of MAA inside murine macrophages.
Furthermore, we demonstrated that the wild-type phenotype
is restored with the whole operon complementation; which
indicates that LprG or P55 or both are necessary for
establishing a successful infection, replicating and persisting
in host cells. Unexpectedly, complementation with only
the lprG gene significantly increased the replication in
macrophages after 72 hpi. Since LprG is implicated in the
virulence of bacteria of M. tuberculosis complex, this result
confirms a similar role in MAA.

4. Discussion

LprG is a surface-expressed lipoproteinwhich is also secreted.
This protein has been implicated in the modulation of the
host immune response during M. tuberculosis infection,
inhibiting the antigen presenting cells to process and present
MHC-II antigens [7]. This antigenic membrane protein in
M. tuberculosis and M. bovis was first identified by Bigi
and collaborators in 1997 [2] and named P27 because of its
molecular weight. The lprG gene is part of an operon in M.
tuberculosis,M. bovis, andM. smegmatis, cotranscribed with
its adjacent gene p55 (Rv1410c) [3, 12].

In this study, we demonstrated that the introduction of
a Hyg resistance cassette in the coding sequence of lprG
of the D4ER strain of MAA induced a polar effect on the
expression of the downstream gene p55. This result and the
fact that there is a close proximity between lprG and p55 in
the same transcriptional orientation suggest that both genes
are also part of an operon in M. avium. However, there is a
possibility that the downstream gene p55 could have a pro-
moter for itself in the fragment of lprG replaced with the Hyg
resistance, so we cannot exclude marginal expression of p55
in conditions different to those that we have analysed. Also,
operons with more than one promoter have been described
in mycobacteria which are active under different conditions
[26–28]. Regardless of the function of the individual proteins,
the putative organization in an operon could suggest that the
two protein functions are related both in the M. tuberculosis
complex and in the M. avium complex. In the present
study, the significantly impaired growth and persistence of
MAAΔlprG in macrophages and in a mice model suggest
that the expression of LprG or P55 or both is involved in the
bacterial virulence. Bacterial attenuation in the mutant strain
makes it susceptible to the bactericide mechanisms of phago-
cytic cells. However, the conservation of the operon in the
nonpathogenic mycobacteriaM. smegmatis suggests that the
biological role of these proteins is also required during envi-
ronmental growth. Rv1410c/p55 gene encoding the P55 efflux
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pump of the M. tuberculosis complex has been postulated
to be involved in drug resistance because of its homology
with the major facilitator superfamily (MFS) antibiotic trans-
porters from other bacteria [29, 30] and is annotated as an
aminoglycosides/tetracycline-transport integral membrane
protein. This transporter belongs to the drug/H+ antiporter-
14-transmembrane domain (DHA14) family, whosemembers
are thought to export cationic small molecules by proton
motive force; this is themain source of energy used by the P55
efflux pump to extrude drugs [12]. Characterized members
of the DHA14 transporter family were identified based on
their ability to confer drug resistance when heterologous
P55 from M. tuberculosis and M. bovis was expressed in M.
smegmatis [12]. P55 from M. tuberculosis confers resistance
to amynoglycosides [12]. In accordance with these findings,
in the present study we demonstrated that a mutant with
loss of LprG and P55 in MAA has a reduced resistance to
rifampicin, amikacin, moxifloxacin, linezolid, and rifabutin.
Ramón-Garćıa and collaborators [10] proposed that P55
plays an essential role as an efflux pump in detoxification
processes coupled to oxidative balancewithinM. tuberculosis.
M. tuberculosis possesses many efflux pumps and their roles
in drug resistance and physiology are actively investigated.
Effluxpumps are also involved in drug tolerance because their
increased expression may allow bacteria to survive otherwise
lethal concentrations of substrate antibiotic and thus allow
selection for target mutations that increase drug resistance
levels [31, 32]. Therefore, efflux pumps extrude a wide variety
of chemically unrelated compounds conferring multidrug
resistance and participate in numerous physiological pro-
cesses. The role of these pumps in drug resistance should
be actively investigated in different mycobacteria to develop
pump inhibitors that could provide valuable tools against
mycobacterial diseases.Thehigh susceptibility ofMAAΔlprG
to ethidium bromide and the finding that reserpine, a pump
inhibitor, alters the intrinsic resistance of MAA parental
strain to ethidium bromide indicate that the susceptibility
observed in MAAΔlprG is due to the lack of the efflux
pump function. The MIC of ethidium bromide found in the
mutant strain is lower than the MIC of the wild type MAA,
further confirming these results. MAAΔlprG::lprG shown
the same MIC that MAAΔlprG, while MAAΔlprG::lprG-p55
displayed a MIC similar to the wild type strain. The findings
support the fact that P55 or both proteins (P55 and LprG)
are necessary for the proper operon activity and that P55
may be implicated in efflux transport in M. avium complex.
Therefore, this operon probably contributes to the resistance
to environmental toxins in MAA, as demonstrated in M.
tuberculosis [13]. The ability of P55 to transport substrates is
likely to be crucial to its physiological role inM. tuberculosis
during infection [11] and, according to our results, also for
MAA.

M. tuberculosis lipoproteins are major antigens and
trigger the activation of cellular and humoral immune
responses to mycobacteria. Lipoproteins are potent ago-
nists of TLR2, which upon long term stimulation has been
associated with the downregulation or deviation of the
immune response. Within the M. tuberculosis genome, the
lipoproteins LprG and LppX share significant homology.

LppX is required for the translocation of the cell wall
lipid phthiocerol dimycocerosate (PDIM) and functionally
associated with the resistance-nodulation-cell division small
molecule transporterMmpl7, which exports PDIM across the
cell membrane.The residues in LppX that are shared by LprG
constitute the pocket within which PDIM is thought to reside
[12]. Given the structural homology between LppX and LprG,
we hypothesized that LprG could contribute to the transport
of a lipid substrate to P55. In addition, LprG binds other
glycolipids as lipoarabinomannan (LAM), lipomannan (LM),
and phosphatidylinositol mannosides (PIM), suggesting that
it may be a carrier of these important components of the
bacterial cell wall [33–35].Therefore, the importance of LprG
in virulence could be due to its contribution to assembly,
trafficking, and cell wall insertion of glycolipids. These
findings led us to hypothesize that a mutant in the lprG gene
could be used as a vaccine against mycobacterial diseases.

It was previously demonstrated that the integrity of the
lprG-p55 operon is crucial for replication of M. tuberculosis
and M. bovis [5, 11]. In this study, we demonstrated that the
knockout mutation of the lprG also impaired the replication
and persistence of MAA in macrophages. It is worthy to
mention that the macrophages assays represent the behavior
of the M. avium strains during the early stage of infection;
then we hypothesized that MAA mutation prevents correct
cell wall insertion of glycolipids affecting its virulence and
replication within macrophages. In order to confirm that the
phenotype observed was due to the absence of LprG and P55,
we restored a copy of the wild type genes. We transformed
MAAΔlprG with an expression plasmid of mycobacteria
containing the whole operon or the lprG gene only and we
evaluated the virulence in macrophages. The complementa-
tion with the whole operon restored the wild type phenotype,
indicating that this operon was necessary for a successful
infection and replication in the host cells. These results are
comparable with that observed by Bianco and collaborators
in M. bovis [7], where a mutant strain in lprG-p55 restored
the wild type phenotype in murine macrophages when it
was complemented with the whole operon. Unexpectedly,
MAAΔlprG::lprG increased significantly the replication in
macrophages at 72 dpi. This effect could be attributed to the
estequiometric balance in the expression of LprG because of
the overexpression under a strong promoter.The overexpres-
sion could change the regulation of endogen mechanisms,
suggesting an infection facilitator effect of the protein as it
was described inM. tuberculosis complex [6].The inoculation
of LprG in mice produced an increase in the susceptibility
to the infection with M. tuberculosis and the coinoculation
of LprG with BCG annulated the protective effect of the
vaccine [6]. Our results suggest that the protein LprG in
MAA could exacerbate bacteria proliferation, beating the
immunosuppressant effect of macrophages.

In conclusion, although the exact function of LprG and
P55 of MAA should continue under study, the evidence that
restitution in MAA mutant of only LprG was not enough to
return to wild type resistance to toxic compounds supports
the hypothesis that P55 is involved in transport processes
in MAA. However, if LprG and P55 are encoded in the
same operon, it suggests that the two protein functions are
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related. LprG seems to be necessary for the transport of toxic
compounds across the bacterial cell wall and this transport in
turn may be mediated by P55. The reason for the multidrug-
resistant (MDR) phenotype of MAA is its mycobacterial
cell envelope, which is relatively impermeable to antibiotics.
Efflux pumps can play an important role in their antibiotic
resistance preventing toxic compounds from reaching their
targets. Furthermore, LprG and P55 are likely to function in
cooperation inMAA to counterattack themicrobicidal action
of macrophages, as demonstrated inM. tuberculosis.

Our findings will help to understand efflux-mediated
drug resistance in mycobacteria belonging to the MAC and
will contribute to the knowledge for future development of
effective antimycobacterial therapies.
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Nontuberculous mycobacteria (NTM) have recently been recognized as important species that cause disease even in immunocom-
petent individuals. The mechanisms that these species use to infect and persist inside macrophages are not well characterised. To
gain insight concerning this process we used THP-1 macrophages infected with M. abscessus, M. fortuitum, M. celatum, and M.
tuberculosis. Our results showed that slow-growing mycobacteria gained entrance into these cells with more efficiency than fast-
growing mycobacteria. We have also demonstrated that viable slow-growing M. celatum persisted inside macrophages without
causing cell damage and without inducing reactive oxygen species (ROS), as M. tuberculosis caused. In contrast, fast-growing
mycobacteria destroyed the cells and induced high levels of ROS. Additionally, the macrophage cytokine pattern induced by M.
celatumwas different from the one induced by eitherM. tuberculosis or fast-growing mycobacteria. Our results also suggest that, in
some cases, the intracellular survival of mycobacteria and the immune response that they induce in macrophages could be related
to their growth rate. In addition, the modulation of macrophage cytokine production, caused by M. celatum, might be a novel
immune-evasion strategy used to survive inside macrophages that is different from the one reported forM. tuberculosis.

1. Introduction

Tuberculosis remains a global public health problem of enor-
mous scope and proportion, with an estimated one-third of
the world’s population harbouring a latent infection and
approximately 1.5 million deaths occurring annually from the
active disease [1]. The unfortunate intersection of the tuber-
culosis and HIV pandemics in many developing nations has
led to enormous morbidity and mortality [2], with the addi-
tional recognition of some nontuberculous mycobacteria
(NTM) as important etiological agents of disease, aside from

that caused by Mycobacterium tuberculosis (representative
species of the M. tuberculosis complex) [3]. The three most
common NTM that cause skin and soft tissue infections
in humans are Mycobacterium abscessus, Mycobacterium
chelonae, and Mycobacterium fortuitum [4], and the most
common causes of pulmonary disease are M. abscessus and
M. avium [5]. Some other species have been described to be
uncommon causes of human diseases, such as Mycobac-
terium branderi,Mycobacterium celatum, andMycobacterium
bohemicum. Despite this,M. celatumwas previously shown to
be an underestimated cause of pulmonary and disseminated

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 916521, 10 pages
http://dx.doi.org/10.1155/2014/916521

http://dx.doi.org/10.1155/2014/916521


2 BioMed Research International

infections which may even be fatal [6] and has sometimes
been misled withM. tuberculosis orM. terrae-like organisms
[7].We now know that NTMnot only cause disease in immu-
nocompromised individuals [3, 8–11], but they also affect the
immunocompetent individuals [3, 6, 7, 12].

NTM are widely distributed in the environment with
high isolation rates worldwide.These microorganisms can be
found in soil and in both natural and treated water sources.
Since there is no evidence of animal-to-human or human-to-
human transmission of NTM, human disease is suspected to
be acquired from environmental exposures. The most com-
mon clinical manifestation of NTM is lung disease, but
lymphatic, skin/soft tissue, and disseminated diseases are also
important [3].

Little is known about the immune response against
NTM, but it has been extensively studied forM. tuberculosis.
Infection with this pathogen is produced by the inhalation
of aerosols containing a small number of bacilli [13]. Alveolar
macrophages (MΦ) not only represent the first line of defence
with their intracellular killing of bacteria and antigen pre-
sentation to lymphocytes but also provide the habitat where
mycobacteria can reside [14, 15]. By arresting phagosome
maturation and phagolysosomal fusion [13], M. tuberculosis
causes the destruction of the MΦ, which allows the bacilli to
infect newMΦ and thus perpetuate the infection [16, 17].The
outcome depends on the resistance of the host and the viru-
lence of the infecting strain [18, 19]. If mycobacteria are not
killed in this initial stage, they survive and proliferate inside
the macrophages. This intracellular survival is well docu-
mented for M. tuberculosis [14, 20–24], but it has also been
described for a few NTM [14], including M. marinum [25]
andM. fortuitum [26].

Infection of human acute monocytic leukemia THP-1
cells and infection of bone marrow-derived macrophages
(BMDM) are widely used models mimicking MΦ-Mtb inter-
actions [15, 27–29]. Through these models, it has been
demonstrated that some M. tuberculosis subcellular compo-
nents, such as the cell wall lipoarabinomannan, trigger a
cascade of proinflammatory cytokines and chemokines
which, in turn, upregulate key components of the host
defence against M. tuberculosis [15, 18, 28, 30, 31]. Since fur-
ther analysis is needed to better understand this immune phe-
nomenon between NTM and MΦ, we conducted the present
study using different NTM species to elucidate (1) their
ability to infect, persist, and proliferate inside their main host
cell, the macrophage; (2) their effect on the initial innate
immune response of macrophages. We studied two slow-
growing mycobacteria, M. celatum and M. tuberculosis, and
two fast-growing mycobacteria, M. abscessus and M. fortui-
tum. We report here that intracellular survival of mycobacte-
ria and initial immune response elicited from macrophages
might be related to their growth rate. To the best of our
knowledge, this is the first evidence of persistence and sur-
vival ofM. celatum inside humanmacrophages inducing a cell
response which is different from that of M. tuberculosis, the
typical pathogenic slow-growing bacillus.

2. Material and Methods

2.1. Mycobacterial Culture. M. tuberculosis H37Rv, M. cela-
tumATCC 51130 (strain 1908),M. fortuitumATCC 6841, and
a clinical isolate of M. abscessus (previously identified by
rRNA 16S sequencing) were cultured in Dubos medium with
10% of albumin-dextrose-catalase supplement (bovine albu-
min fraction V 50 g/L, dextrose 20 g/L, and catalase 0.04 g/L)
(Becton Dickinson, Franklin Lakes, NJ, USA) and incubated
at 37∘C.The bacteria were then pelleted by centrifugation and
resuspended in RPMI 1640 medium (Gibco, Life Technolo-
gies, Grand Island, NY, USA) [17]. Viability was evaluated by
counting the colony-forming units (CFUs), and the bacterial
suspension was aliquoted and frozen at −70∘C.

2.2. Cell Line Culture and Infection. The human monocyte
THP-1 cell line was used for this study (ATCC TIB 202). The
cells were cultured in RPMI 1640 (Gibco) supplemented with
10% heat-inactivated foetal calf serum and 0.45% dextrose
(Sigma Aldrich, St. Louis, MO, USA) and incubated at 37∘C
in 5% CO

2

incubator to a density of 1 × 106 cells/mL. Cells
were counted in a Neubauer chamber after trypan blue stain-
ing. THP-1 cells were treated with phorbol-12-myristate-13-
acetate (PMA, SigmaAldrich) at a concentration of 20 nM for
72 h to induce differentiation intomacrophage.Mycobacteria
were added to the macrophage culture at a multiplicity of
infection (MOI) of 5. After 6 h at 37∘C and 5% CO

2

, the
infected macrophages were washed with Hanks solution 1x
(Gibco) to remove extracellular mycobacteria and incubated
with fresh medium.

2.3. Phagocytosis Rate Evaluation. 200,000 macrophages
were plated in each well of an 8-well chamber slide (Nunc,
Thermo Scientific, Rockford, IL, USA) and infected with the
indicated mycobacterial strain (MOI = 5). After 6, 12, 24, 48,
and 72 h, cells were fixed with 4% p-formaldehyde, stained
with the Kinyoun method (Difco, Becton Dickinson), and
analysed by optical microscopy (1000x). The infection/
ingestion percentage was determined by counting macroph-
ages with more than one intracellular mycobacterium
and macrophages without intracellular mycobacteria. The
integrity of the THP-1 macrophage monolayer was evaluated
by optical microscopy (1000x; Carl Zeiss Axiostar Plus
microscope, Germany). For this purpose, the percentage of
integrity was determined by counting macrophages in
infected and noninfected cultures (control) at the same time.
100% of integrity corresponded to the macrophage total
number in noninfected cultures.

2.4. Quantification of Viable Intracellular Mycobacteria.
500,000 macrophages were plated in each well of a 24-well
flat-bottom plate (Costar, Sigma Aldrich) and infected with
the indicatedmycobacterial strain (MOI = 5). After 6, 24, and
48 h, the cells were lysed with 0.05% Tween 20 (Sigma
Aldrich) and the supernatants were cultured to determine
mycobacterial CFUs. In order to investigate if macrophages
were responsible for intracellularmultiplication control of the
mycobacteria tested, CFUs counts obtained from the infected
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cells were compared to those of the same mycobacteria cul-
tured under the same conditions, but without macrophages.
In this latter condition, mycobacteria were grown in RPMI
medium because it has been reported previously [32] that this
microorganism can grow optimally in this kind of medium.

2.5. Production of Reactive Oxygen Species by Macrophages.
150,000 macrophages were plated in each well of a 96-well
flat-bottom plate (Costar, Sigma Aldrich) and infected with
the indicated mycobacterial strain (MOI = 5). 1% Nitro blue
tetrazolium chloride (Sigma Aldrich) was added at 𝑡 = 0
after 6 h or 24 h and then incubated for 15min and the
reaction was stopped by adding 10% sodium dodecyl
sulphate/0.08N NaOH; the colour intensity was quantified
with a microplate reader (Thermo Multiscan EX, USA) at
600 nm. Cells restimulated with 20 nM PMA were used as
our positive control for ROS production (PMA group).
Nonstimulated cells (noninfected PMA treated cells) were
used as a negative control and considered as our baseline level
for ROS.

2.6. Production of Cytokines by Macrophages. 1 × 106 macro-
phages were plated in each well of a 24-well flat-bottom
plate (Costar, Sigma Aldrich) and infected with the indicated
mycobacterial strain (MOI = 5). After 6 and 24 h, the super-
natants were collected and analysed by ELISA (TiterZyme,
Assay Designs, Ann Arbor, MI, USA) to determine the
concentrations of TNF-𝛼, IL-1𝛽, IL-8, and TGF-𝛽, according
to manufacturer’s protocol.

2.7. Statistical Analysis. All the experiments were performed
in triplicate and repeated on three independent occasions.
The results were analysed by one-way ANOVA with Tukey’s
post-test, using SigmaStat v.3.1 (Systat Software, San Jose, CA,
USA). A 𝑃 < 0.05 was considered statistically significant.

3. Results

3.1. Slow-Growing Mycobacteria Gain Entrance to THP-
1 Macrophages with More Efficiency than Fast-Growing
Mycobacteria. Quantification of intracellular mycobacteria
in infected THP-1 macrophages showed that, 6 h after infec-
tion, the percentage of infected macrophages was higher in
the presence ofM. tuberculosis (100%) andM. celatum (90%),
as compared to M. abscessus (70%) and M. fortuitum (80%)
(Figure 1). Therefore, we suggest that macrophages phago-
cyted the slow growers mycobacteria more quickly than the
fast growers. Although significant, we propose that the small
differences observed between phagocytedM. celatum and fast
growers (10% and 20% difference) were also relevant. This
is because, although macrophages ingested quite similar
quantities ofM. celatum,M. fortuitum, andM. abscessus, the
cell monolayer was severely compromised throughout the
infection of the two fast growers, a fact that was not observed
inmacrophages infected withM. celatum (see next paragraph
of results regarding monolayer integrity). Independently of
the species of mycobacteria, we observed a 100% rate of
infected macrophages at 24 h postinfection (data not shown).
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Figure 1: Infection rate of THP-1 cells at 6 h of mycobacterial
infections. 2 × 105 THP-1 macrophages were infected with fast-
growing (M. abscessus andM. fortuitum) or slow-growingmycobac-
teria (M. celatum and M. tuberculosis) using a MOI of 5. After 6 h
of infection, cells were washed and the percentage of macrophages
with more than one intracellular mycobacterium was determined.
]: M. abscessus; 𝜎: M. fortuitum; 𝜇: M. celatum; o: M. tuberculosis.
The experiment was performed in triplicate and repeated on three
independent occasions. ANOVA with Tukey’s post-test was carried
out using a 𝑃 ≤ 0.05. ∗Significant difference among mycobacteria.

3.2. Viable Slow-Growing Mycobacteria Persist inside THP-1
Macrophages. In order to demonstrate that intracellular
mycobacteria were alive, we performed a viability test
(CFUs/ml determination). Our results showed that at
least during 48 h, THP-1 macrophages were unable to
eliminate any of the mycobacterial species. Regarding
fast-growing mycobacteria, there was a 2-log decrease in the
CFUs of M. abscessus that were present inside the THP-1
macrophages, compared to the CFUs ofM. abscessus cultured
in medium alone (24 h after infection, Figure 2(a)). However,
this decrease was no longer evident at 48 h of infection
(Figure 2(a)). Although the number of M. fortuitum
remained the same between those two different conditions
(inside macrophages or in a macrophage-free culture),
it increased by 2-log from 6 h to 48 h postinfection
(Figure 2(b)). In contrast, the numbers ofM. celatum andM.
tuberculosis inside the macrophages were similar, and we
did not observe any changes in the numbers of these two
mycobacteriawith the passage of time (Figures 2(c) and 2(d)).
The CFUs of these two mycobacteria that were present inside
the macrophages were no different from the CFUs of
mycobacteria cultured in medium alone, which may indicate
that at this MOI (1 : 5) M. celatum and M. tuberculosis sur-
vived but did not proliferate inside macrophages during the
first 48 h of infection.

3.3. Fast-Growing Mycobacteria Damaged the Monolayer
Integrity of THP-1 Macrophages Starting at 48 h of Infection.
The integrity of the THP-1 macrophage monolayer decreased
in the presence of fast-growing mycobacteria. Seventy-two
hours after infection, just 10% of the monolayer remained
intact in the presence ofM. abscessus andM. fortuitum, while
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Figure 2: Quantification of viable mycobacteria inside THP-1 macrophages. 5×105 THP-1 macrophages were infected with fast-growing (M.
abscessus andM. fortuitum) or slow-growingmycobacteria (M. celatum andM. tuberculosis) using aMOI of 5. After 6 h of infection, cells were
washed and incubated with fresh RPMImedium. Infected cells were incubated for 6 h, 24 h, and 48 h andwashed before CFUs determinations
(solid lines). As control, each mycobacterium was cultured in medium alone (without macrophages), and the CFUs were determined at the
same times (dashed lines). (a)M. abscessus; (b)M. fortuitum; (c)M. celatum; (d)M. tuberculosis. The experiment was performed in triplicate
and repeated on three independent occasions. ANOVA with Tukey’s post-test was carried out using a 𝑃 ≤ 0.05. ∗Significant differences
between the CFUs of mycobacteria that were present inside the macrophages, compared to the CFUs of mycobacteria cultured in medium
alone.

80–90% of the monolayer was intact in the presence of slow-
growing mycobacteria (Figure 3(a)). The characteristic cellu-
larmorphology of THP-1macrophageswas not altered at 48 h
of infection with slow-growing mycobacteria (Figure 3(b)).
According to these results, while fast-growing mycobacteria
can produce 60 to 80%damage of themacrophagemonolayer
integrity at 48 h of infection, slow-growingmycobacteria only
produced 0 to 20%. Since macrophage monolayer damage
at 48 h postinfection produced by fast-growing mycobacteria
was too extensive, all of the following experiments were
performed within the first 24 h after infection.

3.4. Slow-GrowingMycobacteriaDoNot Induce the Production
of Reactive Oxygen Species (ROS) by THP-1 Macrophages.
Fast-growing mycobacteria induced the production of ROS
by THP-1 macrophages at 6 and 24 h postinfection. In
contrast, no ROS could be detected with the slow-growing
mycobacteria,M. celatum andM. tuberculosis, even after 24 h
of infection (Figure 4). It is probable that the high levels of

ROS induced by fast-growing mycobacteria could be asso-
ciated with the extensive cellular damage that we reported
above.

3.5. The Cytokine Pattern Induced by M. celatum Is Different
from the Cytokine Pattern Induced Either byM. tuberculosis or
by Fast-Growing Mycobacteria. Cytokines have an essential
role in the modulation of the immune response and, to a
large extent, determine the course of a disease [31, 33]. THP-1
macrophages produced no detectable amounts of TNF-𝛼 at
6 h postinfection in the four tested mycobacteria, but they
produced similar amounts of the aforementioned cytokine
after 24 h of infection in all studied mycobacteria (approxi-
mately 2800 pg/𝜇l; data not shown). IL-1𝛽was detected 6 and
24 h after infection; after 6 h no significant differences were
observed in any of the mycobacteria, but after 24 h the levels
of this cytokine were significantly higher in the presence of
fast-growingmycobacteria even thoughmonolayer was com-
promised (80% integrity at 24 h for M. abscessus infections
and 60% for M. fortuitum). The lowest levels of IL-1𝛽 were
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Figure 3: Integrity of THP-1 macrophages monolayer after mycobacterial infection. 2 × 105 THP-1 macrophages were infected with fast-
growing (M. abscessus and M. fortuitum) or slow-growing mycobacteria (M. celatum and M. tuberculosis) using a MOI of 5. After 6 h of
infection, cells were washed and incubated with fresh RPMI medium. Infection kinetics were stopped at 6 h, 12 h, 24 h, 48 h, and 72 h, fixed
using 4% p-formaldehyde, and visualized by microscopy. Monolayer integrity of infected cells was compared with monolayer of noninfected
macrophages. (a) Monolayer integrity percentage of infected macrophages. Large cell damage is shown within a blue box. ]:M. abscessus; 𝜎:
M. fortuitum; 𝜇:M. celatum; o:M. tuberculosis. The experiment was performed in triplicate and repeated on three independent occasions. (b)
Microscope photographs of THP-1 macrophages at 48 h of infection with the indicated mycobacteria (600x, Kinyoun stain).
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Figure 4: Production of reactive oxygen species by THP-1 macrophages after mycobacterial infection. 1.5 × 105 THP-1 macrophages were
infectedwith fast-growing (AB,M. abscessus and FOR,M. fortuitum) or slow-growingmycobacteria (CE,M. celatum andTB,M. tuberculosis),
using aMOI of 5. After 6 h of infection, cells were washed and incubated with fresh RPMImedium and 0.1%NBT. Reaction was stopped using
10% SDS in 0.8N NaOH, and the reduction of NBT was measured at 6 h (a) and 24 h (b). The experiment was performed in triplicate and
repeated on three independent occasions. ANOVA with Tukey’s post-test was carried out using a 𝑃 ≤ 0.05; NS: nonstimulated cells; PMA:
phorbol-12-myristate-13-acetate. ∗Significant difference compared to nonstimulated cells; ∧significant difference compared toM. tuberculosis.

produced in response to M. celatum (Figures 5(a) and 5(b)).
The fast-growing mycobacteria and M. celatum induced the
production of high levels of IL-8 at 6 and 24 h postinfection,
while no detectable levels of this cytokine were found in the
presence ofM. tuberculosis (Figures 5(a) and 5(b)). At 6 h and
24 h postinfection, the four tested mycobacteria induced the
production of the anti-inflammatory cytokine TGF-𝛽, with
M. celatum inducing the highest levels (Figures 5(a) and 5(b)).
According to our results we propose thatM. celatum is a slow-
growing mycobacterium with a particular induced cytokine

pattern that does not correspond to that produced by a typical
slow- (such as M. tuberculosis) or fast-growing mycobac-
terium. We therefore suggest that the immune response
caused byM. celatum should be further characterized.

4. Discussion

The interaction of mycobacteria with their host cell is a com-
plex event, which has not yet been fully characterised, but
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Figure 5: Production of cytokines by THP-1 macrophages after mycobacterial infection. 1 × 106 THP-1 macrophages were infected with
fast-growing (AB, M. abscessus and FOR, M. fortuitum) or slow-growing mycobacteria (CE, M. celatum and TB, M. tuberculosis), using a
MOI of 5. After 6 h of infection, cells were washed and incubated with fresh RPMI medium. Cytokines were quantified at 6 h (black bars)
and 24 h (gray bars) after infection. The proinflammatory cytokines IL-1𝛽 (a) and IL-8 (b) and the anti-inflammatory cytokine TGF-𝛽 (c)
were analysed.The experiment was performed in triplicate and repeated on three independent occasions. ANOVAwith Tukey’s post-test was
carried out using a 𝑃 ≤ 0.05. ∗Significant differences compared to nonstimulated cells; ∧significant differences compared toM. tuberculosis.
NS: nonstimulated; PMA: phorbol 12-myristate 13-acetate.

it has been reported that macrophage receptors bind to
molecules on the surface of mycobacteria and trigger phago-
cytosis. Phagocytosis, as the main process that mediates the
entry ofmycobacteria into these cells, has been suggested pre-
viously [34, 35]. Therefore, we investigated the effect of two
fast-growing (M. abscessus and M. fortuitum) and two slow-
growing mycobacteria (M. celatum and M. tuberculosis) on
the response of human macrophages, in order to evaluate
whether the growth rate and other particular character-
istics of these microorganisms affect their host-pathogen
interaction.

Our results showed that M. tuberculosis was the species
that reached 100% entrance into THP-1 cells at an earlier time
(compared to NTM infections), reflecting the high recog-
nition of its surface components by host cells. It has
been reported that several mycobacterial envelope lipids are
involved in this recognition.These lipids include the family of
lipoarabinomannans (LAMs), whose effects on the host
innate immune response depend on the chemical modifica-
tions of their distal arabinose residues. WhileM. tuberculosis
has mannosylated LAMs (ManLAMs), M. smegmatis, M.
fortuitum, and other fast-growing mycobacteria have LAMs

with phosphatidylinositol (PiLAMs) [36, 37] andM. chelonae
has unmodified LAMs [36–38]. This fact might help explain
the differences in the phagocytosis process betweenNTMand
M. tuberculosis. Even when M. celatum entered the host cell
more efficiently than M. fortuitum and M. abscessus at 6 h
postinfection, it reached the 100% level of cells infected at the
same time asM. fortuitum. Hence, we can assume that these
two mycobacteria (M. celatum andM. fortuitum) might have
similar LAMs. M. celatum surface lipids should be further
analysed in order to confirm our hypothesis.

At the same time, we observed a delayed entry of M.
abscessus into macrophages that might be explained by the
fact that this species produces a glycopeptidic biofilm [38],
which could mask its surface lipids, resulting in a less phago-
cytable microorganism. We simultaneously analysed the
mycobacterial intracellular viability, the THP-1 monolayer
integrity, and the ROS production of those cells. Our results
demonstrated that during the first 48 h the slow-growing
mycobacteria, M. celatum and M. tuberculosis, were able to
persist inside THP-1 macrophages without causing cellular
damage, albeit without proliferating (as has been demon-
strated previously for the tubercle bacilli; see [39]), and this
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could be related to the lack of ROS production in response to
these mycobacteria. M. tuberculosis actively blocks reactive
oxygen species production [16, 29, 40–43], which is related
to its immune-evasion strategy ability to persist inside
macrophages [44]. It remains to be determined if M. cela-
tum blocks reactive oxygen species production by similar
mechanisms.

Although both fast-growing mycobacteria were able to
proliferate at 48 h postinfection, in an environment almost
free of macrophages (10–20%), our results suggest that this
phenomenon was due to monolayer destruction. For M.
abscessus, it has been reported that infection of THP-1macro-
phages induces an oxidative environment inside the cell [45]
that could explain the decrease in the number of viable intra-
cellular mycobacteria observed at 24 h after infection (ROS
related, see Figure 4), when monolayer integrity was still
sufficient (80%) to control mycobacterial growth. Although
M. fortuitum induced a strong ROS response, cells were not
able to control the bacterial growth even at 24 h postinfection,
at which time we observed significant monolayer reduction
(Figure 3(a)). This early macrophage destruction might be
due to a known cellular process, such as apoptosis, which has
been reported to occur in THP-1 infections with the fast
growers M. smegmatis and M. fortuitum. Macrophage
destruction can also be a consequence of a robust production
of reactive oxygen species (ROS) in THP-1 cells infected with
M. abscessus and M. fortuitum (Figure 4), as has been
reported previously with different host cell/pathogen systems
[46–48]. These results confirm the hypothesis that fast-
growingmycobacteria induce a very potent immune response
when compared to typical pathogenic mycobacteria (such as
M. tuberculosis) [49].

Macrophages represent the first line of host defense
against most bacterial pathogens. Following interaction with
the bacteria, macrophages initiate inflammatory responses by
secreting cytokines and chemokines [50–52]. Control of
M. tuberculosis infection is associated with a proinflamma-
tory class, Th1-type cytokine profile [53, 54]. Among the
cytokines, two key proinflammatory cytokines for antimicro-
bial responses are TNF-𝛼 and IL-1𝛽 [18, 52, 55]. In our model,
TNF-𝛼 was induced at the same levels by the four tested
mycobacteria (≈2800 pg/𝜇l), independently of their growth
rate and virulence, which reflects the importance of this
cytokine in the control of any mycobacterial infection (data
not shown).

IL-1𝛽 is an important cytokine for host immune defense
against M. tuberculosis, since several studies have demon-
strated that IL-1𝛽- and IL-1-receptor-knockoutmice aremore
susceptible to M. tuberculosis infections than the wild-type
animals [56–59]. Our results suggest that (at 6 h postinfec-
tion) the secretion of IL-1𝛽must be important to control the
infection regardless of the mycobacterial species present in
the media as this cytokine facilitates the recruitment of other
innate immune cells to the site of infection and as it induces
the production of IL-8 and mediates proliferation, cellular
differentiation, and apoptosis [60, 61]. Cytokine IL-1𝛽 also
seems to be crucial for the inflammasome formation of
pathogenic and nonpathogenicmycobacteria [52, 59]. At 24 h
postinfection we observed a differential secretion of IL-1𝛽

among the mycobacteria studied: fast growers induced the
highest level. In consequence, the important induction of IL-
1𝛽 secretion by fast-growing mycobacteria is consistent with
their ROS production, since both mechanisms contribute to
inflammasome activation.This has been suggested for the fast
grower M. abscessus [62] and has been previously demon-
strated only for the slow growerM. kansasii [52]. In contrast,
M. celatum induced the lowest level of IL-1𝛽 (even lower
than that of M. tuberculosis), which suggests that this may
be another immune-evasion strategy.

The fast-growing mycobacteria and M. celatum induced
the production of similar levels of IL-8 at both times analysed
(6 h and 24 h), while M. tuberculosis induced a statistically
significantly lower level. IL-8 not only is involved in attracting
PMNs (Polymorphonuclears) to the site of infection [63] but
also facilitates the elimination of microorganisms by increas-
ing the efficiency of the bactericidal activity of granulocytes
[64]. It is also important in the production of an inflamma-
tory response because it is involved inmaintaining balance in
the granuloma-active infection. In higher concentrations,
however, it can help eliminate themycobacteria by nonoxida-
tive pathways, as has been demonstrated inM. fortuitum [64]
and M. smegmatis [65] infections. The high amounts of IL-8
in the supernatants of fast-growing mycobacteria infections
are in concordance with the production of IL-1𝛽. However,
in the case of M. celatum, cytokines other than IL-1𝛽 might
be responsible for inducing the production of IL-8 at 24 h
postinfection.

Anti-inflammatory cytokines prevent the cellular damage
that can be caused by an excessive Th1-like response. The
fast-growing mycobacteria, M. abscessus and M. fortuitum,
induced the production of TGF-𝛽 at the same levels as in
M. tuberculosis; but for infections with the fast growers,
TGF-𝛽 production was not enough to prevent cell damage
induced by a strong proinflammatory response (as has been
demonstrated to occur in M. tuberculosis infections). M.
celatum induced the highest levels of TGF-𝛽, which could
reduce the innate immune response and favour the per-
sistence of this mycobacterium in the host, despite the
proinflammatory responsemediated by IL-8 secretion. To the
best of our knowledge, this is the first report that suggests
the modulation of macrophages cytokine production by M.
celatum, particularly of IL-1𝛽 and TGF-𝛽, and of the absence
of reactive oxygen species during its infection.

5. Conclusions

This study provides evidence that growth rate might be
related, in some cases, to the intracellular survival of
mycobacteria and the immune response that they induce in
THP-1 macrophages. Growth rate, however, is not the only
determinant of the outcome of the interaction of myco-
bacteria-macrophages; other factors such as envelope cell
lipids and the particular virulence factors of each mycobac-
terium should be further considered. We suggest that the
ability to block reactive oxygen species production by slow-
growing mycobacteria is an immune-evasion strategy that
putatively promotes their survival and cytokine production
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in the host, even in NTM species. Finally, our data provides
insight into the novel mechanisms that M. celatum uses to
persist inside its host cell, which should further be character-
ized in order to gain knowledge about the pathogenic NTM
species that cause disease in immunocompetent patients.
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This study examined the immunogenic properties of the fusion protein fimbria 2 of Bordetella pertussis (Fim2)—cholera toxin B
subunit (CTB) in the intranasal murine model of infection. To this end B. pertussis Fim2 coding sequence was cloned downstream
of the cholera toxin B subunit coding sequence.The expression and assembly of the fusion protein into pentameric structures (CTB-
Fim2) were evaluated by SDS-PAGE and monosialotetrahexosylgaglioside (GM1-ganglioside) enzyme-linked immunosorbent
assay (ELISA). To evaluate the protective capacity of CTB-Fim2, an intraperitoneal or intranasal mouse immunization schedule
was performed with 50𝜇g of CTB-Fim2. Recombinant (rFim2) or purified (BpFim2) Fim2, CTB, and phosphate-buffered saline
(PBS) were used as controls. The results showed that mice immunized with BpFim2 or CTB-Fim2 intraperitoneally or intranasally
presented a significant reduction in bacterial lung counts compared to control groups (𝑃 < 0.01 or 𝑃 < 0.001, resp.). Moreover,
intranasal immunization with CTB-Fim2 induced significant levels of Fim2-specific IgG in serum and bronchoalveolar lavage
(BAL) and Fim2-specific IgA in BAL. Analysis of IgG isotypes and cytokines mRNA levels showed that CTB-Fim2 results in a
mixed Th1/Th2 (T-helper) response. The data presented here provide support for CTB-Fim2 as a promising recombinant antigen
against Bordetella pertussis infection.

1. Introduction

Pertussis or whooping cough is an acute respiratory disease
whose principal etiological agent is the gram-negative bac-
terium Bordetella pertussis [1]. The clinical manifestations
are more severe in infants than in adolescents or adults,
who are now recognized as the main source of infection [2].
The best way to prevent pertussis is vaccination with either
whole cellular (wP) or acellular (aP) vaccines [3]. Protective
immunity generated by wP appears to be mediated largely by
Th1 cells, whereas less efficacious alum-adjuvanted aP induce
strong antibodyTh2 responses [4].

Despite widespread pertussis immunization in childhood
for more than 50 years, pertussis is considered to be the
most poorly controlled bacterial vaccine-preventable disease
[5] and remains an endemic disease with regular epidemics

[6]. Currently, there are an estimated 16 million cases and
195,000 deaths due to pertussis globally each year, most of
them in developing countries [1]. The most vulnerable to the
disease correspond to groups of unvaccinated infants, par-
tially vaccinated children, and persons who have completed
the immunization schedule with waning immunity [1]. In
addition, since the early 1980s there has been an increase in
reported cases of pertussis [5], even in countries with a high
vaccination coverage rate [7].Waning immunity conferred by
vaccines, increased recognition, changes in diagnostic testing
and reporting, and adaptation of the agent to immunity
induced by vaccines are some of the factors that may have
contributed to this increase [5].

Taken together, it is clear that additional vaccine
approaches are needed. Some of the new approaches under
trial include vaccination of newborns and additional booster
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doses for older adolescents and adults. Innovative vaccines
are also being studied [1]. In this regard, since infection by
B. pertussis is usually restricted to the airways, an interesting
alternative may be mucosal vaccination [8, 9]. It has been
shown that mucosal vaccination is the best way to achieve
a strong cellular and humoral immune response in airways
as well as systemically [10]. There are also important logistic
reasons that have made mucosal immunization attractive
for public health use. Mucosal vaccines should be easier
and cheaper to administer than parenteral vaccines and also
have a lower risk of transmitting hepatitis B virus and HIV
infections [11].

However, most protein antigens are poorly immunogenic
and potent adjuvants are often needed to enhance immunity
[12]. The cholera toxin B subunit (CTB) is among the most
potent mucosal adjuvants known [13, 14]. CTB is the pen-
tameric nontoxic portion of cholera toxin (CT) responsible
for the binding of the holotoxin to the monosialotetrahexo-
sylgaglioside (GM1 ganglioside) receptor [15]. Chemical and
genetic conjugations of CTBwith different heterologous anti-
gens from simian immunodeficiency virus and Schistosoma
mansoni, among others, have shown promising results [16,
17].

The fimbriae (Fim) proteins are promising as immuno-
gens to be used by the mucosal route because they act as
pathogen-associated molecular patterns (PAMPs) [18, 19]
and, in the case of Fim2 and 3 of B. pertussis, have known
immunogenic properties and although Fim3 seems to exhibit
lower protective capacity than Fim2 when isolated from B.
pertussis, both have justified their presence in most recent
acellular vaccines [20, 21].

In this study, we constructed a histidine-tagged
CTB-Fim2 fusion protein in order to evaluate its protective
capacity and immunogenic properties in a B. pertussis
respiratory infection murine model. The results presented
here showed that CTB-Fim2 is a promising antigen against
B. pertussis infection.

2. Materials and Methods

2.1. Strain and Growth Conditions. The Escherichia coli strain
DH5𝛼 (Invitrogen, USA) was used for all routine cloning
experiments, whereas the BL21(SI) and BL21Star (DE3) E. coli
competent cells (Invitrogen) were used for recombinant
protein expression. The B. pertussis strain used in this study
was Tohama phase I [22–24] obtained from the Pasteur
Institute, Paris, France. The strain from glycerol stock was
cultured onBordet-Gengou agar (BGA,Difco) supplemented
with 1% glycerol and 10% (v/v) defibrinated sheep blood and
incubated at 36∘C for 3 days. The bacteria was then replated
in the samemedium for 24 h and the subcultures were grown
in Stainer-Scholte liquid medium (SS) [25], with shaking at
36∘C for 20 h.

2.2. Cloning of Recombinant Proteins. The fim2 (621 bp)
gene, from B. pertussis strain Tohama phase I, was amplified
from genomic DNA by PCR. The mixture was subjected

to a program consisting of a DNA denaturation step at
94∘C for 2min, 35 cycles at 94∘C for 15 s, 48∘C for 15 s, and
72∘C for 40 s. The following oligonucleotides were used
for cloning into pET-TOPO 200 and pAEctxB plasmids,
respectively: Fim2F 5CACCATGCCATTGATCTCG3 and
Fim2R 5TTCGCTCCTGCATGGAATAC3; CTBFim2F
5TGGTTCACGCGTATGTTACCCATGCAAATCCC3
and CTBFim2R 5CTGATAAGCTTCTAGGGGTAGACCA
CGG3. In bold are the MluI and HindIII restriction
sites, respectively. The amplified products were cloned
into pET-TOPO 200 vector and transferred to pDEST17
according to the manufacturer’s instructions (Invitrogen)
or into pAE-ctxB [26] using the MluI and HindIII sites in
order to generate the pDEST17-fim2 and pAE-ctxB-fim2
plasmids. The recombinant clones were confirmed by PCR
and sequenced.

2.3. Expression and Purification of the Recombinant Proteins.
The expression and purification of rFIM2 and CTB-Fim2
was performed as previously described for other recombinant
proteins [27, 28]. Briefly, BL21(SI) E. coli competent cells
were transformed with the pDEST17-fim2 or pAE-ctxB-fim2
plasmids and grown overnight (ON) at 37∘C. Ampicillin-
resistant colonies were inoculated in 5mL on Luria Bertani
(LB) medium with ampicillin (50 𝜇g/mL) without NaCl and
grown ON at 37∘C. On the following day, cultures were
diluted 50-fold in LB-amp without NaCl and grown until
A
600

reached 0.8, when NaCl was added to the medium
at a final concentration of 300mM. After 3 h, cells were
collected by centrifugation, resuspended in 10mL lysis buffer,
pH 8.0 (Tris-Cl 20mM and NaCl 100mM), and lysed by
sonication. Cellular lysates were centrifuged at 14,000 rpm for
30min. Both recombinant proteins were recovered from the
inclusion bodies and solubilized with 10mL of solubilization
buffer (8M urea, 50mM Tris-Cl, 500mM NaCl, pH 8.0).
The material was then dialyzed against 2 L of refolding buffer
(500mM NaCl, 50mM Tris-Cl, pH 8.0). Refolded protein
solution was adsorbed to the Ni2+-NTA resin (Invitrogen)
and washed with ten volumes of binding buffer (100mM
NaCl, 20mM Tris-Cl, pH 8.0) containing 5, 20, 40, and
60mM imidazole.The proteins were eluted with five volumes
of the same solution containing 250mM imidazole. Fractions
were analyzed by 10% SDS-PAGE. The purified proteins
were dialyzed in one step. The equilibrium was established
using 2 L of a 10mM Tris-Cl, pH 8.0, 20mM NaCl, and
0.1% (m/v) glycine solution. The identity of the expressed
protein and its molecular weight were confirmed byMALDI-
TOF mass spectrometry. Searches for and the identification
of peptides were performed using a licensed version of
MASCOT software (Matrix Science) with a peptide tolerance
of 50 ppm. Monoisotopic peptide masses were used to search
the database, allowing a molecular mass range for 2-DE
analyses of 15%. Purified CTB was purchased from Sigma
(Argentina). For immunogenicity studies, contaminant LPS
was removed from aliquots of recombinant proteins using
the Detoxi-Gel Endotoxin Removing Gel columns (Thermo
Scientific-Pierce, USA), according to the manufacturer’s
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instructions. The purification of BpFim2 was similar to a
procedure described elsewhere [29].

2.4. Limulus Amebocyte Lysate Assay (LAL Test). The chro-
mogenic LAL assay for endotoxin activity of the protein sam-
ples was performed using the QCL-1000 kit (Bio-Whittaker,
MD), according to the manufacturer’s instructions. In all
cases, the final LPS content was less than 5 × 10−6 𝜇g/mL.

2.5. Immunoblotting. The immunoblot analysis (IB) was per-
formed as previously described [28]. Briefly, aliquots were
subjected to SDS-PAGEand then transferred to nitrocellulose
membranes (GE Healthcare). Membranes were blocked with
5% nonfat dried milk in PBS containing 0.05% Tween
20 (PBS-T) and then incubated with a mouse antiserum
(1 : 2500) against CTB in 5% nonfat dried milk/PBS-T for
2 h at RT. After washing, the membrane was incubated with
HRP-conjugated anti-mouse IgG (1 : 5000; Sigma) in 5%
nonfat dried milk/PBS-T for 1 h. The bands were revealed
with ECL reagent kit chemiluminescence substrate (GE
Healthcare).

2.6. Pentamer Analysis Assays. To determine whether
CTB-Fim2 folds into pentamers during SDS-PAGE, samples
were subjected to denaturing and nondenaturing conditions.
In the latter case, samples were not boiled, and the sample
buffer used did not contain 𝛽-mercaptoethanol. The ability
of the CTB pentamers to bind to their cellular receptor
was assessed using a GM1-ELISA assay. This protocol was
adapted from a previously published study [28]. Briefly, 96-
well plates (Nunc) were coated with 0.5 𝜇g per well (100 𝜇L)
of GM1 (Sigma) in PBS, pH 7.4 at 4∘C for 16 h. As a negative
control, the wells were coated with bovine serum albumin
(BSA) at the same concentration (5 𝜇g/mL) in PBS pH 7.4.
Commercial CTB was used as a positive control. Plates were
blocked and then washed five times. Afterwards, the wells
were incubated with 100 𝜇L of the recombinant protein
serially diluted in PBS 1/2 from ∼300 nM to 146 pM for 2 h
at 37∘C and then washed. Microtiter plates were incubated
for 1 h at 37∘C with a 1/2500 dilution of a polyclonal
anti-CTB serum [28] in 5% nonfat dried milk/PBS-T and
washed.Thereafter, they were incubated with the anti-mouse
conjugated to HRP (Santa Cruz Biotechnology, USA) diluted
1/4000 for 1 h at 37∘C. After washing, plates were revealed by
the addition of 10mg o-phenylenediamine (OPD) in 10mL
of a 0.2M citrate-phosphate buffer, pH 5.0, in the presence
of 10 𝜇L of H

2

O
2

. The reaction was stopped by the addition
of 4M H

2

SO
4.

The absorbance was measured at 492 nm in
all cases.

2.7. Immunization of Mice and Sample Collection. Groups
of 4–8 and 3-4 week-old female BALB/c mice (Instituto
Biológico Argentino, Argentina) received 50 𝜇g of purified
CTB-Fim2 intraperitoneal or intranasally in 50𝜇L of PBS on
days 0, 12, and 24 with aluminum hydroxide as an adjuvant
(0.2mg/mL, IP) or without external adjuvant (IN). Mice
immunized with CTB (5 𝜇g, IN only), rFim2, or BpFim2

alone (50𝜇g) and mice inoculated with 50 𝜇L of PBS were
used as control groups.

Blood samples were obtained from a facial vein at days
12, 24, and 36, and the obtained sera were stored at −20∘C.
BAL fluid was collected postmortem after the challenge by
flushing the lungs twice with PBS. An incision was made in
the neck, so as to expose the trachea. Using a 5mL syringe,
1mL of PBS was slowly introduced into the lungs via the
trachea and then syringed out. This was repeated twice. The
protease inhibitor phenylmethylsulfonyl fluoride (Sigma)was
added to each sample at a concentration of 1mM following
collection, and samples were kept at −20∘C until use. At
least two independent experiments were performed with
consistent results.

2.8. Antibody Determination by ELISA. Ninety-six well plates
were coated with 5 𝜇gmL−1 of rFim2/well in carbonate-
bicarbonate buffer, pH 9.6 at 4∘CON.The plates were washed
three times with PBS-T. Nonspecific binding was reduced by
blocking the plates with 300𝜇L/well of 5% nonfat milk/PBS-
T (m/V) at 37∘C for 1 h. The plates were washed three times
with PBS-T. Samples that were to be tested for Fim2-specific
antibodies were diluted 1/20 for sera IgG, IgG1, IgG2a, and
IgA (the mucosal fluids were not previously diluted) in PBS-
T, with 50𝜇L being added to the plate in duplicate and
serially diluted 2-fold down the plate. A final 1/64 dilutionwas
used for comparison and graphical purposes.The plates were
incubated at 37∘C for 1 h and then washed three times with
PBS-T. Bound antibodies were detected using at appropri-
ate dilutions commercial peroxidase conjugated anti-mouse,
IgG, IgG1a, IgG2, and IgA (Santa Cruz Biotechnology). The
subsequent steps were performed as described in GM1-
ELISA.

2.9. Protection Assay in a Mouse Respiratory Model. The
challenge assay was performed using the mouse respiratory
model of B. pertussis infection as described previously [30].
Briefly, cohorts of BALB/cmicewere immunized as described
above, and 12 days after the last dose of immunization,
they were challenged with a suspension of 5 × 107 CFU
of virulent B. pertussis in 50 𝜇L of PBS. Inoculation was
performed by pipetting the inoculum into the nostrils.
Animals were euthanized by CO

2

overdose 8 days postin-
fection (PI), and the lungs were excised. Left lung was
used for bacterial recovery as described previously [30],
and the right lung was split in two samples, one used
for cytokine level and the other for routine histological
examination.

All animal experiments were performed according to our
Institute’s Ethical Committee and the National Institutes of
Health guidelines [31].

2.10. RNA Isolation and RT-PCR. Total RNA was isolated
from lung tissue by mechanical homogenization in Trizol
reagent (Invitrogen, Argentina), as recommended by the
manufacturer. DNase treatment was performed with an
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RNase-free DNase Kit (Qiagen, Germany). cDNA was syn-
thesized from 500 ng of total RNA with 15mM of random
hexamers and SuperScript III reverse transcriptase (Invit-
rogen, Argentina), according to the manufacturer’s instruc-
tions.

2.11. Real-Time PCR. All q-PCR studies were performed
with a Line-Gene instrument (Bioer Technology, China).
The TAQurate green real-time PCR MasterMix (Epicentre
Biotechnologies) was used for all reactions, following the
manufacturer’s instructions. Initial denaturation was carried
out at 94∘C for 10min, followed by 65 cycles of 20 s at
94∘C, 15 s at the respective annealing temperatures and 15 s
at 72∘C each, and a final extension at 72∘C for 2min. A
melting curve analysis was performed immediately after
amplification at a linear temperature transition rate of
0.3∘C/s from 70∘C to 89∘C with continuous fluorescence
acquisition. The size of all PCR products was confirmed by
agarose gel electrophoresis. Transcription levels of IL-4 (F
5CATCGGCATTTTGAACGAGGTCA3; R 5CTTATC-
GATGAATCCAGGCATCG3); and IFN-𝛾 (F 5CTTGGA-
TATCTGGAGGAACTGGC3; R 5GCGCTGACCTGT-
GGGTTGTTGA3) were measured in all samples and
normalized to 𝛽-actin levels (F 5GCTTCTTTGCAGCTC-
CTTCGT3; R 5CATTCATGTTTCGAATCATTTCAAA3).

2.12. Statistical Analysis. A one-way ANOVA test was used
to determine significant differences in the assays, and data
are expressed as mean ± SEM. When necessary, data were
analyzed by one-way analysis of variance followed by the
Bonferroni multiple comparison test to determine significant
differences between groups. 𝑃 < 0.05 was considered
statistically significant.

3. Results

3.1. Expression and Purification of CTB-Fim2. The design
used to construct the recombinant plasmid is illustrated in
Figure 1(a). The fusion protein was expressed and purified as
described previously [28]. The results are shown in Figures
1(b) and 1(c), respectively. As expected, the molecular weight
of CTB-Fim2 was 36 kDa. The presence of CTB in the
fusion protein was confirmed by immunoblotting using a
murine anti-CTB antiserum (Figure 1(d)) and by MALDI-
TOF mass spectrometry. While a positive result was detected
for CTB-Fim2, no band was detected in the nontransformed
E. coli extract or when the primary antibody was omitted
(data not shown). These data demonstrated that the recom-
binant E. coli harboring the plasmid express the recombinant
protein recognizable by anti-CTB antibodies.

3.2. Pentamer Conformation of CTB-Fim2. The oligomeric
structure of CTB-Fim2 was analyzed by gel electrophoresis.
Figure 2(a) (lane 1) shows that CTB-Fim2, previously sol-
ubilized in denaturing Laemmli sample buffer and boiled,
migratedwith aMWof 36 kDa. In contrast, when proteinwas
solubilized in nondenaturing Laemmli sample buffer without
boiling (lane 2) it migrated with a MW of 180 kDa. These

His tag Cholera toxin
B subunit Fimbria 2

30

45

66

97

(kDa) I NI rP I NI

(b)

(a)

(c) (d)

Figure 1: Immunogen design, expression, purification, and
immunoblot analysis of the CTB-Fim2 fusion protein. (a) Schematic
representation of immunogen design. (b) Protein expression and
purification in the E. coli (SI) strain transformed with pAE-CTB-
Fim2. Protein expression was assayed using a 10% SDS-PAGE
gel and shows a 36 kDa band. (c) Analysis of the recombinant
CTB-Fim2 protein after elution from Ni2+-charged beads with
250mM imidazole. (d) Reactive protein bands probed with a mouse
antiserum (1 : 2500) against CTB. NI and I stand for noninduced
and induced bacterial extract, respectively.

results suggest that native CTB has a pentameric structure
after the refolding process.

The pentameric conformation was also evaluated by its
ability to bind to its receptor GM1-ganglioside in an ELISA
assay since monomeric CTB has a low affinity for GM1 [32].
For detection, anti-CTB serum was used (Figure 2(b)). The
results showed that commercial CTB and purified CTB-Fim2
were similarly able to bind GM1 in a concentration-specific
manner. These results strongly suggest that CTB-Fim2 has a
pentameric structure and indicate that the presence of Fim2
does not abrogate either the formation of the pentamer or
binding to its GM1 receptor.

3.3. Protective Capacity of CTB-Fim2. To evaluate the pro-
tective capacity against B. pertussis infection of CTB-Fim2
immunization, we employed a previously described mice
model [30]. Balb/c mice were immunized intraperitoneally
or intranasally three times with (50𝜇g/dose) the recombi-
nant CTB-Fim2, rFim2, and BpFim2 and were challenged
with a 5 ⋅ 107 CFU of virulent B. pertussis Tohama phase I
strain/50 𝜇L suspension inPBS 12 days following the last dose.
Mice treated with CTB (5 𝜇g, IN only) or 50𝜇L of PBS were
used as negative controls.

The results obtained at 8 days after the challenge showed a
significant reduction in bacterial counts in mice immunized
either by the intraperitoneal or the intranasal route with
CTB-Fim2 compared to the controls treatedwith PBS or CTB
(IP 3.7 ± 0.2 versus 5.3 ± 0.2 logs CFU/lung, 𝑃 < 0.01) or (IN
3.2 ± 0.2 versus 4.9 ± 0.1 logs CFU/lung, 𝑃 < 0.001), respec-
tively. In contrast, intraperitoneal or intranasal immunization
with rFim2 did not significantly reduce the bacterial counts
in lungs compared to control groups (4.8 ± 0.1 and 5.3 ± 0.1
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Figure 2: Pentamer formation of CTB-Fim2. (a) SDS-PAGE with
purified CTB-Fim2. Lane 1 is the sample boiled in reducing condi-
tions while lane 2 is the same protein sample not subjected to boiling
and in nonreducing conditions. Bands of 36 and 180 kDa of CTB-
Fim2 are shown, respectively. (b) GM1-ELISA to verify the ability
of the pentamer to bind GM1-ganglioside using recombinant CTB-
Fim2. Commercial CTB was used as a positive control. The 96-well
plates were coated with GM1 or BSA and mouse anti-CTB antisera
(1 : 2500).

logs CFU/lung, resp.). As expected, a significant decrease
was seen between BpFim2, isolated from B. pertussis and
used as a positive control, and control groups either by the
intraperitoneal or the intranasal route (𝑃 < 0.001) (Figure 3).

There were no statistically significant differences between
mice immunized intraperitoneally or intranasally with
CTB-Fim2 (3.7 ± 0.2 versus 3.2 ± 0.2 CFU/lung).

These results indicate that intraperitoneal or intranasal
administration of CTB-Fim2 was effective in protecting
mice against intranasal challenge with B. pertussis with a
dose of 50 𝜇g of immunogen. Moreover, CTB improved the
protective capacity of rFim2 when it was genetically fused to
the antigen.

3.4. Serum IgG Levels Following Immunization. To further
characterize the immunogenic properties of CTB-Fim2, we

study the humoral response induced in serum samples col-
lected during the intraperitoneal or intranasal immunization
protocols, by ELISA. As expected, the specific humoral
response increased after each immunization in all groups.
To simplify the analysis, only the values of serum IgG at
day 35, one day before challenge with B. pertussis, are shown
(Figure 4). Either intraperitoneal or intranasal immunization
with rFim2 or CTB-Fim2 generated a specific serum IgG
response (DO at 492 nm = 0.9 and 0.6, resp., for rFim2;
0.9 or 1.2 for CTB-Fim2, resp.; 𝑃 < 0.01 and 0.001,
resp.) (see Figure 4). These results show that meanwhile
rFim2 and CTB-Fim2 generated similar levels of anti-Fim2
serum IgG after intraperitoneal immunization, the level of
anti-Fim2 serum IgG elicited by CTB-Fim2 after intranasal
immunization was significantly higher.

3.5. Humoral Response in BALWashes. To assess the immune
responses at the mucosal surface, groups of mice were
immunized intranasally or intraperitoneally three times with
PBS, CTB, rFim2, or CTB-Fim2 every 12 days followed by
intranasal challenge with B. pertussis Tohama phase I strain
(5 × 107 CFU/mouse). At 8 days postinfection animals were
euthanized and BALwashes were collected for determination
of anti-Fim2 IgG (a) and IgA (b) antibodies (Figure 5). Anti-
body levels were assayed using ELISA. Values represent the
OD at 492 nm and are representative of two separate exper-
iments ( ∗𝑃 < 0.05 versus CTB-Fim2 IP, ∗∗𝑃 < 0.001 and
∗∗∗

𝑃 < 0.0001 versus PBS, CTB, and rFim2 IN, ∘𝑃 < 0.05
versus PBS and CTB, +𝑃 < 0.05 versus PBS, CTB, and rFim2
IN and IP, and ++𝑃 < 0.001 versus CTB-Fim2 IP).

These results mainly indicate that rFim2, when
administered intranasally, was not capable of
generating a strong humoral response in BAL, but
when CTB was genetically fused to the antigen,
specific antibody levels significantly increased in BAL,
giving high titers of IgG and IgA with the fusion
protein.

3.6. Analysis of Th Cell Response. To gain partial insight
into the nature of immune responses induced by intranasal
immunization with CTB-Fim2, we first quantified serum IgG
subtypes G1 and G2a specific to Fim2 at day 36 postim-
munization and before challenge (Figure 6). In agreement
with specific total IgG response values found in serum,
significantly higher levels of IgG1 antibodies were detected in
the rFIM2 andCTB-Fim2 groups comparedwith the negative
controls (DO at 492 nm = IgG1: 1.1 and 1.3, resp.; 𝑃 < 0.05).
In contrast, the IgG2a anti-Fim2 levels were only elevated by
CTB-Fim2 (DO at 492 nm = IgG2a: 0.4 and 1.8, resp., 𝑃 <
0.01). On the other hand, analysis of IFN-𝛾 and IL-4 mRNA
levels (Figure 7) showed that meanwhile rFim2 and CTB-
Fim2 induce an increase of IL-4, only CTB-Fim2 induces
a significant increase of IFN-𝛾 in the lung of immunized
mice compared with the negative controls. In addition, the
histopathology analysis (Figure 8) showed a more intense
inflammation in the lungs of mice immunized with CTB-
Fim2 compared with the rFim2 and negative control groups.
The enhanced inflammatory response detected at day 8 after
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Figure 3: Protective capacity of CTB-Fim2. Groups of animals were immunized (a) intraperitoneally or (b) intranasally three times with PBS,
CTB (IN only), rFim2, BpFim2, or CTB-Fim2 every 12 days followed by IN challenge with 5 × 107 UFC of the Tohama I strain of B. pertussis.
At 8 days postinfection, animals were killed and lung samples were collected for UFC counting. Each point represents the mean (± standard
error) of 8 animals ( ∗∗𝑃 < 0.001 versus PBS; ∗∗∗𝑃 < 0.0001 versus PBS, CTB, and rFim2).
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Figure 4: Specific IgG antibodies in serum. Induction of serum anti-Fim2 IgG after intraperitoneal (a) or intranasal (b) immunization with
PBS, CTB, rFim2, and CTB-Fim2. Anti-Fim2 IgG titers of individual serum collected immediately before challenge on day 36 are shown.
Values represent the OD at 492 nm and show the mean (±standard error) of 8 animals ( ∗∗𝑃 < 0.001 versus rFim2 IN; ∗∗∗𝑃 < 0.0001 versus
PBS and CTB IN and IP).

the challenge was not deleterious for the animal evaluated
as survival or presence of symptoms, including lethargy,
hypothermia, or changes in nose/mucosal surfaces.

4. Discussion

Natural infection with B. pertussis induces strong and long-
lasting immunity that wanes later than vaccine-induced
immunity [33]. The use of the mucosal route of vaccination
is an attractive alternative to the use of the parenteral route
since it may mimic many aspects of the immune response

elicited against the natural infection [34]. Moreover, a single
nasal dose of a live attenuatedB. pertussiswas effective against
whopping cough in the murine model [35]. In addition,
other pertussis antigens such as pertactin and filamentous
hemagglutinin or even the more complex component, the
outer membrane vesicles administered via the mucosal route,
has proven to be effective against B. pertussis infection [36,
37], showing that mucosal vaccination may constitute a
possible alternative to the widely used parenteral route.

The presence of fimbriae (serotypes 2 and 3) in acellular
pertussis vaccines has been shown to improve short-term
vaccine efficacy in young children [38, 39]. In later studies,
it was also described as a correlation between IgG anti-
Fim2/3 and a reduced risk of disease [40, 41]. Although
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Figure 5: Specific IgG and IgA antibodies in BAL washes. Groups of animals were immunized intranasally or intraperitoneally three
times with PBS, CTB, rFim2, or CTB-Fim2 every 12 days followed by intranasal challenge with B. pertussis Tohama phase I strain of
(5 × 107 CFU/mouse). At 8 days postinfection, animals were euthanized and BAL washes were collected to determine the levels of anti-
Fim2 IgG (a) and IgA (b) antibodies. Antibody levels were assayed using ELISA. Values represent the OD at 492 nm and are representative
of two separate experiments ( ∗𝑃 < 0.05 versus CTB-Fim2 IP, ∗∗𝑃 < 0.001 and 𝑃 < 0.0001 versus PBS, CTB, and rFim2 IN, ∘𝑃 < 0.05 versus
PBS and CTB, +𝑃 < 0.05 versus PBS, CTB, and rFim2 IN and IP, and ++𝑃 < 0.001 versus CTB-Fim2 IP).
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Figure 6: IgG1 and IgG2a antibody isotype response. Comparison
of the serum anti-Fim2 IgG1 and IgG2a levels induced by PBS,
CTB, rFim2, or CTB-Fim2 via the intranasal (IN) route. Sera were
collected from mice on day 36. The anti-Fim2 IgG1 and IgG2a titers
were determined using ELISA. Data are expressed as the mean
(±standard error) absorbance at 492 nm for each group. Statistical
differences were observed in different comparisons (IgG1 CTB-
Fim2 versus all other categories except rFim2 ∗∗∗𝑃 < 0.0001, rFim2
versus all other categories except CTB-Fim2 +++𝑃 < 0.0001, and
IgG2a CTB-Fim2 versus all other categories ∘∘∘𝑃 < 0.0001).

it has been well established that Fim2 purified from B.
pertussis confers protection against infection in the mouse
respiratorymodel [20], mice intraperitoneal immunizedwith
the recombinant protein (rFim2) are not protected against

challenge with B. pertussis [42]. The molecular basis of this
difference has not been established, but it could be due
to differences in the structure of Fim2 obtained from the
two sources. Furthermore, the protective capacity of rFim2
delivered mucosally has not been reported previously.

Here we constructed CTB-Fim2 to explore Fim2
immunogenicity exploiting the adjuvant properties of the
CTB molecule. CTB has been widely used as an adjuvant in
rodent studies [13, 14]. When given via the oral or intranasal
route, CTB not only elicits anti-CTB responses at multiple
mucosal sites but also induces strong antibody responses
to genetically fused administered antigens [32]. Previous
studies have successfully tested the possibility of intranasal
immunization with an acellular pertussis vaccine using CTB
as an adjuvant, mixing recombinant CTB with pertussis
toxoid and formalin-treated filamentous hemagglutinin [43].
Furthermore, a chimeric protein consisting of a divalent
pertussis toxin (PTX) S1 fragment linked to the cholera
toxin A2B fragment elicited protective immunity after three
intranasal immunizations, showing the potent effect of CT
as a mucosal adjuvant [44].

The CTB-Fim2 presented here formed a pentameric
structure that seemed to be important in relation to its adju-
vant capacity [13]. More importantly, a significant reduction
in the number of bacteria recovered from the lungs was
observed in mice immunized with CTB-Fim2 compared to
those immunized with rFim2 or the control mice groups
indicating that some antigen can offer protection when fused
to CTB. The protective capacity of CTB-Fim2 over rFim2
may be due, at least in part, to both the increased uptake of
coupled antigen across the mucosal barrier [45] and more
efficient delivery to antigen-presenting cells [46]. In our
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Figure 7: Cytokine mRNA expression levels in lung. Groups of animals were immunized intranasally three times with PBS, CTB, rFim2, or
CTB-Fim2 every 12 days followed by intranasal challenge with 5 × 107 UFC of the Tohama I strain of B. pertussis. At 8 days postinfection,
animalswere killed and lung sampleswere collected formeasuringmRNA levels of IFN-𝛾 (a) and IL-4 (b). Statistical differenceswere observed
between CTB-Fim2 and all other groups except rFim2 (𝑃 < 0.001).
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Figure 8: Representative lung sections of BALB/cmice afterB. pertussis challenge.Mild lung inflammation in PBS (a) andCTB (b) immunized
mice. Moderate lung inflammation in Fimb2 immunized animals (c). More severe lung inflammation with extensive cell exudate and some
consolidation (pneumonia) was observed in lungs of CTB-Fimb2 immunized animals (d). Hematoxilin-eosin staining in all cases. ×150
magnifications.
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conditions and in agreement with other authors [42], rFim2
alone was not a good immunogen to reduce bacterial burden
in lungs when administered via either the intraperitoneal or
the intranasal route.

We also observed that intranasal immunization with
CTB-Fim2 induced similar levels of anti-Fim2 serum IgG
to those of intraperitoneal immunization. Furthermore,
intranasal immunization with CTB-Fim2 induced high levels
of anti-Fim2 IgG in BAL, indicating that both CTB-Fim2 and
intranasal administration of the immunogen are adequate to
induce a strong IgG response in the lungs.

Since one of the hallmarks of mucosal immunity is the
production of secretory IgA, which acts to prevent bacterial
and viral infection, and since CTB is capable of inducing spe-
cific IgA [47–51] by synergism with MyD88-dependent TLR
signals which selectively imprint a IgA-inducing capacity in
nonmucosal DCs [52], we studied this immunoglobulin in
CTB-Fim2-immunized mice and verified that mice adminis-
teredCTB-Fim2 elicited specific Fim2-IgA inBAL.This result
was not observedwith the other treatments performed herein
and is consistent with previously published data showing that
parenteral administration is less effective thanmucosal routes
in inducing mucosal responses important for protection
[53]. In transcutaneous and intranasal immunization with
a Chlamydia muridarum antigen, higher levels of specific
IgG were induced in serum and BAL, while only intranasal
immunization induced specific IgA in BAL using CTB as an
adjuvant [54]. It seems that CTBmay directly cause B cells to
enhance S-IgA production [55] and the IgA isotype switching
through TGF-𝛽1 [56].

In mice that were immunized by mucosal administration
of CTB-Fim2, we observed a comparable rise of IgG1 and IL4
mRNA levels and enhanced IgG2a and IFN-𝛾mRNA levels as
well as an increased inflammatory cell exudate.The enhanced
inflammatory response in vaccinated mice, in agreement
with other studies [57], may represent an enhanced host
response to clear the bacteria. Taken together, the results
showed that rFim2 results mainly in a Th2 response, as
observed with aP vaccines [4], and that when rFim2 is fused
to CTB, results in a mixed Th1/Th2 response, consistent
with similar observations reported by others [58, 59] and
improving one of the shortcomings observed in aP vaccines
[60].

5. Conclusions

In conclusion, the results presented herein show that CTB is
a potent adjuvant that when fused to Fim2 enhances their
immunogenicity, stimulating both systemic and mucosal
immune responses resulting in a mixed Th1/Th2 T-helper
response. Having in mind the concerns that arose by the
intranasal use of CTB and its subsequent accumulation in
the olfactory bulb of mice [61] and that some vaccines
administrated by the intranasal route have been associated
with Bell’s palsy in humans [62], the fact that CTB-Fim2
administrated by the intraperitoneal route also offers pro-
tection, supports its value as a protective immunogen. In
addition, open the possibility to be used by other routes, even

mucosal routes, as have been done with CTB fused to other
antigens in preclinical studies [63] as well as in humans (CTB
administered by mucosal way in healthy adult volunteers,
trial NCT00820144, NIH, publication pending). Therefore,
the genetic fusion of ctb and fim2 genes provides a new
promising antigen against Bordetella pertussis infection.
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biotechnological tool,” in Cholera, S. J. T. Gowder, Ed., pp. 129–
152, InTech, Zagreb, Croatia, 2012.
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Plasmid encoded toxin (Pet) is a serine protease originally described in enteroaggregative Escherichia coli (EAEC) prototype strain
042 whose entire characterization was essentially obtained from studies performed with the purified toxin. Here we show that Pet
is not exclusive to EAEC. Atypical enteropathogenic Escherichia coli (aEPEC) strains, isolated from diarrhea cases, express Pet and
its detection in supernatants of infected HEp-2 cells coincides with the appearance of cell damage, which, in turn, were similar to
those described with purified Pet. Pet secretion and the cytotoxic effects are time and culture medium dependent. In presence of
DMEM supplemented with tryptone cell rounding and detachment were observed after just 5 h of incubation with the bacteria.
In the absence of tryptone, the cytotoxic effects were detected only after 24 h of infection. We also show that, in addition to the
prototype EAEC, other pet+ EAEC strains, also isolated from diarrhea cases, induce cellular damage in the same degree as the
aEPEC. The cytotoxic effects of EAEC and aEPEC strains were significantly reduced in the presence of a serine protease inhibitor
or anti-Pet IgG serum. Our results show a common aspect between the aEPEC and EAEC and provide the first evidence pointing
to a role of Pet in aEPEC pathogenesis.

1. Introduction

Most bacterial enterotoxins, with a few exceptions, are pro-
teases known to catalyze the hydrolytic cleavage of proteins
and peptides in order to improve nutrient uptake by the
bacteria [1]. As a consequence, many of these proteases
are involved in the pathogenic processes associated with a
number of infections and are, thus, considered important
virulence factors [2, 3]. For instance, members of the family
of the serine protease autotransporters of the Enterobacteri-
aceae (SPATE) have been associated with pathogenic strains
and are among the virulence proteins predominantly secreted
by the pathogens of this family [4].

The plasmid encoded toxin (Pet), so far described only
in enteroaggregative Escherichia coli (EAEC), is certainly
the best studied member of the SPATE family [5–7]. This
toxin, an autotransporter prototype, is a 104 kDa protein that
enters the cell via clathrin-coated vesicles. It reaches theGolgi
complex and then the rough endoplasmic reticulum through
the retrograde movement [8], where it disrupts 𝛼-fodrin

activity, leading to a loss of actin stress fibers, cytoskeleton
contraction and, finally, to cell rounding and detachment [9].
In addition cytokeratin 8 has recently been described as an
important receptor for Pet in epithelial cells [10].

EAEC, defined by its aggregating pattern of adherence
to epithelial cells [11], has been associated with persistent
diarrhea in children from both developing and industrialized
countries, as well as traveler’s diarrhea [12]. Other than the
binding of EAEC to the epithelial cell, it is known that this
bacterium expresses enterotoxins and cytotoxins, including
the Pet toxin, which leads to a secretory diarrhea andmucosal
inflammation [13].

Atypical enteropathogenic Escherichia coli (aEPEC) have
been associated with both acute childhood diarrhea [14–16]
and persistent diarrhea [17, 18]. However, their pathogenic-
ity is controversial since aEPEC have also been found in
diarrheic and nondiarrheic patients. On the other hand,
several studies have shown that aEPEC strains present high
heterogeneity with frequent occurrence of virulence factors
previously described in other diarrheagenic E. coli (DEC)
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Table 1: Characteristics of the aEPEC strains.

Strains Serotype SPATE virulence genes
BA 2923 O34:H6 pet, cah, ehaA, ehaC, espI
BA 2991 O34:H− pet, cah, ehaA, ehaC, espI
BA 2775 O113:H19 pet, ehaA
BA 3160 O110:H− pet, ehaA
BA 3170 O145:H2 espC

pathotypes [19–21]. As a result, these strains can express dif-
ferent combinations of virulence factors, which may explain
the isolation of aEPEC from both diarrheic and nondiarrheic
individuals [22].

The presence of genes encoding virulence factors in
plasmids, PAIs, transposons, or bacteriophages has allowed
genetic recombination that may contribute to pathogenesis.
Recently, SPATE-encoding genes from diarrheagenic E. coli
(DEC) were found in aEPEC strains through the amplifica-
tion of small fragments of the gene [23].

The expression of enterotoxins and cytotoxins has been
shown to be determinant in the pathogenic processes caused
by several enteric bacteria. However the global mechanism
of diarrhea caused by aEPEC, which includes ion loss to the
intestinal lumen and the secretion of enterotoxins, is poorly
understood. For these reasons, we investigated the expression
of Pet in aEPEC strains isolated from diarrhea cases [22].
In this work we show, for the first time, that toxin Pet is
not exclusive to EAEC and that aEPEC also secretes Pet
which induces cytotoxic effects similar to those observed in
experiments with the purified toxin, on which themajority of
the published studies on Pet toxin are based [8, 9, 24–26].

Our results point to the horizontal transfer of genes
encoding the autotransporter protein, which can be an
important factor in the emergence of highly virulent strains.
We also show that EAEC strains, also obtained from diarrhea
cases [27], induce cytotoxic effects similar to those observed
with the EAEC prototype 042 [28], suggesting that the
expression of Pet correlates with pathogenesis.

2. Materials and Methods

2.1. Bacterial Strains and Culture Conditions. For this study
we selected four aEPEC (Table 1) and three EAEC strains (40
A5, 215 A3, and 252 A2) harboring the pet gene, isolated from
cases of acute diarrhea [22, 23, 27]. One aEPEC strain lacking
the pet gene was included as negative control [23].

The EAEC 042 [29] and Pet purified (200𝜇g/mL) [8, 9]
were used as positive controls and E. coli HB101 strain was
used as a negative control [30].

Bacteria were cultivated in Luria-Bertani (LB) (Gibco,
Rockville, MD) agar or LB broth before each experiment. For
the cytotoxicity assays, 100𝜇L bacterial culture was seeded in
3mL DMEM (Gibco, Rockville, MD) or DMEM containing
tryptone 1% (DMEM-tryptone) and cultured at 37∘C with
shaking at 200 rpm until the exponential phase.

2.2. Cell Culture. HEp-2 cells (ATCC N∘ CCL-23) were
grown in DMEM (Gibco, Rockville, MD) supplemented with

10% fetal bovine serum (FBS) (Cultilab, Campinas, São Paulo)
in a humidified atmosphere with 5% CO

2

, at 37∘C. The
subcultures were harvested with 10mM EDTA and 0.25%
trypsin in PBS, pH 7.4. For experimental use, the trypsinized
cells were seeded, at 2× 105 cells/well, in 24-well culture plates
containing 13mm round cover glasses. The cells were then
submitted to cytotoxicity assays.

2.3. Detection of Pet Expression by Immunoblotting. The
expression of Pet was verified by immunoblotting performed
with the IgG enriched fraction of a rabbit polyclonal anti-Pet
serum (anti-Pet IgG) [27]. Briefly, aliquots of concentrated
aEPEC culture supernatant containing 10 𝜇g of protein were
loaded in each well in a 12% SDS-polyacrylamide gel [31, 32].
After electrophoresis, the separated proteins were transferred
to a nitrocellulose membrane (Hybond C-Extra, Amersham
Life Science) at 350mA for 1 h at 4∘C.

After the transfer and blocking stages, the membranes
were probed with 200𝜇g/mL of anti-Pet IgG for 1 h at room
temperature.The membrane was then washed and incubated
for 1 h with anti-rabbit IgG diluted 1 : 5.000 and analyzed by
either Diaminobenzidine (DAB) (Sigma-Aldrich, St. Louis,
MO) or ECL chemiluminescence system (Amersham Bio-
sciences), according to the manufacturer’s instructions.

2.4. Cytotoxicity Assays. Cell cultures were infected, in the
presence of 10% FBS, at an MOI of 10 with the different
bacterial strains cultivated in DMEM or DMEM-tryptone,
and then incubated for 5 or 24 h, respectively, at 37∘C.

To evaluate the cytotoxic effects, the cells were washed
twice with PBS, fixed with 70% methanol, and stained with
10% Giemsa (Sigma-Aldrich, St. Louis, MO).The parameters
used for the cytotoxicity evaluation were based on the criteria
defined by Saidi and Sears [33] and Navarro-Garćıa et al.
[24] where a score of 1+ indicates the presence of elongated
or rounded cells greater than those observed in the control
(but with less than 50% of cells affected); 2+ indicates that
more than 50% of the cells are rounded but detachment
was less than 50%; 3+ indicates that more than 50% of
the cells are detached and all remaining cells are rounded;
and 4+ indicates that all (or nearly all) cells are detached
from the glass. Purified Pet, from clone pCEFN1 [34], at a
concentration of 200𝜇g/mL, and the prototype EAEC 042
were used as positive controls, while strain aEPEC BA 3170
(pet−) and E. coliHB101 served as negative controls.

In order to confirm the expression of Pet in this system,
the culture medium was removed and precipitated with
trichloroacetic acid (TCA). The precipitate was then submit-
ted to SDS/PAGE and immunodetection of the toxin was
performed with anti-Pet IgG, developed with DAB.

2.5. Neutralization of the Cytotoxic Effects. Theneutralization
test was performed using anti-Pet IgG [27] or the serine
protease inhibitor phenylmethylsulfonyl fluoride (PMSF)
(Boehringer, Indianapolis, IN), as described in Navarro-
Garćıa et al. [24]. The different aEPEC strains were grown
in DMEM or DMEM-tryptone, at 37∘C, at 200 rpm until
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reaching OD 0.8. Next, 20𝜇L of each culture was preincu-
bated with anti-Pet IgG at the concentrations of 125 𝜇g/mL
and 250 𝜇g/mL for 30min at 37∘C. Alternatively, the same
cultures were preincubated with PMSF at the concentrations
of 0.3mM, 0.6mM, and 1.25mM for 15min at 37∘C. The
preincubated aliquots were then added to the cells in fresh
medium and incubated for 5 h at 37∘C prior to standard
fixation and staining.Thepositive controlswere the prototype
EAEC 042 and Pet (200 𝜇g/mL) preincubated with the anti-
Pet IgG or PMSF. Strains cultivated with the culture medium
only were also used as controls. All experiments were per-
formed at least three times, each time in triplicate.

2.6. Statistical Analyses. All data were analyzed using Graph-
Pad Prism 5.0 (San Diego, CA). For use in nonparametric
analyses, the Friedman with Dunn’s multiple comparison test
was performed. In parametric analyses, the 1-way ANOVA
with Tukey’s multiple comparison test was carried out.
Shapiro-Wilk normality test was used for all data. Results
were considered statistically significant when 𝑃 < 0.05.

3. Results

3.1. Reactivity of Polyclonal Anti-Pet Antiserum with aEPEC
Strains. The pet gene has been identified in aEPEC strains
[23]. But it does not necessarily mean that the toxin is
expressed, and up to the present date, aEPEC strains have not
been shown to actually express Pet. For this reasonwe initially
checked Pet secretion in culture supernatants of pet+ aEPEC
strains. Culture supernatants were precipitated with TCA
and subjected to immunoblotting with anti-Pet IgG [27]. A
104 kDa band, the molecular weight of Pet, was detected in
all four aEPEC strains, but not in E. coli strain HB101, used
as a negative control (Figure 1), strongly suggesting that Pet is
secreted by these strains.

3.2. Cytotoxic Effects Induced by pet+ Bacterial Strains. Since
Pet is apparently secreted by these aEPEC strains, we next
verified whether it could be associated with cellular damage
caused by them.

The secretion of Pet was initially achieved with cultures
in LB broth. However, LB broth is not the ideal medium
for the study of bacteria-host cell interactions. Betancourt-
Sanchez and Navarro-Garcia [28] showed that DMEM, a
culture medium used for both eukaryotic and bacterial cells,
with the addition of tryptone, which is present in LB broth,
improves the secretion of Pet by strain EAEC 042 [28].

In this work we studied the cytotoxic effects of Pet by
incubating the aEPEC strains grown in DMEM or DMEM-
tryptone with HEp-2 cells for 24 and 5 h, respectively. The
cytotoxic effects were analyzed through light microscopy
observation and quantification of postinfection adhered cells.
Cells incubated with the same culture medium, without
infection, were used as negative controls and presented 100%
of viable adherent cells.

In parallel, the EAEC strains, which also carry the pet
gene [27], were assayed in order to compare the cytotoxic
effects of both diarrheagenic E. coli pathotypes.
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Figure 1: Detection of Pet in culture supernatants of pet+ aEPEC
strains. The bacterial supernatants, cultivated in LB broth, were
precipitated with TCA. Negative control E. coli sample HB101.
Positive control EAEC 042. aEPEC strains BA 2775, BA 2923,BA
2991, and BA 3160.

In the absence of tryptone, both pet+ aEPEC and pet+
EAEC strains induced cell rounding and detachment after
24 h of incubation (Figure 2). But no cytotoxic effect could
be observed sooner than that. When tryptone was added
to DMEM, cell detachment was observed after only 5 h of
incubation (Figure 3), coinciding with the detection of Pet in
the culture supernatant of the infectedHEp-2 cells (Figure 4).
These results are in agreement with Betancourt-Sanchez
and Navarro-Garcia [28], who showed that the addition of
tryptone toDMEManticipates the secretion of Pet, which can
then be detected after 5 h of incubation, while in the absence
of tryptone the secretion of Pet by strain EAEC042 could only
be detected after 18 h of incubation [28].

Since the growth kinetics of EAEC and aEPEC are similar
in both DMEM and DMEM-tryptone (data not shown), the
cytotoxic effects induced by these strains could be compared
after any given incubation time. We show here that aEPEC
clearly induces cell rounding and detachment in the same
degree as EAEC, or even more.

3.3. Neutralization of the Cytotoxic Effect. To verify whether
the cytotoxic effects caused by the aEPEC and EAEC strains
were induced by a serine protease, the bacteria were incu-
bated, before the infection pulse, with either 0.3mM, 0.6mM,
or 1.25mM PMSF, a serine protease inhibitor. The most
effective PMSF concentration was 0.6mM with both aEPEC
and EAEC pathotypes (Figures 5(a) and 5(b)). The cytotoxic
effects were also significantly reduced when the strains were
previously incubatedwith anti-Pet IgG at both concentrations
of 125 𝜇g/mL and 250𝜇g/mL, as compared to the cultures
infected with untreated bacteria (Figure 5(c)). Neither the
preimmune serumnor nonspecific IgG fractions induced any
cytotoxic effects (data not shown). Together, these results
show that Pet is the toxin responsible for the observed
cytotoxicity.

4. Discussion

SPATEs, which comprise a large group of trypsin-like serine
proteases, promote their own secretion through the type
V secretion system and have been described as important
virulence factors in the pathogenic processes caused by
Shigella spp., uropathogenic E. coli, and DEC [5]. Pet, studied
here, was described and characterized only in 042 EAEC
prototype strain [5–7]. This toxin is known to be cytotoxic
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Figure 2: Light microscopy of HEp-2 cells incubated with different EPEC and EAEC strains in DMEM. After 24 h of incubation the cells
were washed, fixed, and stained with Giemsa. The positive controls for this experiment were the EAEC prototype 042 and Pet at 200 𝜇g/mL.
Magnification: 100x.
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Figure 3: Percentage of HEp-2 cells detachment after 5 h of incubation with the pet+ aEPEC strains BA 3160; BA 2991; BA 2923; BA 2775 and
the EAEC strain 215 A3 in the presence of DMEM-tryptone. Positive control EAEC 042. Negative controls just the cells (C) and pet− aEPEC
strain BA 3170. The data refer to the mean values of four independent experiments. ∗Significantly different when compared to the negative
control (C). One-way analysis of variance (ANOVA) with Tukey’s test was carried out to determine statistically significant differences from
untreated controls. ∗∗∗𝑃 < 0.001.
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Figure 4: Pet is present in the HEp-2 culture supernatant after 5 h of incubation in DMEM-tryptone with the aEPEC strains BA 3160, BA
2923, BA 2775, and BA 2991, as detected with anti-Pet IgG and developed with DAB. MW: molecular weight. Positive controls: EAEC 042
and Pet. Negative controls: aEPEC BA 3170 and noninfected cells (NC).
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Figure 5: Kinetics of the neutralization of the cytotoxic effects on HEp-2 cells after previous incubation of the bacterial strains with anti-Pet
IgG (125 𝜇g/mL and 250 𝜇g/mL) or with PMSF at the concentrations of 0.3, 0.6, and 1.25mM. Light microscopy of the cells incubated with
aEPEC strain BA 3160; magnification: 100x (a). Cytotoxic effect on cells incubated with aEPEC strains BA 2775, BA 3160, BA 2923, and BA
2991 and EAEC strains 40 A5, 215 A3, and 252 A2. Positive controls were EAEC 042 and Pet. Negative controls were aEPEC BA 3170 and cells
alone incubated with PMSF. ∗Statistically significant difference when compared to the control (bacteria) as determined using the Friedman
with Dunn nonparametric test, ∗∗𝑃 < 0.01 (b) or incubated with the anti-Pet IgG. ∗Statistically significant difference when compared to the
control (bacteria) as determined using one-way analysis of variance (ANOVA) with Tukey’s test, ∗∗∗𝑃 < 0.001 (c). The results refer to the
mean values of three independent experiments performed in triplicate.

to cultured epithelial cells, such as Caco-2, HT29, HEp-2,
and CHO [24, 35]. It causes cytoskeletal rearrangements and
contraction and release of the cellular focal contacts in cell
monolayers, indicating that it is an important virulence factor
in the pathogenesis of EAEC infection [24–26]. However,
practically all the knowledge on this toxin was obtained with
the purified protein that, at a concentration of 37𝜇g/mL,
causes irreversible cell damage [8, 9, 24–26].

Here we investigated the secretion of Pet in aEPEC strains
harboring the pet gene [23] as well as its cytotoxic potential
through the analysis in the context of the direct action of
the bacteria on cultured cells. In addition, we studied the
cytotoxicity of three different pet+ EAEC strains, not yet been
demonstrated.The expression of Pet has only been described
in the EAEC prototype strain 042 [27], which was used here
as a positive control.
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Gene expression may be influenced by a range of envi-
ronmental stimuli, including the composition of the culture
medium and host cell contact [24, 27, 28]. For instance,
when DMEM is supplemented with tryptone it induces a
positive upregulation of Pet mRNA transcription. Tryptone
is a constituent of LB broth, which normally favors Pet
expression [28]. Therefore, we investigated cytotoxicity of
pet+ aEPEC and EAEC strains in a comparative study using
DMEM both containing tryptone and not.

We show that the induction of the cytotoxic effects
by both E. coli pathotypes is time and culture medium
dependent.These findings are in agreement with Betancourt-
Sanchez and Navarro-Garcia [28], who demonstrated that
Pet secretion by EAEC 042 is anticipated when tryptone was
added to the eukaryotic cell culture medium.

In this study, the cytotoxic effects induced by both aEPEC
and EAEC strains were equally intense and were observed as
soon as the toxin was detected in the supernatant of the cell
cultures.

Adhesins have been suggested to be important in the
process of toxin Pet delivery by EAEC based on the fact
that strain HB101, which does not express adhesins but is
a Pet hyperproducer (HB101-Pet), could not deliver Pet to
epithelial cells, as opposed to the observationwith EAEC042,
suggesting that adhesion of EAEC to the cell is important for
proper toxin delivery [28].

However, the aEPEC strains studied here were classified,
based on adhesion assays, as nonadherent to epithelial cells
[36]. Although the results obtained with HB101-Pet [28]
and aEPEC may seem contradictory, aEPEC, as opposed to
HB101-Pet, is pathogenic, having been isolated fromdiarrheic
patients, and expresses several additional virulence factors,
such as adhesins cah, ehaA, ehaC, and espI [23]. Furthermore,
the classic adhesion assays are designed to define the adhesion
pattern of the bacteria to the cell after a given incubation time.
In the case of the aEPEC pathotype, six hours were necessary
for the adhesion pattern to be observed [37]. Therefore, this
assay may not reflect possible bacteria-cell interactions that
might occur in a shorter incubation time and that could
be enough for the delivery of the toxin to the cell. Pet was
detected inside the cells after only 30min of incubation with
purified toxin [26, 38]. For instance, studies performed with
the purified toxin show that Pet binds to the cell surface
on its own and is endocytosed by clathrin-coated vesicles,
suggesting the existence of an internalization process which
is independent of bacterial adhesion to the cell [26].

To establish a correlation between the cellular damage
observed in this work and toxin Pet, we preincubated the
bacteria with either the serine protease inhibitor PMSF or the
rabbit anti-Pet IgG enriched fraction. Both treatments con-
siderably reduced or even completely prevented the damage
induced to the cells. These results show that the cytotoxic
effect induced by both DEC categories is due to toxin Pet.

The presence of genes encoding virulence factors in
mobile units, such as plasmids, favors the horizontal trans-
mission of these factors between bacteria and could explain
the presence of the pet gene in aEPEC and its high hetero-
geneity [20, 21, 39]. In the EAEC prototype 042 strain a cor-
relation between the presence of the aggregative adherence

fimbriae II (AAF/II) and Pet, both located in the virulence
plasmid (pAA), has been described [34]. Such correlation
was not observed in the aEPEC strains in which we have
demonstrated the expression of Pet. In these strains, only
genes encoding adhesins cah, ehaA, ehaC, and espI could
be detected, but not AAF/II encoding genes (unpublished
data) or other SPATE genes [23]. In addition, these aEPEC
strains belong to nonclassical serogroups known to be more
diverse and in whichmany virulence genes have already been
described, but whose expression is still poorly studied [39].

An additional interesting aspect that relates the
SPATEs and the DEC pathotypes is that EAEC and typical
enteropathogenic Escherichia coli (tEPEC) express different
serine proteases [6, 40]. EAEC express Pet and Pic, while
tEPEC express the E. coli secreted protein C (EspC) [41].
EspC was detected in the supernatant of cell cultures infected
with the tEPEC prototype E2348/69 [42]. Like Pet, EspC
is also internalized; it cleaves 𝛼-fodrin and alters the actin
fibers of the cytoskeleton, inducing similar damage [43].
However the interaction of these toxins with the host is
different, suggesting different roles in pathogenesis [44].
Interestingly all aEPEC pet+ studied here lack the espC gene
sequence as well as other SPATE encoding genes [23].

To better understand the processes involving SPATEs,
which present such diverse activities, they should be charac-
terized in the context of each pathogen that expresses them.
In the case of aEPEC, which does not present the espC gene
and whose single pathogenic mechanism described so far is
the attaching and effacing lesion, Pet might play an important
role in cytotoxicity.

Both EAEC and aEPEC are known to present a high
heterogeneity of virulence factors and have been isolated
from both diarrheic and nondiarrheic patients. Afset et al.
[17] and Nguyen et al. [18] demonstrated that, like EAEC,
which is a pathotype classically described as an agent of
persistent and traveler’s diarrhea affecting individuals of all
ages, aEPEC can also cause persistent diarrhea and affect
individuals of all ages, as opposed to the tEPEC [21].

Though the pet gene was previously identified in aEPEC
through the amplification of a fragment of 302 bp [23], we
show here for the first time that Pet is indeed secreted by
aEPEC and that it induces cell damage similar to those
previously observed with EAEC. This is the first evidence
pointing to a role of Pet in aEPEC pathogenesis. These
data show a common aspect between the aEPEC and EAEC
strains, which is apparently important in the pathogenesis,
since all bacterial strains used here were isolated from cases
of diarrhea [22, 27]. Determining the location of the pet gene,
the importance of bacterial adherence for toxin delivery, and
the contribution of Pet to aEPEC pathogenicity are the goals
of our next studies.
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Despite the economic importance of caseous lymphadenitis (CLA), a chronic disease caused by Corynebacterium pseudotuberculo-
sis, few genes related to the virulence of its etiologic agent have been characterized. The oligopeptide permease (Opp) transporters
are located in the plasma membrane and have functions generally related to the uptake of peptides from the extracellular
environment.These peptide transporters, in addition to having an important role in cell nutrition, also participate in the regulation
of various processes involving intercellular signaling, including the control of the expression of virulence genes in pathogenic
bacteria. To study the role of Opp in C. pseudotuberculosis, an OppD deficient strain was constructed via simple crossover with a
nonreplicative plasmid carrying part of the oppD gene sequence. As occurred to the wild-type, the ΔoppD strain showed impaired
growth when exposed to the toxic glutathione peptide (GSH), indicating two possible scenarios: (i) that this component can be
internalized by the bacterium through an Opp-independent pathway or (ii) that there is toxicity while the peptide is extracellular.
Additionally, the ΔoppD mutant presented a reduced ability to adhere to and infect macrophages compared to the wild-type,
although both strains exhibit the same potential to colonize spleens and cause injury and death to infected mice.

1. Introduction

Corynebacterium pseudotuberculosis is a Gram-positive bac-
terium and a facultative intracellular parasite that causes
caseous lymphadenitis (CLA), a chronic infectious disease
affecting small ruminants. The widespread occurrence and
economic importance of the disease have stimulated stud-
ies on the molecular basis of virulence of this pathogen,
on which information is still limited [1]. The genes of C.
pseudotuberculosis already characterized that are involved in
virulence include the pld gene, which encodes a powerful
exotoxin associated with pathogen dissemination in the host
[2, 3], and the operon fagABCD,which is associatedwith iron
absorption [4].

Among the molecular factors associated with the viru-
lence of pathogenic bacteria, the peptide transporters (Opp)
have been highlighted, which are multisubunit protein com-
plexes that belong to the family of ABC transporters. This
family uses energy generated by the hydrolysis of adenosine
triphosphate (ATP) to drive the transport of lipids, peptides,
and saccharides across the plasma membrane [5, 6]. These
transporters are located in the plasma membrane, and their
main function is to capture peptides from the extracellular
environment to serve as sources of plasma carbon and
nitrogen [5, 6]. In addition to their nutritional role, the
peptides can be used by Gram-positive bacteria as signaling
molecules in intercellular communication, which allows the
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bacteria to coordinate the expression of specific genes at a
population level. The control of various cellular processes,
including sporulation, conjugation, and virulence, has been
linked to communication via signal peptides [7–9]. Several
studies performed on pathogenic bacteria of the genera
Staphylococcus sp., Streptococcus sp., and Mycobacterium sp.
have shown that Opp mutant strains show reduced virulence
[7, 10, 11].

The Opp transporters were already characterized in
some Gram-positive and Gram-negative bacteria as being
composed of five protein subunits generally arranged in oper-
ons: OppA, OppB, OppC, OppD, and OppF. Modifications
in the gene arrangement, the presence of more than one
copy, and the fusion of these subunits have already been
observed in the genomes of some bacteria [12]. Generally,
the OppA subunit is responsible for the capture of peptides
from the extracytoplasmic environment and the transfer of
thesemolecules to transmembrane channel-forming proteins
(OppB and OppC). The OppB and OppC subunits are
responsible for the formation of the transmembrane channel
through which the oligonucleotides are transported to the
intracellular environment.The OppD and OppF subunits are
located in the cytoplasmic portion of the bacterial membrane
and are responsible for ATP hydrolysis, thus generating
energy for the peptide internalization process [6, 13].

We studied the role of theOpp transporters inCorynebac-
terium pseudotuberculosis through the generation of amutant
strain with a disruption in the gene oppD caused by simple
homologous recombination. The knockout of oppD causes
the inactivation of the entire transport system because this
gene encodes the protein responsible for providing energy to
the peptide internalization process through the hydrolysis of
ATP [14]. After obtaining and confirming the C. pseudotu-
berculosis ΔoppD genotype, tests were performed to confirm
the loss of function of the transporter.This mutant strain was
also assessed for adhesion and viability in macrophages and
for virulence in mice to analyze the persistence of infection
and the mortality rates.

2. Materials and Methods

2.1. Bacterial Strains, Plasmids, and Culture Conditions. The
bacterial strains used were Escherichia coli DH5𝛼 (Invit-
rogen) and Corynebacterium pseudotuberculosis wild-type
strain 1002 [15], and the plasmid used was pCR2.1-TOPO
(Invitrogen). The culture media used were Luria-Bertani
(LB) (HIMEDIA) for E. coli and Brain Heart Infusion (BHI)
(HIMEDIA) for C. pseudotuberculosis, which were supple-
mented with 1.5% bacteriological agar for culture on solid
medium. Both cultures were grown at 37∘C under agitation.
E. coli was grown for 18 h, and C. pseudotuberculosis was
grown for 72 h. When necessary, the culture media were
supplemented with ampicillin (100 𝜇g/mL) or kanamycin
(50𝜇g/mL).

2.2. Construction of the C. pseudotuberculosis ΔoppD Strain.
For the construction of C. pseudotuberculosis ΔoppD by
simple homologous recombination [16], a clone of a C.

pseudotuberculosis genome library generated by D’Afonseca
et al. [17] was used, which contained a fragment of the open
reading frame (ORF) of the cloned oppD gene. Confirmation
of the portion of the oppD gene cloned into the plasmid
was performed by sequencing the fragment and subsequent
sequence alignment with the C. pseudotuberculosis genome.
This search was performed using the Artemis software.
After the identification of the E. coli clone in the genomic
library that contained the oppD fragment cloned into pCR2.1-
TOPO (Invitrogen), plasmid DNA extraction was performed
using the Wizard Plus Maxipreps DNA Purification System
(Promega). The extracted plasmid was directly transformed
into C. pseudotuberculosis strain 1002 according to Dorella
et al. [18]. The selection of the oppD mutant clones was
performed in BHI medium supplemented with 50 𝜇g/mL
kanamycin. To confirm oppD inactivation by the insertion
of the suicide vector, polymerase chain reaction (PCR) was
performed using primers aligning with oppD as well as
m13 and km. All other molecular biology techniques were
performed according to Sambrook et al. [19].

2.3. In Silico Analysis of C. pseudotuberculosis Opp. Parallel
to the construction of C. pseudotuberculosis ΔoppD, an
analysis of the gene content of Opp, its organization, and
its similarity to other bacteria was performed using the
Artemis software. The operon analyses were performed
using SoftBerry (http://linux1.softberry.com/berry.
(phtml?topic=fgenesb&group=help&subgroup=gfindb).
A similarity analysis of the genes contained in the operon
was performed using basic local alignment and search tool
(BLASTp) (http://blast.ncbi.nlm.nih.gov/Blast.cgi), and
only the best hit was used for comparison. An analysis
of the protein domains present in the subunits of the
transporter was performed through the conserved domain
(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml).

2.4. Growth Curves of the C. pseudotuberculosis 1002 Wild-
Type and ΔoppD Strains in the Presence of GSH. Preinocula
of C. pseudotuberculosis 1002 and ΔoppD were prepared
in 20mL of BHI with 0.05% Tween80 (Sigma). After 24
hours of growth at 37∘C, aliquots of the cultures were
reinoculated (1 : 100) in 120mL BHI supplemented with
Tween80 and incubated at 37∘C until the initial exponential
growth phase was reached (OD

600 𝑛𝑚

=∼ 0.2). At this
time, GSH (Sigma) was added at concentrations of 5mM
and 10mM to two aliquots of culture, according to Green
et al. [20]. The controls received no treatment with GSH.
The monitoring of the growth curves was performed by
OD
600 nm readings at 0, 15, 60, 120, 180, 240, 300, and

360min after the addition of the substrate, which is toxic
to cultures. From the OD

600 nm data, growth curves were
plotted comparing the wild-type and mutant strains in
the presence and absence of the toxic substrate GSH. The
OD
600 nm data were analyzed with GraphPad Prism v.5.0

(http://www.graphpad.com/scientific-software/prism/).

2.5. Viability of C. pseudotuberculosis 1002 and ΔoppD
in the Murine Macrophages J774. The J774 cell line was

http://linux1.softberry.com/berry.phtml?topic=fgenesb&group=help&subgroup=gfindb
http://linux1.softberry.com/berry.phtml?topic=fgenesb&group=help&subgroup=gfindb
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http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
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grown in Dulbecco’s modified eagle’s medium (DMEM) (Life
Technologies) supplemented with 50 𝜇g/mL gentamicin,
2.5 𝜇g/mL fungizone, and 5% fetal bovine serum (Life Tech-
nologies) at 37∘C in a CO

2

incubator. Confluent monolayers
were trypsinized at two-day intervals with a saline buffer
containing 0.2% (w/v) trypsin and 0.02% (w/v) ethylene-
diaminetetraacetic acid (EDTA) (Sigma). For the adhesion
assays, 500 𝜇L of cell suspension (5 × 105 cells/mL) was
distributed into 24-well microplates and incubated in a CO

2

incubator for 48 hours until the monolayer was 95% conflu-
ent. In parallel, the C. pseudotuberculosis strains were grown
in BHI broth and incubated for 24 hours at 37∘C. After three
washes of the samples with Dulbecco’s phosphate-buffered
saline (Life Technologies), the strains were resuspended in
DMEM medium to obtain 5 × 106 CFU/mL (multiplicity of
infection (MOI) = 10 bacteria per macrophage). After the
interaction of the bacteria and macrophages for 1, 3, and 6
hours, aliquots of the supernatants were removed, diluted,
and plated on BHI agar to count the colony-forming units
permilliliter (CFU/mL).The percentage of adherent cells was
determined from the sum of the CFUs in the supernatant
plus the CFUs associated with monolayers (CFUs associated
with monolayers/CFUs in supernatant + CFUs associated
withmonolayers ×100).The intracellular viability assays were
performed with the addition of gentamycin after incubation
times of 1, 3, and 6 hours. The percentage of viable intracel-
lular bacteria was determined from the control of associated
bacteria (without exposure to gentamicin). The significant
difference among the groups was determined using the
ANOVA and Tukey’s tests of the GraphPad Prism 5.0
(http://www.graphpad.com/scientific-software/prism/). The
value of 𝑃 < 0.05 was used as the threshold for significance.

2.6. Infection and Persistence Assays of C. pseudotuberculosis
1002 and ΔoppD. The standardization of parameters such
as the lethal dose (LD50), volume of the cultures to be
inoculated, most appropriate inoculation location, and inter-
vals between immunizations were performed according to
Ribeiro et al. [15]. All procedures with animals were carried
out according to the regulations of the Ethics Committee for
Animal Experimentation of the Federal University of Minas
Gerais, Brazil. For experiments evaluating virulence through
experimental infection, 6- to 8-week-old BALB/c mice were
divided into three groups of 15 animals each. One group
was used as a negative control and inoculated with 0.9%
saline solution. The second group was infected with the C.
pseudotuberculosis 1002 strain, and the third was infected
with C. pseudotuberculosis ΔoppD. All animals were infected
intraperitoneally with a final volume of 100mL for each dose.
The inoculations with both strains contained 106 CFU/mL.
The animals were evaluated daily for the formation of
abscesses at the site of injection, the degree of prostration,
and the number of deaths. The survival rates of the ani-
mals were calculated and represented in GraphPad Prism
v.5.0 (http://www.graphpad.com/scientific-software/prism/)
using the Kaplan-Meier survival function. For infection
persistence assays, we proceeded in the same manner as
described above, except that the inoculation dose was slightly

lower than the previous one (5 × 105 CFU/mL), to prevent the
animals from dying before the completion of the experiment.
During the period of 1–5 days after infection, three animals
from each group were sacrificed, and their spleens were
removed and macerated in 2mL of 0.9% saline solution.
From this macerate, 10−1 and 10−2 dilutions were plated on
BHI plates for the mice infected with the wild-type strain
and on BHI supplemented with 50mg/mL of kanamycin
(Sigma) for the mice infected with the mutant strain.
The results of the C. pseudotuberculosis CFU count in the
spleen were calculated and represented in GraphPad Prism
v.5.0 (http://www.graphpad.com/scientific-software/prism/)
using the two-way ANOVA test.

3. Results and Discussion

3.1. Generation and Confirmation of C. pseudotuberculosis
ΔoppD. With the mapping of a genomic library constructed
by D’Afonseca et al. [17], it was possible to identify and
sequence in one of the clones a 1,200 bp fragment from the
ORF of the oppD gene ligated into the plasmid pCR2.1-
TOPO. The nucleotide sequence of the chromosomal DNA
fragment of C. pseudotuberculosis ligated into the plasmid
pCR2.1-TOPO in one of the clones of the genomic library
of C. pseudotuberculosis had 100% similarity to 1,000 bp of
the oppD(see Figure S1 in Supplementary Material avail-
able online at http://dx.doi.org/10.1155/2014/489782). After
transformation into C. pseudotuberculosis, the mutant strain
showed resistance to kanamycin, and their DNA was sub-
jected to PCR with various primer combinations (Table S1).

3.2. In Silico Characterization of the opp Operon of C. pseu-
dotuberculosis. Through in silico analysis, we found that the
Opp transporter is part of the core of C. pseudotuberculosis,
and it likely has an essential role in the biology of the
organism. A sequence analysis of the genes encoding the
protein subunits of the Opp also showed that they are part of
an operon and are transcribed in a single transcriptional unit
(Figure 1). In an in silico protein analysis, a protein domain
of OppA was found to be similar to an extracellular peptide-
binding domain, which may be related to the capture of pep-
tides from the extracytoplasmic environment and the transfer
of these peptides to the transmembrane channel-forming
proteins. Moreover, the amino acid sequences of OppB and
OppC showed conserved domains related to the formation
of transport channels across the plasma membrane. With
respect to OppD, two protein domains related to ATP hydrol-
ysis (Figure S2) were found, which may indicate a fusion
between the oppD and oppF genes and explain the absence
of the oppF gene in the operon in C. pseudotuberculosis. This
same configurationwas found inMycobacterium tuberculosis,
demonstrating that this fusion may be a characteristic of
actinobacteria [6].

3.3. Phenotypic Test to Evaluate the Peptide Internalization
of C. pseudotuberculosis ΔoppD. One method by which
to phenotypically characterize mutant strains defective in
the transport of molecules across the plasma membrane

http://www.graphpad.com/scientific-software/prism/
http://www.graphpad.com/scientific-software/prism/
http://www.graphpad.com/scientific-software/prism/
http://dx.doi.org/10.1155/2014/489782)
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(a)

(a)

(b)

(b)

Figure 1: In silico analysis of the operon oppBCDA in the genome
of C. pseudotuberculosis. (a) Organization of operon (visualized by
software Artemis). Arrows indicate the arrangement of genes in the
genome. (b) Prediction of oppBCDA operon by software FGENESB.
The red circle indicates that the genes are transcribed into a single
transcriptional unit.

is to use substrate analogs that are toxic to the bacterium
when internalized by these transporters. This methodology
is effective because it is expected that the absence of the
transporter in the mutant strain makes this strain resistant
to the effects of the toxic substrate given that the substrate
will not be internalized by the bacterium. Conversely, in the
wild-type strain, the presence of the functional transporter
will enable the toxic substrate to be transported into the
cell, thus causing damage to the bacterium. The use of
GSH as a toxic substrate proved to be an effective tool in
the characterization of mutant strains for the Opp peptide
transporter inMycobacterium bovis (phylogenetically close to
C. pseudotuberculosis) [20].Thus, we used the samemolecule
for the phenotypic characterization of C. pseudotuberculosis
ΔoppD, and the results are shown in Figure 2. Unlike the
study by Green et al. [20] on Mycobacterium bovis ΔoppD,
in which the wild-type strain was sensitive to concentrations
of 5mM of GSH, C. pseudotuberculosis was resistant to the
toxic effects of GSH at this concentration because the wild-
type and mutant strains showed the same growth profile in
the presence and absence of the toxic substrate (Figure 2(a)).
With the aim of finding a GSH concentration in which C.
pseudotuberculosis was sensitive to the toxic effects of this
substrate, various concentrations of GSH were tested (data
not shown), and the concentration chosen was 10mM given
that concentrations above this value inhibited the growth
of both strains. Figure 2(b) shows that although GSH is
toxic to C. pseudotuberculosis at the concentration of 10mM,
the use of this substrate did not allow us to phenotypically
distinguish the wild-type and mutant strains because the
growth of both was affected in the same way by the presence
of GSH at that concentration. Two hypotheses were raised
from these results: (i) GSH does not need to be transported
to the cytoplasm of C. pseudotuberculosis to be toxic to the
bacterium or (ii) GSH is being internalized by the bacterium
through a pathway different from Opp.
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Figure 2: Growth of wild-type and ΔoppD C. pseudotuberculosis in
the presence or absence of GSH. (a) Phenotypic test with 5mMGSH
and (b) phenotypic test with 10mM GSH.

3.4. Infection ofMacrophages by C. pseudotuberculosisΔoppD.
In the course of the infection by C. pseudotuberculosis,
the bacterium needs to be internalized to survive in this
environment as an intracellular parasite. The tests performed
to evaluate whether these characteristics are still present in
C. pseudotuberculosis ΔoppD showed a significant reduction
in adhesion only during the first hour, and at 3 and 6
hours, both strains showed the same ability to adhere to and
infect macrophages (Figure 3(a)). These results suggest that
C. pseudotuberculosis ΔoppD exhibits a delay in the ability to
adhere to the cell membranes of macrophages because only
during the initial phases of the experiment the percentage of
adherentmutant bacteria was lower than that of thewild-type
bacteria. The lower adhesion potential of the mutant strain
also led to a decline in internalization (Figure 3(b)) given that,
to infect the phagocytic cell, the bacteria must first establish
contact with the macrophage membrane. Studies conducted
on different species of the genus Streptococcus demonstrated
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Figure 3: Adhesion and internalization of wild-type C. pseudotu-
berculosis and ΔoppD mutant into J774 macrophages. (a) Bacterial
adherence of wild-type and mutant strains was evaluated 1, 3, and 6
hours after infection. (b) Viability of wild-type and mutant strains
inside macrophages was evaluated 3 and 6 hours after infection.
Asterisks indicate significant differences between groups tested (𝑃 <
0.05).

that Oppmutant strains showed a reduced ability to adhere to
human cells [21, 22].This reduction in Streptococcus pyogenes
was caused by a decrease in the expression of fbsA, which
encodes a fibrinogen-binding adhesin [9]. Thus, Opp may be
associated with the transcriptional control of genes related to
bacterial adhesion.

3.5. Virulence of C. pseudotuberculosisΔoppD in BALB/cMice.
To assess whether the inactivation of the oppD gene in C.
pseudotuberculosis resulted in a decrease in the virulence
profile of the mutant strain, infection assays using BALB/c
mice were performed. Figure 4 shows that there was no
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Figure 4: Survival curve of BALB/c mice infected with C. pseudotu-
berculosis ΔoppD.

significant difference between the survival curves of animals
infected with C. pseudotuberculosis 1002 and those infected
with C. pseudotuberculosis ΔoppD, corroborating the general
physical examination of the mice that also showed no dif-
ference between the infected groups. This same result was
observed by Flores-Valdez et al. [23] in a study performed
with Mycobacterium tuberculosis in which the virulence of
an Opp mutant strain was evaluated through infection of
BALB/c mice via aerosol.That study revealed that the mutant
strain showed no significant difference in the ability to cause
death in mice compared to the wild-type strain. However,
when evaluating the colonization potential of the mutant
strain in organs such as the spleen and lung during the
acute, chronic, and persistent phases of infection, a lower
bacterial load was observed during the chronic phase of
infection in mice inoculated with this mutant strain. Unlike
infections caused by M. tuberculosis in mice, in infections
by C. pseudotuberculosis, it is only possible to recover live
bacteria from the spleen of infected mice six days after
inoculation. Thus, the assays designed to evaluate the ability
to colonize the spleen of mice infected with C. pseudotu-
berculosis cover only the acute phase. To assess if there was
a reduction in the potential for spleen colonization during
the infection of mice with C. pseudotuberculosis ΔoppD, a
comparison was performed between the number of CFUs of
the wild-type and mutant strains recovered from the spleens
of the mice during the acute phase of infection. Figure 5
demonstrates that the bacterial load found in the spleens of
mice infected with the mutant strain was not significantly
different from that found in animals infected with the wild-
type strain. Borezee et al. [24], in a study performed with
Listeria monocytogenes ΔoppA, observed a reduced growth
capacity of this bacterium in murine macrophages compared
to the wild-type strain. Despite this reduction, the mutant
strain showed the same ability as the wild-type strain to kill
the infected mice. Unlike the results of studies with other
pathogenic bacteria such as S. aureus,M. tuberculosis, and S.
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Figure 5: Colony-forming units in the spleen of BALB/c mice
infected with wild-typeC. pseudotuberculosis andΔoppDmutant for
the first 5 days of infection.

pyogenes, inwhich theOppmutant strains showed reductions
in virulence and pathogenicity in assays of mice infection [10,
11, 24], in C. pseudotuberculosis, the presence of a functional
Opp transporter appears not to be required for the virulence
of this bacterium in this infection model.

4. Conclusions

This study is the first report on the role of the Opp trans-
porter in bacteria of the genus Corynebacterium spp. We
characterized the Opp operon and evaluated its importance
in the virulence and pathogenicity of C. pseudotuberculosis.
The phenotypic tests using GSH showed that Opp is not
necessary for the internalization of peptides, which can use an
alternative pathway. Although the in vitro assays of bacterial
adhesion and viability in murine macrophages demonstrate
that C. pseudotuberculosis ΔoppD exhibits a delay in the
adhesion to the cell membrane compared to the wild-type
strain, this delay did not affect the virulence of the ΔoppD
strain in mice.
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K. Schoolnik, “Mycobacterium tuberculosis modulates its cell
surface via an oligopeptide permease (Opp) transport system,”
FASEB Journal, vol. 23, no. 12, pp. 4091–4104, 2009.

[24] E. Borezee, E. Pellegrini, and P. Berche, “OppA of listeria
monocytogenes, an oligopeptide-binding protein required for
bacterial growth at low temperature and involved in intracellu-
lar survival,” Infection and Immunity, vol. 68, no. 12, pp. 7069–
7077, 2000.



Research Article
Atypical Enteropathogenic Escherichia coli Strains form Biofilm
on Abiotic Surfaces Regardless of Their Adherence Pattern on
Cultured Epithelial Cells

Hebert F. Culler,1,2 Cristiane M. Mota,1 Cecilia M. Abe,3 Waldir P. Elias,1

Marcelo P. Sircili,1,2 and Marcia R. Franzolin1

1 Laboratório de Bacteriologia, Instituto Butantan, Avenida Vital Brazil 1500, 05503-900 São Paulo, SP, Brazil
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The aim of this study was to determine the capacity of biofilm formation of atypical enteropathogenic Escherichia coli (aEPEC)
strains on abiotic and biotic surfaces. Ninety-one aEPEC strains, isolated from feces of children with diarrhea, were analyzed by the
crystal violet (CV) assay on an abiotic surface after 24 h of incubation. aEPEC strains representing eachHEp-2 cell type of adherence
were analyzed after 24 h and 6, 12, and 18 days of incubation at 37∘C on abiotic and cell surfaces by CFU/cm2 counting and confocal
laser scanning microscopy (CLSM). Biofilm formation on abiotic surfaces occurred in 55 (60.4%) of the aEPEC strains. There was
no significant difference in biofilm biomass formation on an abiotic versus prefixed cell surface. The biofilms could be visualized
by CLSM at various developmental stages. aEPEC strains are able to form biofilm on an abiotic surface with no association with
their adherence pattern on HEp-2 cells with the exception of the strains expressing UND (undetermined adherence). This study
revealed the capacity of adhesion and biofilm formation by aEPEC strains on abiotic and biotic surfaces, possibly playing a role in
pathogenesis, mainly in cases of persistent diarrhea.

1. Introduction

Enteropathogenic Escherichia coli (EPEC) is a major cause of
diarrhea in children in developing countries [1, 2]. EPEC is
divided in two groups: typical EPEC (tEPEC) and atypical
EPEC (aEPEC), differing from each other by the presence of
the EPEC adherence factor plasmid (pEAF) in tEPEC and its
absence in aEPEC [3]. Therefore, aEPEC is defined as E. coli
strains that lack the EAF plasmid (pEAF) and Shiga toxin-
encoding genes (stx) do not express the bundle-forming
pilus (BFP) and produce the characteristic histopathology
lesion known as attaching and effacing (A/E) on intestinal
mucosa [3–6]. The A/E lesion results from intimate bacterial
adherence to the enterocytes, local microvillus effacement,
and accumulation of polymerized actin of the cytoskeleton
underneath adherent bacteria forming pedestal-like struc-
tures [7].

Adherence assays performedwith cultured epithelial cells
(HeLa or HEp-2 cell lines) show that aEPEC strains often
express a defined pattern known as localized-like adherence
(LAL) characterized by loose clusters of bacteria adhered
to the cell surface. Other adherence patterns can also be
found in aEPEC: diffuse adherence (DA), where the bacteria
adhere diffusely to the cell surface; aggregative adherence
(AA), where the bacteria adhere to the cell surface and to
the coverslip in a stacked brick pattern; localized adherence
(LA
6h), where the bacteria adhere to the cell surface as

tight clusters; and undetermined adherence (UND), when
bacterial adherence cannot be classified in one of these
defined patterns [6]. Nonadherent aEPEC strains are also
reported less often [5, 8–10].

aEPEC strains are currently among the main agents of
infectious diarrhea in several countries, including Brazil [2,
10–15], more prevalent than tEPEC ones, the main bacterial
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enteropathogens in children in the past [2], indicating the
aEPEC as emerging and truly diarrheagenic pathogens [6].

These strains have also been implicated as agents of
persistent diarrhea along with Giardia lamblia, Cryptosporid-
ium, and enteroaggregative E. coli (EAEC) [2, 16, 17]. The
duration of diarrhea in patients infected with aEPEC is
significantly longer than of that caused by other pathogens,
persisting for longer periods of time in the intestine than
other diarrheagenic E. coli [18].

Microbial biofilms are defined as complex sessile commu-
nities formed by bacterial cells embedded in a self-produced
extracellular polymeric matrix consisting of exopolysaccha-
rides (EPS), proteins, and DNA and adhered to an inert
or living surface, protecting bacteria against the deleterious
effects of antimicrobial agents and increasing resistance to
the host immune system [19]. Biofilms have the capacity
to attach to abiotic surfaces such as glass, polystyrene, and
stainless steel and even biotic surfaces such as cells and tissues
[20]. Due to these characteristics, biofilms may cause serious
problems in medical devices, as well as in colonization and
disease [21].

In this work, we investigated the capacity of a large
collection of aEPEC strains to adhere and form biofilm on
abiotic and biotic surfaces. The results were also analyzed
considering the patterns of adhesion on HEp-2 cells, demon-
strating that aEPEC is able to form biofilm on an abiotic
surface independently of this phenotype.

2. Materials and Methods

2.1. Bacterial Strains. Ninety-one aEPEC strains belonging
to our laboratory collection were selected for this study.
Seventy-two aEPEC strains were isolated in an epidemiolog-
ical study of the etiology of acute diarrhea in children and
previously identified as the genotype eae+/EAF-/stx-/bfpA-
[14] and characterizedwith respect to serotype (O andH anti-
gens) and adherence toHEp-2 cells [5]. In addition, 19 aEPEC
strains of classical EPEC serogroups isolated from diarrhea
were included [22] in order to increase the representatives
of this specific group of strains (see Supplementary Materials
available online at http://dx.doi.org/10.1155/2014/845147).The
EAEC prototype strain 042 (serotype O44:H18) [23] and E.
coli DH5𝛼 [24] were used as high and low biofilm formation
controls, respectively. The tEPEC prototype strain E2348/69
(serotypeO127:H6) [25]was used for comparisonmeanswith
aEPEC strains.These strains were kept at −80∘C in trypticase
soy broth (TSB) supplemented with 15% (v/v) glycerol.

2.2. HEp-2 Cells Culture. HEp-2 cells were cultivated in Dul-
becco’s modified Eagle medium (DMEM - Cultilab, Brazil)
supplemented with 2% fetal bovine serum in 24-well cell cul-
ture plates with glass coverslips until 100% confluence. After
this period, the HEp-2 cell monolayers were washed with
phosphate-buffered saline (PBS) (pH 7.2) and the attached
cells were prefixed with 100% methanol for at least 20min at
0∘C or kept at this temperature until use. Preparations were
rinsed six times with PBS to remove the methanol before use
[26].

2.3. Biofilm Assay with Crystal Violet (CV). Adhesion and
production of biofilm on polystyrene and glass surfaces
by aEPEC strains after 24 h of incubation was assayed
following the method described by Sheikh et al. [35] with
slightmodifications. Overnight bacterial cultures were grown
in TSB under static conditions and were inoculated into
fresh DMEM supplemented with 0.4% glucose (high glucose
DMEM-Cultilab, Brazil) at a 1 : 100 dilution in 24-well cell
cultures plates with or without glass coverslips in static
conditions and in a final volume of 1mL. These plates were
incubated at 37∘C for 24 h. After the incubation period,
the culture medium was aspirated, and the preparation was
washed with PBS. Biofilm was fixed with 1mL of 75% ethanol
per well for 10min, washed three times to remove the ethanol,
and stained with 0.5% CV for 5min. After PBS washings,
the plates were air-dried and the CV was solubilized by the
addition of 1mL of 95% ethanol per well. After 2min at room
temperature, 150 𝜇L were transferred to a microtiter plate,
and the absorbance was determined with an enzyme-linked
immunosorbent assay (ELISA) plate reader (Multiskan EX-
Thermo Fisher Scientific, USA) at 595 nm. All assays were
performed in triplicate.

2.4. BiofilmAssaywith Colony FormingUnits Counting (CFU).
Five aEPEC strains representing each adherence pattern on
HEp-2 cells (LAL, LA, AA, DA, and UND) and one nonad-
herent (NA) strain, each of them showing the highest levels
of biofilm formation by the CV assay, were selected for the
CFU assay on polystyrene and prefixed HEp-2 cell surfaces.
The CFU/cm2 counting assay after biofilm disruption [27]
was performed after 1, 6, 12, and 18 days of incubation at
37∘C to quantify the viable and cultivable bacteria attached to
the biofilm. Overnight bacterial cultures were grown in TSB
under static conditions, and inoculated into fresh medium
in a 1 : 100 dilution in 24-well cell cultures plates with or
without prefixed HEp-2 cells in a final volume of 1mL. After
the incubation period at 37∘C for both surfaces, with a change
of culturemedium every 24 h, preparations were washedwith
PBS and lysed with PBS-1% Triton X-100 for 20min and then
serially diluted and plated on Luria-Bertani agar (LBA) for
CFU counting.

2.5. Confocal Scanning Laser Microscopy (CSLM). Micro-
scopic analysis of biofilm formation on glass and pre-
fixed HEp-2 cells was performed according to the method
described by Cleary et al. [28], withmodifications. Overnight
bacterial cultures were grown in TSB under static conditions
and inoculated into fresh high glucose DMEM medium in
a 1 : 100 dilution in 24-well cell cultures plates with glass
coverslips in a final volume of 1mL. After 24 h of incubation
at 37∘C, as well as after 6, 12, and 18 days of incubation, with
change of culture medium every 24 h, the culture medium
was aspirated and the plates were washed with PBS and fixed
with 4% formalin in PBS, for 18 h at 4∘C. The plates were
washed again with PBS containing 0.2% of bovine serum
albumin (PBS-BSA), permeabilizedwith PBS containing 0.1%
Triton X-100 for 5min, and washed with 0.2% PBS-BSA.
Preparations were incubated with propidium iodide (PI -
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Molecular Probes, USA) (1mgmL−1) at dilution of 1 : 1000
in 0.2% PBS-BSA, for 45min. After four times washing for
5min in 0.2% PBS-BSA, preparations were examined under
CLSM (LSM 510Meta, Carl Zeiss, Germany), using a 570–719
filter andwavelength of 543 nmand 1,000xmagnification. For
the prefixedHEp-2 cell assay, previously prepared plates were
inoculated with 1 : 100 dilutions of bacteria grown overnight
in TSB. Fresh high glucose DMEM medium was added
in a final volume of 1mL per well. The next steps were
carried out according to the method described above, with
the difference being that the preparations were incubated
with fluorescein isothiocyanate (FITC)-phalloidin (Sigma-
Aldrich, USA) (0.05mgmL−1 in PBS) at dilution of 1 : 100 in
0.2% PBS-BSA and PI at dilution of 1 : 1000 (in 0.2% PBS-
BSA) for 45min. After four times washing during 5min in
0.2% PBS-BSA, preparations were examined under an LSM
510 Meta (Carl Zeiss, Germany) confocal microscope using a
BP500-530IR filter and wavelength of 488 nm for FITC, and
a 570–719 filter and a wavelength of 543 nm for PI.

2.6. Statistical Analysis. Statistics were performed using
GraphPad Prism 4.00 software. Differences were not consid-
ered significant when 𝑃 > 0.05, by the Student’s 𝑡 test.

3. Results

3.1. CV Analysis of Biofilm Formation on Abiotic Surface.
Indirect detection of biofilm formation was based on OD

595

readings and analysis of mean values of assays was performed
in triplicate.Themean values of OD

595

for high (EAEC strain
042) and low biofilm production (E. coliDH5𝛼) were 1.262 ±
0.0361 and 0.018 ± 0.0035, respectively. Strains showing
OD
595

readings exceeding the mean plus three standard
deviations of the low biofilm forming control (i.e., ±0.0285)
were considered biofilm formers [29].

The OD
595

readings obtained from assays with bacteria
grown either on polystyrene or glass surfaces were similar,
despite the different surface properties. Since these results
showed no statistically significant differences (𝑃 > 0.05), only
the data obtained on polystyrene are presented.

Of the 91 aEPEC studied, 55 strains (60.4%) were consid-
ered biofilm forming strains, whereas the other 36 (39.6%)
were considered nonbiofilm forming strains (Figure 1). Of
the biofilm forming strains, 27 (49.1%) were weak biofilm
producers (0.0285 <OD values ≤ 0.057 at 595 nm), 16 (29.1%)
weremoderate producers (0.0057<ODvalues≤ 0.114), and 12
(21.8%) were strong producers (OD values > 0.114), according
to the criteria of Stepanović et al. [29].

EAEC strain 042 (control for high biofilm production)
formed a thicker biofilm in comparison tomost of the aEPEC
strains, except for strain BA4157, which showed higher OD

595

readings (1.449 ± 0.126). Moreover, 41 (45.1%) aEPEC strains
showed OD

595

readings significantly higher (𝑃 < 0.05)
than the values obtained for tEPEC strain E2348/69 (0.030 ±
0.0021).

These results of biofilm formation were also examined
with respect to the adherence patterns of the strains used,
determined in previous studies (HEp-2 cells adherence
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Figure 1: Mean absorbance at 595 nm of biofilm mass of 91 aEPEC
strains on polystyrene surface after 24 h of incubation at 37∘C, using
the CV assay.

assays, supplemental data). The adherence patterns of the
91 aEPEC strains were distributed as follows: 31 LAL, 13 AA,
5DA, 1 LA, 11 UND, and 30NA. No association between the
four defined patterns of adherence (LAL, AA, DA, and LA)
and biofilm formation on an abiotic surface was observed
(Figure 2). A positive association with biofilm formation
was observed for the UND strains. Interestingly, 12 (40%)
NA strains on HEp-2 cells were able to form biofilm. No
association between the heterogeneous serogroups/serotypes
and biofilm formation were observed (Table S1). Twenty-five
strains (67.6%) of classical EPEC serogroups were consid-
ered biofilm forming strains, whereas 20 strains (51.3%) of
nonclassical EPEC serogroups and 10 strains (66.7%) with O
nontypable were considered biofilm forming.

Six aEPEC showing the strongest capacity to form biofilm
and representing each adherence pattern on HEp-2 cells,
as well as one nonadherent (NA) strain, were selected for
further analysis: LB10 (O55:H7, LAL, OD

595

= 0.843); BA558
(O11:H40, LA, OD

595

= 0.070); BA4157 (ONT:H25, AA,
OD
595

= 1.449); BA2073 (ONT:H5, DA, OD
595

= 0.071);
BA2459 (O26:H11, UND, OD

595

= 0.208); and BA2468
(ONT:H19, NA, OD

595

= 0.290). The adherence pattern on
HEp-2 cells of the others strains with the strongest biofilm
formation were LAL (3 strains), AA (3 strains), and UND (2
strains).

3.2. CFU Counting Analysis of Biofilm Formation on
Polystyrene and Prefixed HEp-2 Cells. The aEPEC strains
showed heterogeneous results, and no statistically significant
differences in biofilm formation (𝑃 > 0.05) were found in
relation to surface, regardless of their adherence pattern. The
biomass values ranged from 105 to 109 CFU/cm2 (Figure 3).
However, there was a statistically significant difference in
biofilm formation (𝑃 < 0.05) between the CFU/cm2 obtained
after one day of incubation in comparison with the other
periods (6, 12, and 18 days) on both surfaces.
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Figure 2: Biofilm formation by 91 aEPEC strains on an abiotic
surface by CV assay and their association with adherence pattern on
HEp-2 cells. LAL: localized-like adherence; NA: nonadherent; AA:
aggregative adherence; UND: undetermined adherence; DA: diffuse
adherence; LA: localized adherence.

3.3. Confocal Scanning Laser Microscopy Analysis. As pre-
sented in Figures 4 and 5, some strains were able to form
biofilm structures on both surfaces (glass and prefixed HEp-
2 cells) (LB10, BA2468, and BA2459), while others showed
higher biofilm formation on the abiotic surface (BA4157) or
only on prefixed HEp-2 cell surface (BA2073).

The E. coli DH5𝛼 and tEPEC E2348/69 (LA) showed
only bacteria widely dispersed on the abiotic surface, without
formation of biofilm structures in all incubation periods.
On the epithelial cell surface, these strains showed smaller
quantities of bacteria in comparison to the abiotic surface,
mainly the E. coli strain DH5𝛼. Similarly, strain BA558 (LA)
showed only dispersed bacteria for up to 18 days of incubation
on both surfaces. The EAEC strain 042 (AA) formed a very
compact and thick biofilm on the abiotic surface, whereas the
biofilm appeared less compact and thinner on prefixed cells.

The strain LB10 (LAL) formed only a homogeneous and
thin layer on the abiotic surface but with small numbers of
bacteria randomly distributed on the cell surface. This strain
showed a progress in biofilm formation, and, after 18 days
of incubation, it was possible to observe the characteristic
mature biofilm on both surfaces. Interestingly, this strain
presented superior adhesion on the central region of theHEp-
2 cells. The strain BA2073 (DA) showed higher preference
for prefixed HEp-2 cell surface, adhering more to the central
region of the HEp-2 cells, similar to the LB10 (LAL) strain.
There was progressive biofilm formation only on prefixed
cells, showing characteristic structure of mature biofilms,
similar to pillars, at points distant from each other.

The strain BA2459 (UND) showed a compact biofilm
formation formed on both surfaces for up to 12 days of
incubation (data not shown). After 18 days of incubation,
the characteristic structure of mature and compact biofilms,
similar to pillars was visualized, mainly on the cell surface.
The strain BA2468 (NA) formed clusters of bacteria for
up to 12 days of incubation, and, afterwards, these clusters
decreased on the prefixed HEp-2 cell surface. However, this

strain showed thick biofilm formation on that abiotic surface
after one day of incubation. The strain BA4157 (AA), which
displayed the thickest biofilm formation detected by the
CV assay, showed only a compact carpet after one day of
incubation on the prefixed cell surface, similar to strain
BA2459 (UND). However, after 6 days of incubation (data
not shown) on the abiotic surface, it showed a compact
carpet, developing pillar-like structures after a longer period
of incubation.

In summary, confocal microscopy analysis of the aEPEC
strains revealed highly heterogenic structures with variable
depths andbacterial densities, with adhesion both onprefixed
HEp-2 cells and on intercellular spaces.The strains 042, LB10,
BA2073, BA2459, and BA4157 showed thicker biofilms.

4. Discussion

In the present work, we studied the biofilm formation ability
of 91 aEPEC strains showing distinct patterns of adherence
on HEp-2 cells. This pathotype is an important emerging
diarrheagenic pathogen in children worldwide [10, 12, 14,
30, 31], causing acute or persistent diarrhea [32], leading
to malabsorption and malnutrition [18]. Among children
with persistent diarrhea, aEPEC was found to be the most
common pathogen in Norway and Australia [13, 30].

Biofilm formation in the intestinal tract could contribute
to colonization and disease [33]. Biofilms have been studied
in E. coli K-12 strains [34]and in other diarrheagenic E. coli
pathotypes [33, 35–39], whereas little is known about such
phenotype in EPEC strains [27, 33]. There are few reports on
the ability of aEPEC to form biofilm. Weiss-Muszkat et al.
(2010) [40] found that an aEPEC strain of serotype O55:H7
has high ability to form biofilm on polystyrene surface and
at the air-liquid interface at 26∘C, showing potential survival
strategies outside the host. The type I fimbriae is required for
biofilm formation on an abiotic surface by an aEPEC strain
of serotype ONT:H- [41].

Moreira et al. (2006) [27] reported that, for tEPEC strain
E2348/69, adhesins such as BFP and EspA are important
in microcolony formation on epithelial cells and bacterial
aggregation during biofilm development on abiotic surfaces
in static and in flow-through conditions. On the basis of this
information, we decided to investigate biofilm formation by
aEPEC strains, since, unlike tEPEC, these bacteria do not
produce BFP.

The colorimetric CV assay indirectly determines the
number of live and dead bacterial cells and detects the pres-
ence of polysaccharides in the extracellular matrix, based on
peptidoglycan staining [42]. The ability of biofilm formation
of our aEPEC strains was demonstrated on both polystyrene
and glass surfaces, with no statistically significant differ-
ence between the values obtained, suggesting that biofilm
formation by aEPEC strains on these two surfaces was not
substratum specific. Other reports found similar results in
tEPEC and EAEC strains [27, 35].

The number of biofilm forming strains (55/60.4%) was
similar to the nonbiofilm forming (36/39.6%) strains after
24 h of incubation, denoting that biofilm formation by aEPEC
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Figure 3: (a) Quantification of biofilm (CFU/cm2) formed on a 24-well polystyrene plate after 1, 6, 12, and 18 days of incubation at 37∘C. (b)
Quantification of biofilm (CFU/cm2) formed on prefixed HEp-2 cells, after 1, 6, 12, and 18 days of incubation at 37∘C.The error bars represent
the standard error of the mean of three replicates.

is an intermediate virulence characteristic, allowing the suc-
cessful colonization, possibly evolving to persistent diarrhea
and into a state of high protection against antimicrobial
drugs. On other surfaces such as glass and polystyrene,
biofilms may have a role in maintenance and transmission.

aEPEC is a group of highly heterogeneous strains that
may commonly exhibit the LAL pattern on cultured epithelial
cells after 6 h of incubation, while some strains adhere dis-
playing AA or DA patterns [4]. In our study, we did not find
any association between the 4 distinct adherence patterns on

HEp-2 cells (LAL, LA, AA, and DA) and biofilm formation
on abiotic surface by the CV assay. It is worth emphasizing
that the adherence pattern assay was performed with 6 h
of incubation, using a specific cell lineage and employing
mannose to inhibit the type 1 fimbriae. After an extended
incubation period, some nonadherent strains (12/30, 40%)
were able to adhere and form a thinner biofilm (NA strain
BA2468), probably through interaction with type 1 fimbriae.
The strains that showed an undetermined adherence pattern
on HEp-2 cells (90.9%) had a high ability to form biofilm.
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In regard to the strains with aggregative adherence pattern,
69.2% of them formed biofilm. Indeed, the AA strain BA4157
demonstrated the highest biofilm formation on HEp-2 cells,
including the EAEC strain 042, which was employed as high
biofilm forming standard. The strains that did not form
biofilmon abiotic surface could formbiofilmonbiotic surface
in a substratum-specific manner, and it is possible that HEp-
2 cells adherence is involved in biofilm formation on biotic
surface.

CFU counting determines only the number of viable
and cultivable bacteria in a biofilm [19]. The cells within
the biofilm may encounter lack of oxygen and nutrients,
compared to cells at the biofilm surface, and grow slowly or
not grow at all. Consequently, CFU counting cannot detect
them, leading to under estimation of bacterial growth [43].
The aEPEC strains formed considerably more biofilm after
6 to 18 days of incubation in comparison to the first day,
denoting their adherence ability after longer periods of time.
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An explanation for that could be the daily changing of culture
medium allowing the replacement of nutrients and discard of
planktonic cells, which favors the growth of sessile bacteria.
Biofilm formation of the aEPEC strains after an extended
period of incubation (6 to 18 days) was evaluated to attempt
to correlate it with the cases of persistent diarrhea, which can
be caused by aEPEC strains [2, 30, 32].

Strain DH5𝛼 displayed a lower ability to form biofilm
compared to the other strains only after 1 day of incubation
on polystyrene surface (𝑃 < 0.05). The strains showed no
significant statistical difference in biofilm formation (𝑃 >
0.05) with respect to surfaces (polystyrene and prefixed HEp-
2 cell surface), producing a biomass of 105 to 109 CFU/cm2,
with the exception of strains E2348/69, DH5𝛼, BA2459, and
BA4157, which formed more biofilm on prefixed HEp-2 cell
surface after one day of incubation. The prefixed HEp-2
cells remained adhered for extended periods of incubation,
when compared with the period described for living cells.
According to Zepeda-Lopez and Gonzales-Lugo (1995) [26],
the adherence patterns of bacteria on both living and prefixed
HEp-2 cells remain the same in most E. coli strains.

The majority of biofilms exhibit heterogeneity in density,
with cell aggregates distributed along the exopolysaccharide
matrix, originating openings and channels where nutrients
circulate and exchange of metabolites occurs [44]. In the
gut, the passage of stool may prevent the formation of pillar-
shaped structures and the biofilm may be present only on a
compact carpet feature. We have seen the characteristics of
a compact and mature biofilm in the strains BA2459 (UND)
and BA4157 (AA) through the CLSMmethodology.

Strain DH5𝛼, used as a low biofilm forming pattern, con-
firmed this phenotype after one day of incubation. However,
in flow-through continuous culture biofilm system, E. coli K-
12 formed biofilm [34], as well as in the present study after
6 days of incubation, increasing its ability to produce biofilm
after more incubation time.

In summary, no associationwas observed between adher-
ence patterns on HEp-2 cells and biofilm formation in the
strains studied, with the exception of those expressing the
UND pattern, which showed a higher number of biofilm
forming than nonforming strains. In conclusion, this study
showed the ability of a large number of aEPEC strains to
adhere and form biofilm on abiotic surfaces, regardless of
their capacity to adhere to cultured epithelial cells. Moreover,
this phenotype was independent of the expressed adherence
pattern on HEp-2 cells, indicating that these strains form
biofilm independently of the adhesins involved in the adher-
ence pattern establishment. Strains displaying adherence
patterns other than AA, a phenotype strongly associated with
biofilm formation [35], were also able to form biofilm on
both evaluated surfaces. Thus, the adherence of the aEPEC
strains after an extended period of incubation may be a
possible explanation for the cases of persistent diarrhea,
possibly forming a biofilm on the intestinal epithelium, using
the advantage of the resistance to antimicrobial agents and
prolonging their survival. Their ability to form a biofilm on
abiotic and inert surfaces may represent a possible transmis-
sion strategy for aEPEC to children and adults, mainly in
areas with low sanitary conditions.

Conflict of Interests

The authors declare that they have no conflict of interests
regarding the publication of this paper.

Acknowledgment

This work was supported by Fundação de Amparo à Pesquisa
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Shiga toxin type 2 (Stx2), a toxin secreted by Shiga toxin-producing Escherichia coli (STEC), could be one of the causes of maternal
and fetal morbimortality not yet investigated. In this study, we examined the effects of Stx2 in rats in the early stage of pregnancy.
Sprague-Dawley pregnant rats were intraperitoneally (i.p.) injected with sublethal doses of Stx2, 0.25 and 0.5 ng Stx2/g of body
weight (bwt), at day 8 of gestation (early postimplantation period of gestation). Maternal weight loss and food and water intake
were analyzed after Stx2 injection. Another group of rats were euthanized and uteri were collected at different times to evaluate
fetal status. Immunolocalization of Stx2 in uterus and maternal kidneys was analyzed by immunohistochemistry. The presence of
Stx2 receptor (globotriaosylceramide, Gb3) in the uteroplacental unit was observed by thin layer chromatography (TLC). Sublethal
doses of Stx2 in rats caused maternal weight loss and pregnancy loss. Stx2 and Gb3 receptor were localized in decidual tissues. Stx2
was also immunolocalized in renal tissues. Our results demonstrate that Stx2 leads to pregnancy loss and maternal morbidity in
rats in the early stage of pregnancy.This study highlights the possibility of human pregnancy loss andmaternal morbidity mediated
by Stx2.

1. Introduction

Maternal bacterial and viral infections during pregnancy
are associated with an increased incidence of fetal death,
congenital malformations, placental abruption, premature
rupture of membranes, and prematurity in humans and
animals [1]. Spontaneous miscarriage is the most common
adverse pregnancy outcome in humans and occurs in 15–
20% of all recognized pregnancies. Early pregnancy loss
is a common complication of human pregnancy and the
causes are often unknown and unstudied. The causes for a
spontaneous miscarriage are diverse and comprise genetic,
endocrinologic, anatomic, immunologic, or microbiologic
aspects [2]. Although miscarriage represents the most com-
mon complication in pregnancy and as such has been
thoroughly investigated, the causes of miscarriages are still
unexplained.

In the majority of cases [3], it is well known that the
pregnant state is associated with increased sensitivity to
endotoxin in renal and uterine circulation [4] and maternal
infection could cause abortion and preterm labour in women
[5]. Infections are accepted as a cause of late fetal demise and
could be responsible for early fetal losses as well [3].

Shiga toxin-producing Escherichia coli (STEC) are gas-
trointestinal bacteria whose infection can cause diarrhea
and hemorrhagic colitis. The systemic complication of STEC
infection is known as hemolytic uremic syndrome (HUS),
caused principally by the effects of Shiga toxin (Stx) in target
organs like kidney and brain. STEC infection is mostly seen
in young children including neonates [6, 7] although the
outbreak in 2011 in central Europe caused by Stx2-producing
STEC affected more adults than children, and women were
overrepresented [8–10]. STEC have a zoonotic origin and
they can be transmitted directly or indirectly from animals
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to humans. STEC are present in the intestinal tract of healthy
cattle, and transmission occurs not only by consumption
of undercooked ground beef, manure contaminated water,
vegetables, and fruit, and unpasteurized milk, but also by
direct contact from person to person [11]. After the inges-
tion of bacteria, STEC colonize the human intestine where
Stx is released and crosses the intestinal mucosal barrier.
Then, toxin circulates in the bloodstream and reaches its
target organs, mainly kidney and brain [12]. Stx has an
AB
5

molecular configuration where an enzymatically active
monomeric A subunit is noncovalently associated with a
pentamer of B subunit which is responsible for binding
to globotriaosylceramide (Gb3) (this receptor can be also
named CD77 or P

𝑘

blood group antigen) receptor [13].
Gb3 is located on the plasma membrane of target cells,
particularly endothelial cells present in kidneys, brain, and
other organs [14, 15]. Binding of Stx to Gb3 is the primary
determinant of its cytotoxic effects and results in toxin inter-
nalization and cell killing by inhibition of protein synthesis
and induction of apoptosis [16]. To our knowledge, there
are no reports of Stx2 effects during human pregnancy or
described complications in the early pregnancy associated
to STEC infection. However, several cases of hemolytic ure-
mic syndrome (HUS) after STEC infections in postpartum
women and neonate have been reported [6, 17–19]. Also
STEC, serotype O15:Krvc383, was diagnosed as the putative
cause of placentitis and late-gestation abortion in ewes [20].
The hypothesis is that early pregnancy can be affected by Stx2
through a direct effect in the uteroplacental unit. This event
could trigger complications or pregnancy loss. The purpose
of the present study was to examine the cytotoxic effects of
Stx2 in rats in the early stage of pregnancy after the event
of implantation. We propose that the systemic circulation of
Stx2 in the maternal vessels can affect the highly irrigated
uteroplacental unit and induce fetal and placental responses
associated with fetoplacental injury, leading to abortion
or pregnancy complications. The rationale for this study
is to evaluate the possibility of Stx2-mediated pregnancy
complications not previously considered and to direct further
attention to the role of soluble products of microorganisms
in the pathogenesis of abnormal gestation and pregnancy
complications.

2. Materials and Methods

2.1. Drugs and Chemicals. Purified Stx2 was purchased from
Phoenix Laboratory, TuftsMedical Center, Boston,MA,USA,
and it was checked for lipopolysaccharide (LPS) contamina-
tion by Limulus amoebocyte lysate assay (Biowhittaker Inc.,
MD,USA). Toxin was diluted with sterile phosphate-buffered
saline (PBS) before injection. Stx2 contained <10 pg LPS/ng
of pure Stx2. Gb3 standard was purchased from Matreya
(Pleasant Gap, PA, USA).

2.2. Animals. Timed pregnant rats were obtained mating
male and virgin female Sprague-Dawley rats (200–280 g;
2-3 months of age), acquired from the Animal Facility
of the School of Pharmacy and Biochemistry. Mating was

performed placing female rats in the cages of the male rats
from the same strain for several days. Day 1 of gestation was
determined when sperm was observed in the vaginal smear.
The animals received food and water ad libitum and were
housed under controlled conditions of light (12 h light; 12 h
dark) and temperature (23–25∘C). This study was carried out
in strict accordance with the recommendations detailed in
the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. Protocols were approved by
the Committee for the Care and Use of Laboratory Animals
of the University of Buenos Aires (CICUAL, Permit Number
2954/10 and 1494/2013). Three to six animals were used in
each experimental group. The experiments were repeated at
least twice.

2.3. Evaluation of Maternal Status. In order to examine the
effects of Stx2 on maternal status, pregnant rats on day 8 of
gestation (gd 8; day of delivery = 22-23 days) were randomly
divided into three groups of 4 animals each. This experiment
was repeated twice. One group was injected with a single
dose of 0.25 ng Stx2/g bwt, and the other group was treated
with a single dose of 0.5 ng Stx2/g bwt. Control rats were
injected with the same volume (1𝜇L/g bwt) of PBS. Pregnant
rats were individually housed, weighted, and checked for
water (mL) and food intake (g) every 24 h, until 9 days
after injection. Rats were followed until delivery to evaluate
delivery time. Signs of illness like piloerection, inactivity, and
vaginal bleeding were analyzed. Data of weight are presented
as Δweight (body weight at n day after injection-body weight
at 0 days after injection).

2.4. Evaluation of Fetal Status. After the evaluation of the
maternal status and progression of pregnancy, other groups
of rats of 3–6 animals each were injected with both doses of
Stx2 and PBS. Rats were sacrificed at 10 days after injection to
evaluate fetal status and the number of resorptions.Uteri were
removed and total fetal resorptions were macroscopically
evaluated. The experiment was repeated twice.

2.5. Gross Evaluation of the Uteroplacental Unit. For gross
evaluation of the fetal status after injection of both Stx2 doses
and PBS, groups of 3–6 animals each were sacrificed at 2, 4,
and 6 days after injection. Uteri were removed and the status
of the uteroplacental units was macroscopically evaluated.
Maternal kidneys and uteri were then formalin fixed for
histological evaluation. The experiment was repeated twice.

2.6. Histology. Uteroplacental units and maternal kidneys
from rats at 6 days after injection were fixed for 48 h
with formalin 10% in PBS 0.1M (pH 7.4). Two or three
uteroplacental units from every uterus (groups of 3–6 animals
each)were randomly dissected, dehydrated, and embedded in
paraffin. Sections of 5 𝜇m were made by a microtome (Leica
RM 2125, Wetzlar, Germany) and mounted on 2% silane
coated slides. The sections were stained with hematoxylin
and eosin (H&E) and observed by light microscopy (Nikon
Eclipse 200, NY, USA).
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2.7. Stx2 Immunohistochemistry. For Stx2 detection in mater-
nal kidney and uteroplacental units, animals injected with
0.5 ng/g bwt (total bodyweight) and controls were euthanized
after 6 h of treatment and finally formalin fixed for immuno-
histochemical studies.

Briefly, tissues were fixed with formalin 10% in PBS at
room temperature. The samples were then dehydrated and
embedded in paraffin. Tissue sections of 5 𝜇m thickness were
deparaffinized and hydrated, and subsequently endogenous
peroxidase was blocked with hydrogen peroxide (H

2

O
2

) 3%
in PBS for 20min and rinsed with PBS. Later, the slides
were blocked with a 5% solution of dry milk in PBS in
a humidity chamber at room temperature for 90min to
prevent nonspecific protein binding. Sections were incubated
overnight at 4∘C with the mouse monoclonal antibody 2E11
(1 : 20; 12.5 𝜇g/mL) (kindly provided by Dr. Roxane M. F.
Piazza) against the A-subunit of Stx2 [21]. Sections were
then washed with PBS and incubated for 90min at room
temperature with a rabbit anti-mouse (Sigma-Aldrich Co.,
1 : 100) conjugated with peroxidase enzyme. Finally, slides
were incubated with 3,3-diaminobenzidine (DAB, Sigma-
Aldrich Co.) and H

2

O
2

, counterstained, dehydrated, and
mounted for observation. An isotype control was performed
with a mouse monoclonal anti-BrdU, dilution 1 : 20 (clone
DU33 #B 2531, Sigma, St. Louis,MO,USA),where no staining
was detected, not in decidua nor in the kidney (data not
shown). This assay was repeated at least twice.

2.8. Gb3 Determination. To assess whether Stx2 could bind
to decidua and uterus from pregnant rats at 8 days of ges-
tation, Gb3 presence in uterus and decidua was investigated
by thin layer chromatography (TLC). Neutral glycolipids
from decidua and uterus from rats of 8 days of gestation
were extracted according to the method of Bligh and Dyer
with minor modifications [22]. Briefly, 100mg of tissue was
weighted and homogenized on ice with an Ultra-Turrax
homogenizer with 0.8mL of HES buffer (10mM HEPES
KOH, 0.1mMof EDTA, and 250mMof sucrose).ThreemL of
chloroform :methanol 2 : 1 v/v was added to the homogenate,
vortexed for 30 s, and incubated on ice for 15min. Two mL
of chloroform : water 1 : 1 v/v was added to the tube and
centrifuged at 3000 rpm for 5min to separate phases. The
bottom phase was recovered and evaporated to dryness. One
mL of methanol and 0.1mL of 1.0M NaOH were added to
the dried residue and incubated at 37∘C overnight. Two mL
of chloroform and 0.5mL of water were added to the tube,
vortexed for 30 s, and centrifuged for 5min at 3000 rpm.
The lower phase corresponding to the neutral glycolipids was
brought to dryness.The residue was then suspended in 40 𝜇L
of chloroform: methanol 2 : 1 v/v and applied to the bottom
of the silica TLC plate (Merck Quı́mica Argentina). The
chromatographywas developed in a glass tank with amixture
of chloroform :methanol : water (60 : 35 : 8). A purified Gb3
standard (Matreya, Pleasant Gap, PA, USA) was also added
to the plate for comparison. After the solvent front reaches
the top of the plate, the gel matrix was air-dried and treated
with a solution of orcinol (50mg orcinol, 10mL of sulfuric
acid, and 39.5mL of water) to visualize the glycolipids.

Table 1: Effect of Stx2 on fetal status at 10 days after injection.

Stx2 dose Number
of rats

Number
of fetuses

Number
of resorptions

Control 10 13 ± 1 1 ± 1
0.25 ng/g bwt 6 4 ± 2∗ 8 ± 2∗

0.5 ng/g bwt 12 1 ± 1∗∗ 13 ± 1∗∗
∗

𝑃 < 0.05 and ∗∗𝑃 < 0.001 versus control.

2.9. Creatinine Determination. For creatinine determination,
blood was collected by cardiac puncture of CO

2

anesthetized
rats injected with 0.5 ng Stx2/g bwt and PBS at 2, 4, and 6
days after injection (groups of 3–6 animals each). Plasma
creatinine concentration was determined using a commercial
kit (Wiener Lab, Argentina) according to the manufacturer’s
recommendations. The experiment was repeated twice.

2.10. Statistical Analysis. Statistical analysis was performed
using the Graph Pad Prism Software 5.0 (San Diego, CA,
USA). ANOVA for repeated measures was used to calculate
differences between groups in weight and food and water
intake and Tukey’s multiple comparisons test was used
as a posteriori test. Differences in the number of fetuses
and fetal resorptions were analyzed by Kruskal-Wallis test,
using Dunn’s multiple comparisons test as a posteriori test.
Differences in plasma creatinine concentration and delivery
of pups between Stx2-treated rats and controls were analyzed
by Mann-Whitney test. Statistical significance was set at 𝑃 <
0.05.

3. Results

3.1. Progression of Pregnancy in Rats Treated with Stx2. Doses
of 0.25 and 0.5 ng Stx2/g bwt i.p. injected into pregnant
rats caused signs of illness like piloerection and inactivity
from 2 days after injection until 7-8 days after injection.
Furthermore, a progressive decrease of food intake until day
7 after injection was observed (Figure 1(a)) with a consequent
fall of weight compared to controls (Figure 1(b)). Seven-eight
days after injection, rats gradually recovered appetite and
weight, although they did not reach theweight corresponding
to the time of pregnancy. All rats injected with 0.25 and
0.5 ng Stx2/g bwt showed vaginal bleeding on days 6–10
after injection. Controls gradually gained weight as expected
(Figure 1(b)). There were no differences in water intake in
Stx2-treated rats compared with their controls (Figure 1(c)).
Rats treated with the dose of 0.5 ng Stx2/g did not deliver any
pups, while a few rats treated with the dose of 0.25 ng Stx2/g
delivered some normal pups at term 6 ± 2 versus control
13 ± 2 (𝑃 < 0.05, 𝑛 = 5).

3.2. Effect of Stx2 on Fetal Status at 10 Days after Injection.
The number of fetoplacental resorptions in rats injected with
0.5 ng Stx2/g bwt was significantly higher than that observed
in control rats (Table 1). There was also a significantly higher
fetoplacental resorption in rats injected with 0.25 ng Stx2/g
bwt compared with controls.
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Figure 1: Evaluation of body weight and food and water intake. Time course of food intake (a), body weight (b), and water intake (c) of
pregnant rats i.p. injected with PBS (Ctrl, -e-), 0.25 ng Stx2/g bwt (-X-), or 0.5 ng Stx2/g bwt (-◼-). Each point of the curves represents the
mean ± SEM. In (a) and (b), ∗𝑃 < 0.05 for 0.25 (𝑛 = 8) and 0.5 ng Stx2/g bwt (𝑛 = 8) versus Ctrl (𝑛 = 8). In (c), there was no significant
difference between groups.

3.3. Structural Alterations in the Uteroplacental Unit. Struc-
tural alterations in the uteroplacental unit were analyzed
at 2, 4, and 6 days after injection. No differences were
observed at 2 days after injection (Figure 2(d)) with respect
to controls (Figure 2(a)). Growth restriction and hemorrhage
were observed in uteroplacental units injected with 0.5 ng/g
bwt at 4 days after injection (Figure 2(e)) and fetal resorp-
tions were observed at 6 days after injection (Figure 2(f))
compared with controls (Figures 2(b) and 2(c), resp.).
Macroscopical alterations were observed with 0.25 ng/g bwt
dose but with less damage compared with the other dose
(data not shown).

For histological evaluation, uteroplacental units were
collected at 4 and 6 days after injection of rats with 0.5 ng
Stx2/g bwt. Alterations in the placental histoarchitecture
with isolated haemorrhage (Figure 3(b)), necrotic areas, and
trophoblast fragmented nuclei (Figure 3(d)) were observed
in Stx2-treated rats compared with controls (Figures 3(a)
and 3(c), resp.). Leukocyte infiltration in decidua was also
observed in Stx2-treated rats (Figure 4(b)), but it was absent
in control rats deciduas (Figure 4(a)).

3.4. Detection of Gb3 and Stx2 in Decidua Tissues. To deter-
mine if Gb3 (Stx2 receptor) is present in the uteroplacental
unit, decidua and uterus tissues from normal rats at gd 8 were
subjected to lipid extraction followed by TLC (Figure 5(a)).
Two bands located at the same distance of Gb3 standard
revealed the presence of Gb3 in decidua and embryo cells but
not in the rat uterus. Furthermore, Stx2was immunolocalized
in the microvasculature and decidua cells of Stx2-treated rats
at 6 h after injection (Figure 5(b)). There was no staining in
decidua from control rats (Figure 5(c)).

3.5. Structural and Functional Alterations in Maternal Kid-
neys. To further analyze histological changes in kidneys
due to Stx2, renal tissues from pregnant rats treated with
0.5 ng Stx2/g bwt at 6 days after injection were processed
and stained with H&E. Glomerular epithelial adherences
and tubular necrosis were detected, by light microscopy,
in Stx2-treated rats (Figure 6(d)) compared with controls
(Figure 6(c)). Stx2 was detected by immunohistochemical
staining in glomerular and tubular cells at a short time of
6 h after injection (Figure 6(b)). No staining was detected in
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Figure 2: Gross evaluation of pregnant uterus. Pregnant rats were injected with PBS or 0.5 ng Stx2/g bwt at different times. No differences
were observed at 2 days after injection (d) compared to control (a). Growth restriction and hemorrhage were observed in uteroplacental units
injected with 0.5 ng Stx2/g bwt at 4 days after injection (asterisk (e)), and fetal resorptions were observed at 6 days after injection (black arrows
(f)) compared with controls ((b) and (c), resp.).

Table 2: Plasma creatinine in Stx2-treated rats.

Stx2 dose Number
of rats

Plasma creatinine, mg/dL; days after Stx2
injection

2 4 6
Control 8 0.53 ± 0.03 0.48 ± 0.03 0.53 ± 0.05
0.25 ng/g bwt 5 0.65 ± 0.12 0.65 ± 0.11 0.55 ± 0.05
0.5 ng/g bwt 6 0.63 ± 0.03 0.81 ± 0.14∗ 0.85 ± 0.15∗
∗

𝑃 < 0.05 versus control.

control renal tissues (Figure 6(a)). Furthermore, a moderate
increase in creatinine plasma concentration (mg/dL) was
observed in rats treated with 0.5 ng Stx2/g bwt at 4 days
and 6 days after injection compared with controls (Table 2).
In contrast, no significant changes in creatinine plasma
concentration were detected in rats treated with 0.25 ng
Stx2/g bwt. In addition, at 2 days after injection, there were
no differences in creatinine concentrations with both doses
compared to controls (Table 2).

4. Discussion

In this study, we have evaluated the effects of sublethal
Stx2 doses on maternal and fetal status in the early postim-
plantation stage of pregnancy (gd 8). An i.p. injection of
0.25 and 0.5 ng/g bwt of Stx2 caused maternal damages and

pregnancy loss. Maternal infections have been described as
cause of spontaneous abortion and perinatal complications.
We propose the possibility that high circulation of STEC
strains could trigger pregnancy complications due to the
release of virulence factors like Stx2 in symptomatic or
asymptomatic STEC infections. Although a case of neonatal
HUS after mother-to-child transmission of STEC O157:H7
has been reported [6, 18, 23], up to date, no data is available
regarding loss of pregnancy linked to exposure to STEC in
humans.

We have previously reported that a combination of Stx2
and LPS i.p. injected in rats in the late stage of pregnancy
produces preterm delivery of dead fetuses [24]. We also
demonstrated that nitric oxide (NO) and tumor necrosis
factor (TNF-𝛼) play an important role in placental toxicity
and fetal mortality induced by Stx2 [24–26]. In addition, it
has been reported that STEC cause placentitis and abortion
in ewes [20].

In this study, we have demonstrated that sublethal Stx2
doses in the early stage of pregnancy induced maternal
weight loss and a decrease in food intake until 7 days after
injection. After that, rats gradually recovered, as shown in
several models of Stx2 injection [27], but did not reach the
appropriate weight for the corresponding day of pregnancy.
Moreover, our results indicated that Stx2 was localized in the
microvasculature and decidua cells where high levels of Gb3
were found. In agreement with our results, Yoshimura et al.
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Figure 3: Histological evaluation of the uteroplacental unit. Alterations in the histoarchitecture (black arrowheads (b)) and isolated focus
of hemorrhage (red arrow (b)) were observed in Stx2-treated rats. High magnification showed trophoblast fragmented nuclei (black arrows
(d)) and necrosis area (black asterisk (d)). Normal tissues were observed in control rats ((a) and (c)). Black squares in (a) and (b) indicate
the magnification zone corresponding to (c) and (d), respectively. (a, b): ×40; (c, d): ×200. D, decidua; G, trophoblast giant cells; L, labyrinth;
S, spongious layer.

(a) (b)

Figure 4: Leukocyte infiltration in decidua. Leukocyte infiltration in decidua tissues from the Stx2-treated rats (0.5 ng/g bwt) was observed
at 4 days after injection (black arrows (b)). Decidua tissues from control rats did not show leukocyte infiltration (a).

[28] reported that Stx2 induces fetoplacental resorption in
mice in the early stage of pregnancy [28]. These authors also
found that Stx2 injures the trophoblasts, causing intrauterine
hemorrhage, fibrin deposition, and neutrophil infiltration.
In accordance with this, our experiments demonstrated

significant morphological and histological damages in the
uteroplacental units and fetomaternal resorptions at 6–10
days after injection of Stx2. We have detected leukocyte
infiltration in decidua from Stx2-treated rats, which could be
the result of transmigration from the bloodmicrovasculature
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Figure 5: Detection of Gb3 and Stx2 in decidua tissues. Gb3 was detected in decidua tissues from normal pregnant rats at day 8 of gestation
by TLC ((a), line 1: standard of Gb3; line 2: decidual and embryo cells; line 3: uterus; line 4: complete site of implantation including uterus
decidua and embryo cells). Stx2 was detected in the microvasculature and decidua cells of the uteroplacental unit at 6 h after injection with
0.5 ng Stx2/g bwt (b). No staining was detected in control tissue (c). (b, c): ×400.

(a) (b)
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Figure 6: Stx2 localization in maternal kidney and histological evaluation. Stx2 was detected in glomerular and tubular cells of 0.5 ng Stx2/g
bwt treated rats at 6 h after injection by immunohistochemistry (b).This assay was repeated at least twice. No staining was detected in control
renal tissues (a). Glomerular epithelial adherences (black arrowhead) and tubular necrosis (black arrows) were observed in Stx2-treated rats
at 6 days after injection (d) compared with the controls (c). (a, b): ×400; (c, d): ×200.

to decidua tissues due to endothelial damages caused by Stx2
[29].

In this study, we have found histological and physio-
logical renal alterations in pregnant rats depending on the
Stx2 dose. It is known that kidneys develop physiological
adaptations to transition through gestation [30] and therefore
the combination of kidney disease and pregnancy could be a
high-risk situation in humans [31]. However, a 5/6 reduction
of renal mass in pregnant rats does not alter glomerular
hemodynamic responses to pregnancy [32]. Furthermore, in

the data presented here, loss of pregnancy at 0.25 ng Stx2/g
bwt without functional kidney alterations was observed.
Therefore, the possibility that maternal renal damages con-
tribute to Stx2-pregnancy loss is unlikely.

In conclusion, we propose that the detrimental effects on
pregnancy are related to the direct cytotoxic effects of Stx2
in the highly blood perfused uteroplacental unit. It is well
known that Stx2 affects the endothelium of microvasculature
[14, 33], and, in this work, we found Stx2 binding the
microvasculature of the uteroplacental unit. Our data suggest
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that these Stx2 cytotoxic effects could be responsible for
intrauterine growth restriction and final pregnancy loss.

Even though we cannot directly extrapolate our results to
the human placental response, it is tempting to propose that
Stx2 exposure during pregnancy could be investigated as one
of the causes of spontaneous miscarriage.

It is well known that rodents still possess significant
similarities with humans, in terms of reproductive biology
[34], so the fact that Stx2 causes pregnancy loss and preterm
delivery in rats may be an indication that this event could
happen in humans.
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E coli isolates (108) from Mexican women, clinically diagnosed with urinary tract infection, were screened to identify virulence
genes, phylogenetic groups, and antibiotic resistance. Isolates were identified by MicroScan4 system; additionally, the minimum
inhibitory concentration (MIC) was assessed. The phylogenetic groups and 16 virulence genes encoding adhesins, toxins,
siderophores, lipopolysaccharide (LPS), and invasins were identified by PCR. Phylogenetic groups distribution was as follows:
B1 9.3%, A 30.6%, B2 55.6%, and D 4.6%. Virulence genes prevalence was ecp 98.1%, fimH 86.1%, traT 77.8%, sfa/focDE 74.1%, papC
62%, iutA 48.1%, fyuA 44.4%, focG 2.8%, sfaS 1.9%, hlyA 7.4%, cnf-1 6.5%, cdt-B 0.9%, cvaC 2.8%, ibeA 2.8%, and rfc 0.9%. Regarding
antimicrobial resistance it was above 50% to ampicillin/sulbactam, ampicillin, piperacillin, trimethoprim/sulfamethoxazole,
ciprofloxacin, and levofloxacin. Uropathogenic E. coli clustered mainly in the pathogenic phylogenetic group B2. The isolates
showed a high presence of siderophores and adhesion genes and a low presence of genes encoding toxins. The high frequency
of papC gene suggests that these isolates have the ability to colonize the kidneys. High resistance to drugs considered as first choice
treatment such as trimethoprim/sulfamethoxazole and fluoroquinolones was consistently observed.

1. Introduction

Urinary tract infections (UTI) are one of the most com-
mon infections worldwide. Uropathogenic Escherichia coli
(UPEC) is the primary pathogen causing UTIs; it colonizes
the human intestine a few hours after birth and is considered
part of the normal microbiota. However, it can cause various
diseases such as diarrhea, UTI, and meningitis [1]. It is
classified into three groups: (i) commensal, (ii) intestinal
pathogenic, and (iii) extraintestinal pathogenic [2], and
phylogenetically it has been classified into four classic groups

(A, B1, B2, and D) [3]. Uropathogenic E. coli is located within
the extraintestinal pathogenic E. coli (ExPEC), classified
primarily into the phylogenetic group B2 and to a lesser
extent to group D, whereas commensal strains are within the
phylogenetic groups A and B1 [4–8].

The ability of E. coli to colonize different anatomical
sites is due in part to genome plasticity and remodeling by
acquisition or loss of genetic material from which it acquired
resistance or virulence factors. Therefore, horizontal transfer
is an important factor in the evolution and adaptation of
E. coli to different niches [9, 10]. The interaction between
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bacteria and epithelial cells is a multifactorial and com-
plex phenomenon which involves several adhesins produced
according to the stage of infection, while adherence to
epithelial cells is essential for successful colonization and
establishment; the expression of other genes encoding toxins,
siderophores, lipopolysaccharide (LPS), capsule, and invasins
determines the disease severity and the strain’s virulence [8].
UPEC strains can cause acute infections and recurrent infec-
tions that do not respond to common antimicrobial treat-
ments. UTI treatment generally includes 𝛽-lactam antibi-
otics, fluoroquinolones, or trimethoprim/sulfamethoxazole
[11–13] but may vary according to patient age, sex, Pathogen
involved, course of disease, and the urinary tract anatomic
area involved [5]. The increased resistance may be related to
changes in the bacterial genomebymutation or acquisition by
horizontal transfer of an extrachromosomal or chromosomal
material [14–16].

Urinary tract successful invasion depends on the bacteria
virulence, inoculums size, and the host’s defensemechanisms
[18]. However, women have higher UTI’s prevalence and
incidence mainly due to their anatomical characteristics such
as the proximity between the anus and the urethral opening,
hormone effects, and changes in the genital microbiota [14,
19]. Clinically a UTI is defined by a bacteriuria with a count
in midstream urine culture ≥105 CFU/mL and pyuria or the
presence of white blood cells in the urine, more than five
leukocytes per field [19].

Globally it is estimated that about 150 million UTIs occur
annually [20]. In the United States and Spain the current
situation and treatment of urinary tract infections had been
thoroughly described [6–8, 18]; it is estimated that 11% of
women experience at least one diagnosis of urinary tract
infection (UTI) per year, and 60% of womenwill have or have
had anUTI ormore during their lifetime [4]. InMexicoUTI’s
status has not been described. However, to our knowledge it
is E. coli one of the pathogenic agents of UTI and it is more
frequent in women, with high incidence and prevalence,
representing a costly problem for the health sector [4, 21].
In 2008, 3,244,994 cases were reported, which represents an
incidence of 3,041.7/100,000 inhabitants, from which 75.6%
(2,453,608/100,000 inhabitants) were women, representing
an incidence of 4,508.6/100,000.

The present study aimed to describe the profile of E. coli
from Mexican women with urinary tract infection by the
identification of virulence genes (fimH, papC, sfa/focDE, sfaS,
focG, ecpA, ecpR-B, hlyA, cnf-1, cdt-B, cvaC, iutA, ibeA, rfc,
tratT, and fyuA), phylogenetic group, and their resistance to
antibiotics to guide better diagnosis and treatment of UTI.

2. Material and Method

2.1. Bacteria and Culture. Bacterial isolates (108) were
obtained from urine samples from women diagnosed
with acute urinary tract infection and confirmed by the
clinical laboratory of the General Hospital “Dr. Manuel Gea
Gonzalez” during 2008 and until 2010. All samples with
counts over 100,000UFC/mL were included. Patients were
within an age range between 12 and 58 years and mean age

Table 1: PCR primer for each virulence factor. Primer sequence was
taken from Johnson and Stell, 2000 [5] and Blackburn et al., 2009
[17].

Genes Primer (5-3)

ecpA TGA AAA AAA AGG TTC TGG CAA TAG C
CGC TGA TGA GGA GAA AGT GAA

ecpRB GTC ACA TGG CAA AAT GAT TAC AGC
TCA CGG GAA TGA ACT TAT CAC CC

papC GTG GCA GTA TGA GTA ATG ACC GTT A
ATA TCC TTT CTG CAG GGA TGC AAT A

sfaS GTG GAT ACG ACG ATT ACT GTG
CCG CCA GCA TTC CCT GTA TTC

focG CAG CAC AGG CAG TGG ATA CGA
GAA TGT CGC CTG CCC ATT GTC

fimH TGC AGA ACG GAT AAG CCG TGG
GCA GTC ACC TGC CCT CCG GTA

sfa/fogDE CTC CGG AGA ACT GGG TGC ATC TTA C
CGG AGG AGT AAT TAC AAA CCT GGC A

cnf1 AAG ATG GAG TTT CCT ATG CAG GAG
CAT TCA GAG TCC TGC CCT CAT TAT T

hlyA AAC AAG GAT AAG CAC TGT TCT GGC T
ACC ATA TAA GCG GTC ATT CCC GTC A

cdt-s GAA AGT AAA TGG AAT ATA AAT GTC CG
GAA AAT AAA TGG AAC ACA CAT GTC CG

cdt-a AAA TCA CCA AGA ATC ATC CAG TTA
AAA TCT CCT GCA ATC ATC CAG TTT A

colV CAC ACA CAA ACG GGA GCT GTT
CTT CCC GCA GCA TAG TTC CAT

fyuA TGA TTA ACC CCG CGA CGG GAA
CGC AGT AGG CAC GAT GTT GTA

iutA GGC TGG ACA TCA TGG GAA CTG G
CGT CGG GAA CGG GTA GAA TCG

ibeA AGG CAG GTG TGC GCC GCG TAC
TGG TGC TCC GGC AAA CCA TGC

Rfc ATC CAT CAG GAG GGG ACT GGA
AAC CAT ACC AAC CAA TGC GAG

traT GGT GTG GTG CGA TGA GCA CAG
CAC GGT TCA GCG ATC CCT GAG

of 38.9 years. Isolates were identified by MicroScan 4 (Dade
Behring) automated system. The presence of 𝛽-lactamases
and the minimum inhibitory concentration (MIC) were also
determined for ampicillin, ampicillin/sulbactam, amoxicil-
lin/clavulanic acid, aztreonam, imipenem, meropenem,
piperacillin, piperacillin/tazobactam, ticarcillin/clavulanic
acid, amikacin, gentamicin, tobramycin, ceftriaxone, ceftaz-
idime, cefotaxime, cefoxitin, cephalotin, cefazolin, cefepime,
cefuroxime, cefotetan, trimethoprim/sulfamethoxazole,
ciprofloxacin, gatifloxacin, levofloxacin, and moxifloxacin.
The antibiotic resistance was classified into sensitive,
resistant, and ESBL (resistance due to 𝛽-lactamases). Pure
cultures were maintained at −70∘C in brain-heart infusion
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Table 2: PCR conditions for each gene.

Genes Inicial denaturation
(∘C/min)

Denaturation
(∘C/s)

Annealing
(∘C/s)

Extension
(∘C/s)

Final extention
(∘C/min) Cycles

ecpA 96/5 94/30 62/45 72/45 72/5 35
ecpR-B 95/5 95/30 57.5/33 72/90 75/5 35
fimH 96/5 94/30 65.5/30 72/30 72/5 35
papC 95/5 94/30 58.2/30 72/40 72/5 40
sfaS 95/5 94/30 64/30 72/25 72/5 35
fogG 95/5 95/30 64/40 72/30 72/5 30
sfa/focDE 95/5 94/30 65/30 68/40 72/3 35
cnf-1 95/5 94/30 65.5/30 72/30 72/5 35
hlyA 95/5 94/30 63/30 68/60 72/5 30
𝑀𝑢𝑙𝑡𝑖1

∗ 95/5 94/30 67.1/30 68/160 72/5 30
𝑀𝑢𝑙𝑡𝑖2

∗∗ 95/5 94/30 61.5/30 68/180 72/5 35
Rfc 95/5 95/30 62.5/30 72/60 75/5 40
∗

Multiplex 1 for genes fyuA, iutA e ibeA.∗∗Multiplex 2 for genes cdtB, cvaC y traT.

broth/glycerol 50%.The E. coli CFT073 uropathogenic strain
was used as control strain.

2.2. Phylogenetic Groups and Virulence Factors. ThePCRwas
performed with the GoTaq Flexi kit (Promega) according
to the manufacturer’s instructions. Phylogenetic groups were
identified according to Clermont protocol [22]. 16 virulence
genes of UPEC were included: fimH, papC, sfa/focDE, sfaS,
focG, ecpA, ecpR-B, hlyA, cnf-1, cdt-B, cvaC, iutA, ibeA, rfc,
tratT, and fyuA. PCR primers and conditions for each gene
are described in Tables 1 and 2 [5, 17]. The ecp RB PCR was
performed to overcome the possible variation of ecpA which
may give a false negative result of the E. coli common pilus
[17]. All PCR products were visualized in agarose gel stained
with ethidium bromide.

2.3. Statistical Analysis. To establish the results significance,
the Fisher exact test was used. The level of significance was
set at a P value of ≤0.05.

3. Results

The overall results of the isolates regarding the virulence
genes, the phylogenetic group, and resistance profile are
shown in Table 3. Regarding the phylogenetic group, most
of the isolates were (60) grouped into the B2 group (55.6%),
33 isolates were classified as part of the A group (30.6%), 10
isolates (9.3%) to group B1, and 5 isolates (4.6%) to group D.

3.1. Virulence Genes. Higher prevalence, above 50%, was
observed for the ecp, fimH, traT, sfa/focDE, and papC genes
(98.1%, 86.1%, 77.8%, 74.1%, and 62%, resp.). For iutA and
fyuA genes prevalence was close to 50% (48.1% and 44.4%,
resp.), while the focG, sfaS, hlyA, cnf -1, cdt-B, cvaC, ibeA,
and rfc genesregistered prevalence lower than 10% (2.8%,
1.9%, 7.4%, 6.5%, 0.9%, 2.8%, 2.8%, and 0.9%, resp.). Table 4
shows the distribution of virulence genes regarding the

phylogenetic group. Most of the virulence factors associated
with the phylogenetic group B2 were identified. The ecp (A
and R-B) and fimH genes are widely distributed among all
groups (A 100%/78.8%, B1 100%/70%, B2 96.7%/91.7%, andD
100%/100%, resp.).The focG, sfaS, hlyA, cnf-1, cdt-B, and cvaC
genes were found only in isolates from the B2 group. The rfc
gene was found in just one isolate from group B1. The hlyA,
cft-1, and traT genes were positively associatedwith group B2,
and the iutA and fyuA genes were negatively associated with
group A.

3.2. Antibiotic Resistance. Above 50% of antibiotic resistance
was observed for ampicillin/sulbactam (75.9%), ampicillin
(55.2%), piperacillin (51.1%), trimethoprim/sulfamethox-
azole (56.1%), ciprofloxacin (62.3%), gatifloxacin (62.5%),
levofloxacin (60.2%), and moxifloxacin (52.6%). Sensitivity
values above 50% were found to amoxicillin/clavulanic acid
(68.8%), aztreonam (78.4%), imipenem (98.1%), meropenem
(100%), piperacillin/tazobactam (86%), ticarcillin/clavulanic
acid (58.2%), amikacin (93.5%), gentamicin (72.2%),
tobramycin (56.5%), ceftriaxone (78.1%), ceftazidime
(77.9%), cefotaxime (78.9%), cefoxitin (91.1%), cefazolin
(65.9%), cefepime (78.1%), cefuroxime (71.1%), and cefotetan
(98.4%). Approximately 20% of isolates registered the
presence of 𝛽-lactamases and around 20% were resistant to
antimicrobials, as shown in Table 5. Isolates which displayed
resistance to more than ≥3 chemotherapeutic groups
were considered multiresistant isolates, which represents
58%. However no statistical relation was observed among
multiresistance and phylogenetic group (Table 6).

4. Discussion

In this work 108 E. coli isolates were screened from female
patients with an average age of 39 years; women were
regarded as a productive population, for which urinary tract
infections are considered a major cause of morbidity in our
country and represent a huge economic impact [23, 24].
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Table 3: Virulence genes and phylogenetic group.

# Strain Ecp fimH papC sfa/focDE focG sfaS hlyA cnf-1 cdtB cvaC iutA ibeA Rfc traT fyuA chuA yja TSP PG
1 + + + + − − − − − + + + − + + + + + B2
2 + + − − − − − − − − + − − + + + − − D
3 + + + − − − − − − − + − − + + + + + B2
4 + + + + − − − − − − − − − − − − + − A
5 + + + + − − − − − − − − − − − − + − A
6 + + + − − − − − − − + − − + + − + − A
7 + + + + − − − − − − + − − + + + + − B2
8 + − + + − − − − − − + − − + + + + + B2
9 + + + + − − − − − − − − − − − − + − A
10 + + + + − − − − − − − − − + + + + − B2
11 + − + + − − − − − − − − − + − − + − A
12 − + + − − − − − − − + − − + + + + + B2
13 + + + + − − − − − − + − − + + + + + B2
14 + + + + − − − − − − − − − − − + + − B2
15 + − + + − − − − − − + − − + + + + + B2
16 + + + + − − − − − − + − − + − − + − A
17 + + + + − − − − − − + − − + − − + − A
18 + + + + − − − − − − + − − + + + + − B2
19 + + − + − − − − − − + − − + + + + + B2
20 + + + + − − − − − − − − − + − − + + B1
21 + + + + − − − − − − + − − + + + + − B2
22 + + + + − − − − − − − − − + − + + + B2
23 + + + + − − − − − − + − − + + − − − A
24 + + + + − − − − − − − − − + − + + + B2
25 + + + + − − − − − − − − − − − − + − A
26 − + + + − − − − − − − − − + − + + − B2
27 + + + + − − − − − − − − − + − + + − B2
28 + + − + − − − − − − + − − + + + + + B2
29 + + − + − − − − − − − − − − − + − − D
30 + + + + + − + + − − − − − + + + + + B2
31 + + − + − − − − − − + − − + + − + + B1
32 + + + + − − + + − − − − − + − + + + B2
33 + + − + − − − − − − − − − − − + + − B2
34 + + + − − − − − − − − − − + + − + − A
35 + + − + − − − − − − + − − − + + + + B2
36 + + − + − − − − − − − − − + − + − − D
37 + + + − − − − − − − + − − + + + + + B2
38 + + + − − − − − − − − − − + − + + + B2
39 + + + + − − − − − − + − − + − + − − D
40 + + + + − − − − − − − − − + − + + − B2
41 + + + − − − − − − − + − − + + + + + B2
42 + + − − − − − − − − + − − + + + + + B2
43 + + − − − − − − − − − − − + + − − − A
44 + + − − − − − − − − − − − − − − + − A
45 + + + + − − − − − − − − − − − − + − A
46 + + + + − − − − − − + − − + + + + − B2
47 + + + + − − − − − − + − − + + + + − B2
48 + + + + − − − − − − − − − − − − + − A
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Table 3: Continued.

# Strain Ecp fimH papC sfa/focDE focG sfaS hlyA cnf-1 cdtB cvaC iutA ibeA Rfc traT fyuA chuA yja TSP PG
49 + + − + − − − − − − − − − + + + + − B2
50 + + − + − − − − − − − − − + + − + − A
51 + + + + − − − − − − − − − − − + + + B2
52 + + + + − − − − − − − − − − − − + − A
53 + + − − − − − − − − − − − − − − + − A
54 + + + − − − − − − − − − − + + + + − B2
55 + + + + + − − − − + + − − + − + + − B2
56 + + + + − − − − − − + − − + − − + − A
57 + + + − − − − − − − + − − + + + + + B2
58 + − + − − − − − − − − − − − − − − + B1
59 + + + + − − − − − − − − − − − + − + D
60 + − + − − − − − − − + − − − − − + − A
61 + + − + − − − − − − − − − − − − − − A
62 + + − − − − − − − − + − − + + + + + B2
63 + + + + − − − − − − + − − + + + + + B2
64 + + − − − − − − − − + − − + + + + + B2
65 + + + − − − − − − − + − − − + + + + B2
66 + + + + + − + + − − − − − + − + + + B2
67 + + + − − − − − − − − − + − − − + + B1
68 + + − + − − − − − − − − − + − + + + B2
69 + + + + − − − − − − − − − + − + + − B2
70 + + − − − − − − − − − − − + + − + − A
71 + + + + − − − − − − + − − + − − + − A
72 + + − + − − − − − − − − − − − − − − A
73 + + − + − − − − − − − − − + − − + A
74 + + + + − + + + − − − − − + + + + + B2
75 + + − − − − − − − − + − − + + + + − B2
76 + − − − − − − − − − − − − + − − + − A
77 + + − + − − − − − − − − − + + + + − B2
78 + + − − − − − − − − − − − + − − + − A
79 + + − + − − − − − − + − − − − + + − B2
80 + + + + − − − − − − − − − − − + + − B2
81 + + + + − − − − − − + − − + + + + + B2
82 + + − + − − − − − − − − − + + − + − A
83 + + + + − + + + − − + − − + + + + + B2
84 + − + + − − − − − − + − − + − − + − A
85 + − + + − − − − − − − − − + − − + − A
86 + + + − − − − − − − + − − + + + + + B2
87 + + − − − − − − − − + − − + − − + − A
88 + + + − − − − − − − − − − + − − + − A
89 + + − + − − − − − − − − − + + − + + B1
90 + + + + − − − − − − + − − + − − + + B1
91 + − − + − − − − − − − − − − − − + + B1
92 + − + + − − − − − − − − − + − − + + B1
93 + + + + − − − − − − − − − + − − + + B1
94 + + + + − − − + − − + − − + + + + − B2
95 + + + + − − − − − − + − − + + + + + B2
96 + + + + − − + − − − + − − + + + + + B2
97 + − − + − − − − − − − − − + − − + − A
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Table 3: Continued.

# Strain Ecp fimH papC sfa/focDE focG sfaS hlyA cnf-1 cdtB cvaC iutA ibeA Rfc traT fyuA chuA yja TSP PG
98 + + + + − − + + + − + − − + + + + + B2
99 + + − + − − − − − − − − − + − + + + B2
100 + + − + − − − − − − + − − + + + + + B2
101 + + − + − − − − − − + − − + + + + + B2
102 + + − − − − − − − − + + − + − − + + B1
103 + − − + − − − − − − + − − + − + + − B2
104 + − − + − − − − − + + + − + − + + + B2
105 + + − + − − + − − − + − − + − + + + B2
106 + + − + − − − − − − + − − + − + + + B2
107 + − − + − − − − − − − − − + − − + − A
108 + − − + − − − − − − − − − + − + + + B2
Phylogenetic group (PG).

Table 4: Relation among phylogenetic group and virulence genes.

Gene
Phylogenetic group (n, %)

A
(𝑛 = 33)

B1
(𝑛 = 10)

B2
(𝑛 = 60)

D
(𝑛 = 5)

Ecp 33 (100) 10 (100) 58 (96.7) 5 (100)

fimH 26
(78.8) 7 (70) 55 (91.7) 5 (100)

papC 19 (57.6) 6 (60) 40 (66.7) 2 (40)

sfa/focDE 22
(66.7) 7 (60) 47 (78.3) 4 (80)

focG 0 0 3 (5) 0
sfaS 0 0 2 (3.3) 0
hlyA 0 0 8 (13.3)a 0
cnf-1 0 0 7 (11.7)a 0
cdt-B 0 0 1 (1.7) 0
cvaC 0 0 3 (5) 0

iutA 9
(27.3)(a) 3 (30) 38 (63.3)a 2 (40)

ibeA 0 1 (10) 2 (3.3) 0
Rfc 0 1 (10) 0 0

traT 21
(63.6) 7 (70) 53 (88.3)a 3 (60)

fyuA 7
(21.2)(a) 2 (20) 38 (63.3)a 1 (20)

a
𝑃 values were calculated by comparison of each group with Fisher’s exact test.
Statistic significance of ≤0.05(a) negative association.

The predominant phylogenetic group was B2 (55.6%),
widely associated with pathogenic strains. In Spain and the
United States similar results had been reported and also
a lower percentage related to the phylogenetic group D
[6–8, 18, 25]. The phylogenetic group A, associated with
commensal strains, represents a 30.6%, higher than in other
studies, suggesting that the gastrointestinal tract is the main
reservoir of strains that may be able to colonize the urinary
tract in accordance to previous observations [6, 7, 18, 25].
The B1 group (9.3%) as a cause of urinary tract infections
points out the high plasticity of the E coli genome which

allowed the presence of the fimH, papC, and ecp (A and RB)
in percentages of 70%, 60%, and 100%, respectively. These
genes are related to the ability to colonize the urinary tract
epithelium [18, 22, 26–28].

Adhesins genes were present in high percentages: fimH
(86.1%), ecp (A y R-B) (98.1%), and papC (62%), this result
could be related to the pathogenicity of the isolated strains as
adherence is the most important pathogenicity determinant
[4]. The fimH geneonce again was highly conserved in UTI
isolates which confirms its crucial role during colonization of
the urinary tract [4, 29–32].
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Table 5: Antibiotic resistance.

Antibiotic (number of isolates) 𝑆 (%) 𝑅 (%) ESBL (%)
ampicillin/sulbactam (108) 26 (24.1) 82 (75.9) 0
ampicillin (97) 22 (22.7) 54 (55.7) 21 (21.9)
amoxicillin/clavulinic acid (64) 44 (68.8) 20 (31.3) 0
aztreonam (97) 76 (78.4) 0 21 (21.6)
Imipenem (108) 106 (98.1) 2 (1.9) 0
Meropenem (30) 30 (100) 0 0
piperacillin/tazobactam (107) 92 (86) 15 (14) 0
piperacillin (95) 25 (26.3) 49 (51.6) 21 (22.3)
ticarcillin/clavulanic acid (91) 53 (58.2) 38 (41.8) 0
amikacin (108) 101 (93.5) 7 (6.5) 0
gentamicin (108) 78 (72.2) 30 (27.8) 0
tobramycin (108) 61 (56.5) 47 (43.5) 0
ceftriaxone (96) 75 (78.1) 0 21 (21.9)
ceftazidime (95) 74 (77.9) 0 21 (22.1)
cefotaxime (76) 60 (78.9) 0 16 (21.1)
cefoxitin (45) 41 (91.1) 4 (8.9) 0
cephalotin (22) 10 (45.5) 8 (36.4) 4 (18.2)
cefazolin (91) 60 (65.9) 11 (12.1) 20 (22)
cefepime (96) 75 (78.1) 0 21 (21.9)
cefuroxime (56) 40 (71.4) 1 (1.8) 15 (26.8)
cefotetan (61) 60 (98.4) 1 (1.6) 0
trimethoprim/sulfamethoxazole (107) 47 (43.9) 60 (56.1) 0
ciprofloxacin (106) 40 (37.7) 66 (62.3) 0
gatifloxacin (64) 24 (37.5) 40 (62.5) 0
levofloxacin (108) 43 (39.8) 65 (60.2) 0
moxifloxacin (19) 9 (47.4) 10 (52.6) 0

Table 6: Relation among multidrug resistance and phylogenetic group.

Phylogenetic group Multidrug resistance [positive isolates number (%)]
No-MDS (𝑛 = 45) MDS (𝑛 = 63)

A 11 (24.4) 22 (34.9)
B1 6 (13.3) 4 (6.4)
B2 24 (53.3) 36 (57.1)
D 4 (9) 1 (1.6)
MDS: multidrug sensitive. 𝑃 values were calculated by the Fisher’s exact test for each group, none has statistical significance value ≤0.05.

The ecp (A and RB) gene is associated with commensals
and enteropathogenic strains; it was present in 98.1% of
this study isolates and according to a similar observation in
Portugal it was found in 100% of their isolates; it may be
associated with UPEC [17, 22, 24, 28].The papC gene encodes
an outer membrane protein essential for the fimbriae P bio-
genesis regulation. pap genes presence had been associated
with pyelonephritis; therefore, higher percentages (over 50%)
suggest that the strains isolated from theMexican population
have greater capabilities to colonize kidneys and generate
pyelonephritis [32, 33].

The hlyA and cnf-1 genes showed a positive relationship
with the B2 group; also they are associated with pathogenic-
ity island PAI IIJ96, and the iutA gene is associated with

pathogenicity island PAI ICFT073 as well as with hlyA and pap
operon [8, 19, 34–36].

The sfaS gene was found exclusively in hlyA and cnf-
1 positive isolates which could be linked to cystitits cases.
This observation is in accordance with the previous report by
Lloyd et al. [19].

The cvaC gene was present in only three isolates traT
positive. These genes are both located at the colV plasmid.
traT is related to the phylogenetic group B2, and presumes an
animal source.The iutA and fyuA genesalso showed a relation
with the phylogenetic group B2 [37–39]. The ibeA gene,
related to the B2 group, was found in an isolate identified as
B1, a result that may start to change the previous assumption
[40]. The rfc gene was identified in just one isolate which
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indicates that the serogroup O4 was not the predominant
serogroup in the population studied and that this result may
need further serological confirmation [5, 41].

The treatment of choice for ITU is in order of impor-
tance: fluoroquinolones (ciprofloxacin), the trimethoprim/
sulfamethoxazole, cephalosporins, and penicillins (ampi-
cillin) to which an increasingly developed resistance has been
reported due mainly to the indiscriminated antibiotic use
[13, 14]. In this work it is confirmed the resistance previously
reported values for trimethoprim/sulfamethoxazole (56.1%)
[14, 42]; for ciprofloxacin (62.3%), gatifloxacin, levofloxacin,
and moxifloxacin, resistance was always above 50%. Positive
isolates to hlyA, cnf-1, and/or papC genes were susceptible to
fluoroquinolones, results similar to those of Piatti et al. [43].
Besides in Mexico, the previously reported E. coli resistance
profile included ampicillin, piperacillin, fluoroquinolones,
and trimethoprim/sulfamethoxazole which are considered to
be first-line choices [13, 44, 45]. Additionally, serotype 025b-
ST131 has been reported to be within theMexican population
which has been associated with plasmid mediated quinolone
resistance [46]. We had identified multidrug resistance of
the E. coli strains causing UTI in 58% of the isolates which
belongedmainly to group B2, result which kept our attention.

5. Conclusion

This work confirms that most of the isolates associated with
urinary tract infections belong to the phylogenetic group B2
and in a lesser extent to group D. Also they displayed a great
number of virulence genes. However, commensal strainsmay
also be the cause of UTI. According to our results most parts
of the isolates have the ability to colonize the kidneys as
they have a high incidence of the papC gene. The hlyA and
cnf-1 genes encoding toxins and fyuA iutA and siderophores
encoding genes are tightly associated with the phylogenetic
group B2.

E. coli has successfully adapted to host’s conditions
and to the general medical practices as we may observe
the high resistance to trimethoprim/sulfamethoxazole and
fluoroquinolones, especially on the most frequently isolated
phylogenetic groups.

Finally, these results reinforce international knowledge
on antimicrobial resistance and the high rate of multidrug
resistance found invites us to encourage population aware-
ness of the proper use of antimicrobials.
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Enterotoxigenic Escherichia coli (ETEC) are major causes of childhood diarrhea in low and middle income countries including
Colombia, South America. To understand the diversity of ETEC strains in the region, clinical isolates obtained from northern
Colombia children were evaluated for multiple locus sequencing typing, serotyping, classical and nonclassical virulence genes,
and antibiotic susceptibility. Among 40 ETEC clinical isolates evaluated, 21 (52.5%) were positive for LT gene, 13 (32.5%) for ST
gene, and 6 (15%) for both ST and LT. The most prevalent colonization surface antigens (CS) were CS21 and CFA/I identified in 21
(50%) and 13 (32.5%) isolates, respectively. The eatA, irp2, and fyuA were the most common nonclassical virulence genes present
in more than 60% of the isolates. Ampicillin resistance (80% of the strains) was the most frequent phenotype among ETEC strains
followed by trimethoprim-sulfamethoxazole resistance (52.5%). Based on multiple locus sequencing typing (MLST), we recognize
that 6 clonal groups of ETEC clinical isolates circulate in Colombia. ETEC clinical isolates from children in northern Colombia
are highly diverse, yet some isolates circulating in the community belong to well-defined clonal groups that share a unique set of
virulence factors, serotypes, and MLST sequence types.

1. Introduction

Enterotoxigenic Escherichia coli (ETEC) are important en-
teric pathogens worldwide, especially affecting children in
developing countries [1, 2]. ETEC strains are responsible for
∼400 million diarrheal cases annually in children less than
5 years of age, resulting in 300,000 to 500,000 deaths, and
they are the most common causes of traveller’s diarrhea,
accounting for 50% of all traveler’s diarrhea episodes [3, 4].
ETEC strains belong to a highly diverse group of strains with
respect to enterotoxin type, colonization surface antigens
(CSs), serotypes, and ancestral lineages [5–8].

ETEC strains are defined by the presence of plasmid-
encoded heat-labile toxin (LT) and/or the heat-stable toxins
(ST) [9, 10]. ST, a guanylin homologue expressed in intestinal

cells, is a heterogeneous peptidewith twomajor subtypes STa,
present predominantly in human ETEC isolates, and STb,
present predominantly in animal ETECs [11]. Both subtypes
induce diarrhea in piglets [12]. STa is further subdivided in
two variants, STh and STp (from their initial detection among
pigs) that have been reported in ETEC clinical isolates from
different parts of the world [11, 13]. ETEC strains also express
plasmid- or chromosomally encoded colonization surface
antigens (CSs). These heterogeneous pili or nonpili surface
structures are believed to promote small intestine ETEC colo-
nization and they are currently considered important vaccine
targets. Twenty-two different CSs have been identified among
human ETEC of diverse geographic origins [14, 15]. ETEC
isolates may produce one or more CSs, while some isolates
do not express any or do not produce recognizable CSs [2].
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LT and ST toxin types and CSs profiles from clinical ETEC
isolates vary from one geographic region to another [2, 6, 16,
17].

ETEC also expresses a variety of nonclassical virulence
factors that may be essential for pathogenicity and promising
vaccine targets. Among nonfimbrial adhesins/invasins, Tia is
a 25 kD outer membrane protein that interacts with host cell
surface proteoglycans and by itself is sufficient to promote
bacterial adherence and epithelial cell invasion when cloned
into laboratory E. coli strains [18, 19]. The labile enterotoxin
output gene (leoA), encoding a cytoplasmic protein with
GTPase activity, is required for maximal LT secretion. Both
Tia and LeoA are encoded in a 46-Kb pathogenicity island
(Tia-PAI) [20, 21]. The TibA protein encodes a glycosylated
autotransporter that mediates adhesion to surface epithe-
lial cells, autoaggregation, and biofilm formation [22, 23].
The etpBAC locus encodes three proteins: EtpA, a 170 kDA
secreted glycoprotein, EtpB a transport pore, and EtpC,
a putative glycosyltransferase required both for optimal
secretion and glycosylation of EtpA. The EtpA glycoprotein
appears to act as a molecular bridge, binding the exposed
regions of FliC at the flagellar tip and host surface structures
[24, 25]. EatA, a serine protease autotransporter of the
Enterobacteriaceae (SPATE) family, was shown to increase
ETEC virulence in an animal model, by degrading mucin
and facilitating LT release [25, 26]. Finally, the irp2 and fyuA
genes, located in the high-pathogenicity island (HPI), encode
a yersiniabactin-like iron scavenging system [27].

ETEC is the leading cause of diarrhea in children less
than 5 years of age in Colombia, South America [28, 29], yet
no information is available of the phenotypes and genotypes
associated with these strains. The objectives of this study
were to identify the most common genotypes associated with
Colombian ETEC clinical isolates with respect to enterotox-
ins, CSs, nonclassical virulence genes, and genomic profiles
and to determine the most common ETEC O:H serotypes
and antimicrobial susceptibility patterns. Recognizing the
most frequent circulating strains including themost common
potential antigens may help prioritize ETEC diarrhea pre-
vention measures including vaccine development research
strategies.

We found that ETEC isolates were positive for LT, ST,
or both ST/LT genes, the most prevalent CSs were CS21
and CFA/I, and the most common nonclassical virulence
genes were eatA, irp2, and fyuA. Based onMLST, serotyping,
and virulence genotype, Colombian ETEC clinical isolates
showed broad genetic diversity, yet 6 distinctive clonal groups
were identified.

2. Materials and Methods

2.1. Strains Used inThis Study. Thirty-two ETEC clinical iso-
lates from children less than 5 years of age with diarrhea and
8 ETECs obtained from healthy children from two studies
were used. Seven of these ETEC strains came from children
with diarrhea from a prevalence study previously described
in two Caribbean cities in Colombia [29]. The remaining
ETEC strains were obtained from case-control studies of

children less than 5 years of age also in Cartagena, Colombia
[28]. Twenty-five strains were from cases and 8 strains
from healthy controls (Table S1). All ETEC clinical isolates
identified from the two epidemiological studies mentioned
above were included in the present study. These isolates
were identified by multiplex PCR using ST primers (ST.F-
5GCTAAACCAGTA(G/A)GGTCTTCAAAA3 and ST.R-
5CCCGGTACA(G/A)GCAGGATTACAACA 3) and LT
primers (LT.F- 5GCACACGGAGCTCCTCAGTC-3 and
LT.R- 5TCCTTCATCCTTTCAATGGCTTT 3) [29]. Ref-
erence ETEC and non-ETEC strains were used as positive
and negative controls for all assays and they are described in
Table 1. ETEC strains carrying different CS genes, used as
controls for PCR detection assays, were kindly provided by
Dr. Steven Savarino from the NavalMedical Research Center.

2.2. DNA Techniques. Unless otherwise specified, standard
methods were used for plasmid isolation, genomic DNA
isolation, and agarose electrophoresis DNA separation [30].
E. coli clinical isolates were processed for isolation of genomic
DNA as previously described [31]. In brief, overnight liquid
cultures were centrifuged, and the pellet was resuspended
in water, boiled for 10min, and centrifuged again. The
supernatant containing a crude DNA extract was used as a
DNA template for PCR assays.

2.3. DNA Amplification. Detection of STh, STp, and LT
toxin genes and 19 CSs genes was performed by multiplex
polymerase chain reaction (mxPCR) assays as described
before [32]. CSs genes tested included CFA/I, CS1, CS2, CS3,
CS4, CS5, CS6, CS7, CS8, CS12, CS13, CS14, CS15, CS17, CS18,
CS19, CS20, CS21, and CS22. Confirmatory single PCR was
performed on strains positive on the multiplex PCR assays.
Detection of Tia, LeoA, TibA, EatA, EtpA, EtpB, FyuA, and
Irp2 genes was done by single PCR assays as described before
[33].

2.4. Multilocus Sequence Typing (MLST). Genetic diversity
of ETEC strains was analysed by multilocus sequence typ-
ing (MLST) by using the University College Cork E. coli
MLST scheme (http://mlst.warwick.ac.uk), which is based on
sequencing of internal regions of 7 housekeeping genes adk,
fumC, gyrB, icd, mdh, purA, and recA [34]. Phylogenetic trees
were constructed using the Phylogeny.fr software available
online at http://www.phylogeny.fr/version2 cgi/index.cgi by
the cluster W method [35]. Forty seven-gene DNA sequence
concatamers for each ETEC strain as well as 4 E. coli control
sequence concatamers from ancestral groups A, B1, B2, andD
were assembled and aligned using theClustalWprogram.The
phylogenetic tree using the PhyML programwas constructed
using bootstrapping procedure (100 straps) [35, 36]. Some
ETEC strains were assigned to clonal groups. A clonal group
was defined as a group ofmore than one ETEC strains that do
not seem to share ancestral origin with other ETEC and that
have at least 2 strains with identical MLST DNA sequence.

2.5. Serotyping. Serotyping was performed at the E. coli
Reference Center, Pennsylvania State University, according
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Table 1: ETEC and non-ETEC reference strains used as controls in PCR assays.

Type Strain Serotype Toxin type CS type Source
ETEC E24377A O139:H28 LT/ST CS1, CS3 Levine et al., 1984 [39]
ETEC 910980-2 O25:NM STh CS4, CS6 NMRCb

ETEC W6520A O114:H49 LT CS7 NMRC
ETEC WS6866B-2 NK LT CS8 (i.e., CFA/III) NMRC
ETEC M421C1 NK LT/STh CS5, CS6 VUc

ETEC WS6474D O68:H12 LTST CS12 (i.e., PCFO159) NMRC
ETEC 911205 O64:NM LT CS13 (i.e., PCFO9) NMRC
ETEC E7476A O166:H27 STh CS14 NMRC
ETEC 8786 O117:H4 ST CS15 (i.e., 8786) NMRC
ETEC WS6788A O8:H9 LT CS17 NMRC
ETEC ARG-2 O20:H− LT CS18 (i.e., PCFO20) NMRC
ETEC DS26-1 O8:H9 LT CS19 NMRC
ETEC WS7179A-2 O17:H45 LTST CS20 NMRC
ETEC H10407a O78:H11 LT/STh-STp CFA/I Evans et al., 1975 [40]
ETEC 145C2 NK LT/STh CS2, CS3, CS21 VU
ETEC E9034A NK LT/STh CS3/CS21 Levine et al., 1984 [39]
E. coli DH5𝛼 None None VU
aStrain used as a positive control for nonclassical virulence factors.
bNMRC refers to Naval Medical Research Center.
cVU refers to Gomez-Duarte’s laboratory collection at Vanderbilt University.
NK refers to not known.

to standard methods for determining the O antigen [37]. H
typing was performed using a fliC PCR-RFLP method [38].

2.6. Antimicrobial Susceptibility Testing. Antimicrobial sus-
ceptibility to 12 different antibiotics was tested using BD
BBL Sensi-Disc Susceptibility Test Discs methods (Becton,
Dickinson andCompany. © 2012 BD). Strain activity was
tested against cefazolin (CZ), ceftriaxone (CRO), ampi-
cillin (AM), amoxicillin/clavulanic acid (AMC), ceftazidime
(CAZ), cefuroxime (CMX), cefepime (FEP), ciprofloxacin
(CIP), gentamicin (GM), Meropenem (MEM), sulfamethox-
azole (STX), and piperacillin tazobactam (TZP).

3. Results

3.1. Colombian ETEC Clinical Isolates Carry LT, ST, and
LT/ST Enterotoxins. ETEC clinical isolates from children
with diarrhea andwith no diarrhea previously describedwere
evaluated for the presence of LT and/or ST enterotoxin genes
(See Table S1) [28, 29]. As shown in Table 2, LT-containing
ETEC strains were the most frequently detected group
(52.5%) followed by ST-containing ETEC strains (32.5%) and
ETEC-LT/ST strains (15%). All ETEC-ST strains tested were
positive for the STh variant. No STp variants were identified.

3.2. CSsWere Frequently Found among ETEC Clinical Isolates.
CSs are piliated and nonpiliated structures believed to be
involved in ETEC colonization of the human gut. In our study
75% of all clinical isolates were positive for at least one CS
and 25% were negative for any CS (Table 2). Among ETEC-
associated CS described in the literature, 10 different types of

CSs were detected among Colombian ETEC isolates. Alone
or in association, the most prevalent ETEC CSs were CS21,
CFA/I, CS6, and CS5, present in 50.0%, 32.5%, 20%, and
12.5%, respectively.

Detection of CS21 was present in 12 (92.3%) out of 13
ETEC strains containing ST, followed by 7 (33.3%) out of 21
ETEC strains containing LT and only 1 (16.6%) out of 6 ETEC
strains containing LT and ST toxins. CFA/I was found in 12
(92.3%) out of 13 ETEC strains containing ST strains and only
in 1 (4.7%) out of 21 ETEC strains carrying LT. CFA/I was not
detected among ETEC containing ST and LT toxins. CS6 was
found in 4 (19%) out 21 LT-containing ETEC strains and in 4
(66.6%) out of 6 ST and LT containing ETEC strains. CS5 was
only found among 5 (83.3%) out 6 ST/LT-containing ETEC
strains. CS1, CS2, CS7, CS12, CS13, and CS17 CSs were only
detected among LT-containing ETEC strains. Among CS-
negative ETEC, 9 out 21 (42.8%) were LT-containing ETEC
strains, and only 1 out of 12 (8.3%) were ST-containing ETEC
strains.

CFA/I was detected in association with CS21 (Table 2) in
13 ETEC strains, 12 strains of them containing ST and one
LT. No ETEC with ST/LT combination contained this CS
pattern. The CS5-CS6 pattern was the second most common
CSs combination present in 4 out of 40 ETEC strains (10.0%),
all of them positive for ST and LT ETEC strains. The CS21-
CS6 was the third most common CSs pattern only present in
3 out of 42 ETEC strains (7.1%), all positive for LT.

3.3. Nonclassical Virulence Genes Were Detected among
Colombian ETEC Isolates. Nonclassical virulence factors,
believed to essential contributors to the pathogenesis of ETEC
diarrhea, include factors associated with adherence, invasion,
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Table 2: Distribution of LT and ST enterotoxins and colonization surface antigens among Colombian ETEC clinical isolates.

Toxin gene type Total number of isolatesa CF type (s) produced Number (%) of isolates

LT 21

CS21 + CFA/I 1 (4.7)
CS21 + CS6 3 (14.2)
CS21 + CS12 1 (4.7)
CS21 + CS7 1 (4.7)

CS21 + CS2 + CS3 1 (4.7)
CS1 1 (4.7)
CS7 1 (4.7)
CS19 2 (9.5)
CS6 1 (4.7)

CF undetectedb 9 (42.8)

LT-ST 6
CS21 1 (16.6)

CS5 + CS6 4 (66.6)
CS5 1 (16.6)

ST 13 CS21 + CFA/I 12 (92.3)
CF undetectedb 1 (8.3)

aETEC isolates positive for any enterotoxin and positive or negative for any CSs.
bCSs undetected by PCR reaction.
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Figure 1: Proportion of nonclassical virulence factor genes among
Colombian ETEC clinical isolates. Detection of nonclassical viru-
lence factors was performed by nonvirulence genes PCR amplifi-
cation of genomic DNA from Colombian ETEC clinical isolates as
described in materials and methods.

enterotoxin secretion, and iron acquisition. The irp2, fyuA,
and eatA genes, present in 33 (82.5%), 30 (75%), and 29
(72.5%) ETEC isolates, respectively, were the most frequently
detected nonclassical virulence ETEC genes (Figure 1). In
contrast, strains carrying the tia-PAI-associated genes were
uncommon. Only 1 (2.5%) strain was positive for the leoA
gene and 7 (17.5%) for the tia gene. The etpA and etpB genes
encoded by the same plasmid that harbors genes for toxins
and CFA/I in strain H10407 were both detected in 18 (45%)
ETEC isolates. The tibA gene was only detected in 7 (17.5%)
ETEC isolates.

3.4. Phylogenetic and MLST Results. To evaluate the genetic
relatedness among Colombian ETEC isolates and with ances-
tral E. coli strains, MLST was conducted and a phylogenetic
tree was analyzed. MLST sequences from E. coli pathogens
representing ancestral E. coli groups A, B1, B2, and D were
included in the analysis as controls. The phylogenetic tree
constructed from Colombian ETEC MLST sequences is
highly diverse as demonstrated by the extended branching
(Figure 2). Despite genetic diversity, most ETEC strains seem
to be derived from E. coli ancestral groups A and B1, as deter-
mined by the phylogenetic tree evolutionary relationships
using E. coli control strains MLSTs from ancestral groups A,
B1, B2, andD.Only aminority of the ETEC strainMLSTswere
associated with E. coli strain MLSTs from phylogenic groups
B2 and D.

Nineteen (47.5%) ETEC strains are clustered into six
allelic groups. Based on identical MLST sequences within
each cluster, we have designated these clusters as clonal
groups 1 to 6. Based on evolutionary relationships using E.
coli control strain MLSTs, clonal groups 1, 2, 4, 5, and 6
are associated with ancestral groups A and B1, while clonal
group 3 MLST is associated with ancestral group D and B2.
Analysis of MLST sequence types (SeqT) found that all 40
ETEC isolates have one designated specific SeqT (Table 3).
SeqT is defined as the allelic profile resulting from the seven
alleles assigned to each one of the 7 house-keeping loci
sequences. In this study, we are reporting three new SeqTs,
SeqT 4238, SeqT 4239, and SeqT 4252, for strains COCt26,
COCt234, and COCt159, respectively. As part of the MLST
new SeqT 4252, we have also reported a new icd gene DNA
sequence designated icd454 for the COCt159 ETEC strain.
Twenty Colombian ETEC strains hadMLST SeqT previously
reported as ETEC. The most common MLST SeqT among
Colombian ETECs isolates was the 2332 found in 7 (17.5%)
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Figure 2: MLST phylogenetic tree and serotyping analyses of Colombian ETEC clinical isolates. Phylogenetic tree constructed after assembly
and alignment of MLST DNA sequences using the ClustalW program. MLST and serotyping experiments are described in Materials and
Method. E. coli strains from ancestral groups A, B1, B2, and D were used as control for phylogenetic analyses. EAEC: enteroaggregative E. coli;
EPEC: enteropathogenic E. coli; ETEC: enterotoxigenic E. coli; STEC: shiga toxin-producing E. coli. (−) refers to negative reaction with standard
antisera and/or PCR amplification. (+) refers to positive reaction; the group is novel and does not match known reference standards. (M)
Multiple positives. (X) Unclassified O types. (ND) Not done. Numbers 1 to 6 correspond to clonal groups based on identical MLST DNA
sequences.
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ETEC isolates (Table 3). Five ETEC isolates had MLST SeqT
previously observed among non-ETEC pathotypes while12
ETEC isolates had SeqT not previously observed among E.
coli pathotypes.

3.5. Colombian ETEC Isolates Belong to a Highly Diverse
Group of O:H Serogroups. O:H serogroups identification was
conducted to determine themost commonColombian ETEC
serotypes. Twenty-nine (72.5%) ETEC strains belonged to
16 different O serogroups (Figure 2). The most common O
groups were O128 and O167 present in 8 (28.6%) and 4
(14.3%) of isolates, respectively. In addition, 7 ETEC isolates
with rough colonies lacked side chains thus were classified
as nontypeable with respect to O antigen. Thirty-four (85%)
of ETEC isolates belonged to 13 different H types. The most
common H serogroups were H45 type present in 11 (27.5%)
ETEC isolates. Other H serogroups identified in 3 or more
strains included H5 and H16. Five (14.7%) strains were H5
and 3 (8.8%) were H16.The most common O:H combination
identified was the O128:H45 serotype present in 8 (20%)
of the strains and 7 of them within the same MLST clonal
group. Serogroup O167:H7 was present in 4 (10%) ETEC
isolates that belong to clonal group 2. Less frequent serotypes
combinations associated with MLST-based clonal groups
included O153:H18 (clonal group 3) and O25:H16 (clonal
group 4).

3.6. Colombian ETEC Isolates Have Low Level of Antibiotic
Resistance. To evaluate ETEC clinical isolates for an-tibiot-
ic susceptibility conventional disk antibiograms were per-
formed (Table 4). Ampicillin, trimethoprim-sulfa-methoxa-
zole, cefazolin, and amoxicillin clavulanate resistance was
detected among 27 (67.5%), 20 (50%), 6 (15%), and 2 (5%) iso-
lates, respectively. No resistance to ceftriaxone, ceftazidime,
cefepime, ciprofloxacin, and piperacillin/tazobactam was
detected among ETEC isolates. Resistance to gentamicin was
detected in one strain only.

3.7. Features Shared among ETEC Clonal Groups Including
O:H Serogroup, Classical and Nonclassical Virulence Genes,
and Antibiotic Resistance Profile. Nineteen (47.5%) Colom-
bian ETEC isolates belong to 6 clonal groups. Clonal group
1 contained 7 ETEC isolates defined by identical MLST
sequence and sequence type (2332). All clonal group 1 ETECs
had identical O:H serotype and virulence genes (STh entero-
toxin, CS21-CFA/I CSs and non-classical virulence factors)
and they were resistant to ampicillin and sulfamethoxazole
(Table 5). Strains in clonal group 1 were isolated from differ-
ent individuals at different year periods. ETEC isolates from
clonal group 2 with 4 share the same serotype as well as
classical and nonclassical virulence factors. Three of them
were resistant to ampicillin and sulfamethoxazole. Clonal
groups 3 and 4 contain only two ETEC strains each with the
same serotype. Clonal groups 5 and 6 do not seem to share
the same serotype.

4. Discussion

ETEC diarrhea is a leading cause of morbidity and mortality
in children less than 5 year of age living in underserved
geographic areas of the world and a leading cause of traveler’s
diarrhea. ETEC is also a leading cause of morbidity in
Colombia, a middle income country in Latin America. In
this study, we show that northern Colombian ETEC clinical
isolates from children less than 5 years of age are a highly
diverse group of strains based on MLST, serotyping, and
presence of classical and nonclassical virulence factors, yet
6 clonal groups were identified. A limitation of our study
is the limited number of ETEC strains tested and also the
strains origin is limited to two mayor urban centers in
northern Colombia. Accordingly we will confine our anal-
ysis and conclusions to northern Colombian ETEC strains.
Further studies will be necessary to evaluate ETEC diversity
from all Colombian corners to better define ETEC Colom-
bian virulence and colonization gene diversity and strain
clonality.

LT, the most frequently toxin type found in the Colom-
bian ETEC isolates, was detected in 67.5% of strains, whether
alone or in combination with ST [41]. This entorotoxin
pattern was also reported in Bangladesh and Peru, where
LT-producing ETEC was seen in 52% and 72% of the cases,
respectively [42, 43]. This is in contrast with other studies
from Indonesia and Chile showing that ST-producing ETEC
predominated [33, 44]. ST enterotoxin variants STp and STh
induce disease in humans, and differentiation of STp from
STh may help identify differences in the epidemiology of
these two strains [45]. In this study, all Colombian ETEC
strains positive for ST were only positive for the STh variant;
no ETEC strains positive for STp were identified. Low
frequency of STp ETEC strains was also reported among
Brazilian, Bolivian, and Chilean ETEC clinical isolates sug-
gesting that STh toxin predominates among Latin American
ETECs [33, 46, 47].

CS21 was the most commonly identified CS among
Colombian ETEC isolates, followed by CFA/I and CS6. The
association of CS21 and CFA/I among ETECs was also
remarkable. Similar findings were reported in Chile where
CS21 was found in association with CFA/I [33]. In contrast,
CFA/I and CS14 predominated among Bolivian ETEC strains
[46]. CS21 has also been identified in ETEC strains from
Argentina, Brazil, Bolivia, Egypt, and Bangladesh [33, 46, 48–
51].

CS21 is long rod-like fimbria that directs adhesion to
intestinal epithelial cells and mediate self-aggregation and
twitching motility, and it is involved in pathogenesis [52–
54]. In this study, CS21 was more often associated with LT
producer Colombian ETEC strains. ETEC strains expressing
CS21 tend to be isolated in higher proportion amongpediatric
populations [50]. It is likely that the higher proportion ofCS21
among Colombian ETECs is due to the fact that all ETEC
strains were obtained from children less than 5 years of age.
CFA/I, CS6, and CS21 were detected among all ETEC toxins
profiles, demonstrating their extended distribution. Similarly,
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Table 3: Distribution of MLST sequence types among Colombian ETEC isolates.

Origin of ETEC isolates number (%) SeqT Associated pathotypea
Child with diarrhea Healthy child Total
6 1 7 (17.5) SeqT2332 ETEC
1 0 1 (2.5) SeqT849 ETEC
2 0 2 (5.0) SeqT88 ETEC
1 0 1 (2.5) SeqT100 ETEC
0 1 1 (2.5) SeqT4 ETEC
0 1 1 (2.5) SeqT94 ETEC
2 0 2 (5.0) SeqT1312 ETEC
1 0 1 (2.5) SeqT731 ETEC
1 1 2 (5.0) SeqT10 ETEC, EAEC, EPEC, ExPEC
1 0 1 (2.5) SeqT34 EAEC
2 0 2 (5.0) SeqT38 EAEC
1 0 1 (2.5) SeqT501 EAEC
0 1 1 (2.5) SeqT23 EHEC
1 0 1 (2.5) SeqT2066 Commensal
1 0 1 (2.5) SeqT216 Commensal
1 0 1 (2.5) SeqT3855 ETEC
2 0 2 (5.0) SeqT641 Unknown
2 0 2 (5.0) SeqT173 Unknown
1b 0 1 (2.5) SeqT155 ETEC, EAEC, ExPEC
4c 0 4 (10.0) SeqT443 Unknown
0 1d 1 (2.5) SeqT1623 Unknown
1e 0 1 (2.5) SeqT2067 Unknown
1 0 1 (2.5) SeqT4238f New SeqT
1 0 1 (2.5) SeqT4239f New SeqT
1 0 1 (2.5) SeqT4252g New SeqT
34 (85.0) 6 (15.0) 40 (100.0)
aAssociated pathotype according to MLST Databases at the ERI, University College Cork. bSingle mutation in fumC at position 158. cSingle mutation in icd at
position 158. dSingle mutation in purA at position 260. eMutations in icd at position 110 and fumC at position 153. fNew sequence types submitted to the MLST
Databases at the ERI, University College Cork. gNew SeqT submitted to MLST database; in addition, the new icd sequence for this strain was assigned number
icd 454.

Table 4: Level of antibiotic resistance among Colombian ETEC clinical isolates.

Antibiotics ETEC isolates number (%)
Susceptible Intermediate Resistant

Cefazolin (CZ) 29 (72.5) 5 (12.5) 6 (15.0)
Ceftriaxone (CRO) 40 (100) 0 (0) 0 (0)
Ampicillin (AM) 8 (20.0) 5 (15.0) 27 (67.5)
Amoxicillin/clavulanic acid (AMC) 25 (62.5) 13 (32.5) 2 (5.0)
Ceftazidime (CAZ) 40 (100) 0 (0) 0 (0)
Cefuroxime (CXM) 39 (97.5) 1 (2.5) 0 (0)
Cefepime (FEP) 40 (100) 0 (0) 0 (0)
Ciprofloxacin (CIP) 40 (100) 0 (0) 0 (0)
Gentamicin (GM) 39 (97.5) 0 (0) 1 (2.5)
Meropenem (MEM) 39 (97.5) 0 (0) 1 (2.5)
Sulfamethoxazole (STX) 17 (42.5) 1 (2.5) 22 (55.0)
Piperacillin/tazobactam (TZP) 40 (100) 0 (0) 0 (0)
Four ETECs resistant to a single antibiotic (AM); 15 resistant to 2 antibiotics (AM and STX), 7 ETEC resistant to 3 antibiotics (AM-STX-CZ or AM-STX-GM
or AM-STX-AMC), and a single ETEC resistant to 4 antibiotics (AM, STC, CZ, and AMC).
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CFA/1, CS6, and CS21 have been widely distributed vamong
ETEC strains worldwide [2, 14]. In 10 (25%) of Colombian
ETEC isolates, no CSs were identified. This indicates that
these 10 ETECs do not express any known CSs, they contain
CSs variants unable to be recognized by conventional PCR,
or they contain unknown CSs unable to be recognized with
current PCR assays [2, 55]. These strains may express novel
CSs pending to be identified.

Nonclassical virulence genes were detected among
Colombian ETEC strains. The eatA, irp2, and fyuA were the
most frequent. These genes are known to be associated with
the ETEC HPI pathogenicity island [27]. The distribution
of nonclassical virulence genes among Colombian ETEC
strains is similar to Chilean ETEC strains, except that etpA
and etpB are present at lower rates (18%) [33]. The tia and
leoA genes were also detected at low frequency, similar to
the reported frequency among strains from Bolivia, Chile,
Guatemala, Mexico, and India [33, 41, 56]. In contrast, irp2
and fyuA genes were detected inmore than 70% of the strains
as previously described among Chilean strains [33].

Colombian ETEC strains have a widely diverse phyloge-
netic distribution represented in 17 known MLST sequence
types. Ample diversity among human ETEC strains from dif-
ferent geographic regions worldwide was reported previously
[8]. Colombian ETECs segregated with any ancestral E. coli
clonal groups A, B1, B2, and D. This is consistent with the
idea that ETEC strains are representativemembers of distinct
ETEC lineages [8, 10]. In regard to serotyping, 16 different
O groups and 13 H groups were detected among Colombian
ETECs. Studies on ETEC strains from different regions of
the world have reported 78 different O serogroups and 34 H
serogroups, indicating that ETEC serotype diversity among
Colombia ETEC is similar to serotype diversity reported in
elsewhere [57].

Despite serogroup diversity, there is an association
between serogroups and genetic linkages as demonstrated by
the serotype-specific clonal clusters among ETEC Brazilian
strains [58]. In our study, 6 clonal groups were identified
based on MLST and some of them shared similar serotypes,
CSs, and nonclassical virulence genes. The MLST sequence
types for each of clonal groups 1 to 6 that had been described
before in the E. coli MLST database suggest that these
clonal groups may circulate not only in Colombia but also
in other geographic regions. The Colombian ETEC clonal
group 1 with MLST SeqT2332 was associated with O128
serogroup. This serotype was previously described among
ETEC strains inBangladesh, Brazil, Egypt, andTunisia [7, 58–
60]. The SeqT2332 was described in Mexico according to
the University College Cork E. coli MLST Database, yet it is
not frequently detected among Bolivian or Mexican ETEC
strains. SeqT443 is the second most common sequence type
among Colombian ETECs. SeqT423 and SeqT443 predomi-
nate in Mexican ETEC isolates while SeqT398 predominates
in Guatemala and Mexico ETEC strains [61]. While limited
studies are available in Latin America on phylogeny of ETEC
clinical isolates using MLST schemes, it is suggested based
on the available data that ETEC are highly diverse in Latin
America. This study has tested a limited number of ETEC

strains and the origin of these isolates is also limited to two
mayor urban centers in northern Colombia. Accordingly, we
confine our analysis and conclusions to Northern Colombian
ETEC strains. Further studies are necessary to evaluate
ETEC diversity from all Colombian corners to better define
ColombianETECgenotype, phenotype, clonality, and genetic
diversity.

5. Conclusion

In summary, ETEC clinical isolates from northern Colombia
are a highly diverse group of intestinal pathogens that possess
multiple combinations of classical and nonclassical virulence
factors aswell asMLST sequence types and serotypes. Despite
the genotypic and phenotypic diversity, 6 well-defined clonal
groups were identified. These predominant clonal groups
have been circulating within the community for several
years and they share an almost identical set of classical and
nonclassical virulence factors as well as MLST and serotype.
Further research in Colombia and other Latin American
countries is necessary to identify the most prevalent ETEC-
associated virulence factors with immunoprotection poten-
tial. Promising ETEC vaccine candidates should take into
account predominant antigens, antigenic diversity, and geo-
graphic variation.
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IV pilus of enterotoxigenic Escherichia coli (ETEC) mediates
bacterial self-aggregation and protection from antimicrobial
agents,”Microbial Pathogenesis, vol. 48, no. 6, pp. 230–238, 2010.

[53] C. P. Guevara, W. B. Luiz, A. Sierra et al., “Enterotoxigenic
Escherichia coli (ETEC) CS21 pilus contributes to adhesion to
intestinal cells and to pathogenesis under in vivo conditions,”
Microbiology, vol. 159, no. 8, pp. 1725–1735, 2013.

[54] K. Mazariego-Espinosa, A. Cruz, M. A. Ledesma, S. A. Ochoa,
and J. Xicohtencatl-Cortes, “Longus, a type IV pilus of entero-
toxigenic Escherichia coli, is involved in adherence to intestinal
epithelial cells,” Journal of Bacteriology, vol. 192, no. 11, pp. 2791–
2800, 2010.

[55] H. Sommerfeit, H. Steinsland, H. M. S. Grewal et al., “Colo-
nization factors of enterotoxigenic Escherichia coli isolated from
children in North India,”The Journal of Infectious Diseases, vol.
174, no. 4, pp. 768–776, 1996.

[56] S. M. Turner, R. R. Chaudhuri, Z.-D. Jiang et al., “Phylogenetic
comparisons reveal multiple acquisitions of the toxin genes by
enterotoxigenic Escherichia coli strains of different evolutionary
lineages,” Journal of Clinical Microbiology, vol. 44, no. 12, pp.
4528–4536, 2006.

[57] M. K. Wolf, “Occurrence, distribution, and associations of O
and H serogroups, colonization factor antigens, and toxins of
enterotoxigenic Escherichia coli,” Clinical Microbiology Reviews,
vol. 10, no. 4, pp. 569–584, 1997.

[58] A. B. F. Pacheco, B. E. C. Guth, K. C. C. Soares, L. Nishimura,
D. F. de Almeida, and L. C. S. Ferreira, “Random amplification
of polymorphic DNA reveals serotype-specific clonal clusters
among enterotoxigenic Escherichia coli strains isolated from
humans,” Journal of Clinical Microbiology, vol. 35, no. 6, pp.
1521–1525, 1997.

[59] N. Al-Gallas, S. M. Abbassi, A. B. Hassan, and R. B. Aiss-
a, “Genotypic and phenotypic profiles of enterotoxigenic
Escherichia coli associated with acute diarrhea in Tunis,
Tunisia,” Current Microbiology, vol. 55, no. 1, pp. 47–55, 2007.

[60] M. Ansaruzzaman, N. A. Bhuiyan, Y. A. Begum et al., “Char-
acterization of enterotoxigenic Escherichia coli from diarrhoeal
patients in Bangladesh using phenotyping and genetic profil-
ing,” Journal of Medical Microbiology, vol. 56, no. 2, pp. 217–222,
2007.

[61] M. Nicklasson, J. Klena, C. Rodas et al., “Enterotoxigenic
Escherichia coli multilocus sequence types in Guatemala and
Mexico,” Emerging Infectious Diseases, vol. 16, no. 1, pp. 143–146,
2010.



Research Article
Virulence Factors Associated with Pediatric Shigellosis in
Brazilian Amazon

Carolinie Batista Nobre da Cruz,1 Maria Carolina Scheffer de Souza,2

Paula Taquita Serra,2 Ivanildes Santos,1 Antonio Balieiro,1 Fabio Alessandro Pieri,3

Paulo Afonso Nogueira,1 and Patrícia Puccinelli Orlandi1
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Shigellosis is a global human health problem and the incidence is highest among children. In the present work, main Shigella
virulence genes was examined by PCR and compared to symptoms of pediatric shigellosis. Thirty Shigella isolates were identified
from an etiologic study at which 1,339 children ranging 0–10 years old were enrolled. S. flexneri was the most frequent species
reaching 60.0% of isolates, 22.2% were S. sonnei, and 6.6% were both S. dysenteriae and S. boydii. All Shigella infected children had
diarrhea, but not all were accompanied by others symptoms of bacillary dysentery. Among major virulence genes, the PCR typing
revealed ipaBCD was present in all isolates, followed by IpaH7.8, set-1A, set-1B, sen/ospD3, virF, and invE. The pathogenic potential
of the ShET-1B subunit was observed in relation to dehydration (𝑃 < 0.001) and ShET-2 related to the intestinal injury (𝑃 = 0.033)
evidenced by the presence of bloody diarrhea. Our results show associations among symptoms of shigellosis and virulence genes
of clinical isolates of Shigella spp.

1. Introduction

Shigella spp. is Gram-negative bacilli of the Enterobacteri-
aceae family that are perfectly adapted to colonize the host
intestine subverting the host’s defenses in their favor [1–4].

The genus Shigella encompasses four subgroups histor-
ically treated as species: Shigella flexneri, Shigella boydii,
Shigella sonnei, and Shigella dysenteriae [5]. These species are
the etiological agents of bacillary dysentery or shigellosis,
manifested by fever, small volume of bloody, mucoid stools;
abdominal cramps; andmucoid, bloody diarrhea [1, 6]. Other
clinical manifestations range between nausea, vomiting, and
dehydration. Depending on the virulence potential of the

strain and the nutritional status of the individual, shigellosis
can progress to severe disease when accompanied by rectal
tenesmus, with neurological symptoms such as headache and
lethargy [1].

Shigella virulence is based on the presence of a large
virulence inv plasmid, carrying an operon that encodes the
type III-secretion-system (T3SS) responsible for bacterial
entry [7, 8].The ial gene is foundon inv plasmid and invasion-
related processes [9]. The T3SS is composed of several
proteins, including a needle shape oligomer anchored in the
protein complexwhich connects the inner and outer bacterial
membranes. The tip of the needle is oligomer composed for
invasion plasmid antigens, ipaB, ipaC, and ipaD [6–9]. The
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ipaH gene is present as multiple copies, five on large plasmid
and seven on chromosome. One of five copies, the ipaH7.8,
plays a role inmodulating the inflammatory response elicited
by infection and shares a conserved C-terminal novel E3
ligase (C-term-E3-ligase) and variable N-terminal leucine-
rich repeat (LRR) domains [10].

Others genes are important bacterial pathogenicity fac-
tors in the intestinal tract, such as the enterotoxins that
have significant enterotoxic activity in vitro when tested in
rabbit ileal loops and Ussing chambers [1]. Shigella strains
produce distinct enterotoxins: Shigella enterotoxin 1 (ShET-
1) chromosome encoded by set1A which is present in all
S. flexneri 2a. Shigella enterotoxin 2 (ShET-2) encoded by
gene sen/ospD3 located on a large plasmid associated with
virulence of Shigella and found in many, but not all, Shigella
of different serotypes and also in enteroinvasive Escherichia
coli (EIEC) [9, 11]. And two distinct Shiga toxins (Stx-1 and
Stx-2) are encoded by chromosomal genes and expressed
by S. dysenteriae and similar to the Shiga-like toxins of
enterohemorrhagic E. coli [1].

The mechanisms of main pathogenic factors of Shigella
are well stablished; however, studies focusing association
between pathogenicity factors and shigellosis symptoms in
human are scarce [12, 13]. In this work, the major virulence
genes of Shigella species derived from pediatric bacillary
dysentery were examined for PCR and the goal of this
study was to investigate the relationship with symptoms of
shigellosis.

2. Material and Methods

Patients and Samples. During a period from August 2007 to
December 2008, stool specimens were collected from 1339
children ranging 0–10 years oldwho sought treatment at three
hospitals, in Manaus, in the center of Brazilian Amazon, and
transferred to a clinical microbiology laboratory. An axillary
temperature higher than 37.8∘C was considered fever when
determined at the time of clinical assessment or as reported
by the child’s guardian. Dehydration was diagnosed by the
attending medical professional. The presence or absence of
vomiting was reported by the individual responsible for the
clinical evaluation. The child’s guardian was first informed
about the research and asked to participate by filling out a
consent form and a case report form (Ethics Committee of
the Federal University of Amazonas 266/206). The inclusion
criteria were as follows: the age of the patients was in
the range of 0–10 years old, the patients had diarrhea that
lasted 7 days, and blood was evident by stool examination
with a fecal occult blood (FOB) test using the Feca-Cult
Kit (Inlab diagnostica). The present study was designed to
isolate Shigella strains from clinical samples of patients with
bloody diarrhea by culturemethods and characterize themby
appropriate biochemical and serological tests.

Bacterial Culture, Isolation, and Antibiogram. Lactose
nonfermenting colonies were selected on MacConkey lac-
tose agar (MC), Salmonella-Shigella (SS), and xylose lysine
deoxycholate (XLD) agar, and Shigella species were identified
by biochemical panel that consisted of EPM and MiLi-
citrate. A total of 36 isolates of Shigella spp. were identified.

The Shigella flexneri M90T was used as reference strains
for comparison purposes. The antibiogram technique was
performed as described by [14]. The following antibiotics
were tested: amikacin (AMK), amoxicillin + clavulanic acid
(AMC), ampicillin (AMP), ciprofloxacin (CIP), chloram-
phenicol (CLO), ceftriaxone (CRO), gentamicin (GEN),
kanamycin (K), nalidixic acid (NAL), and tetracycline (TET).

Serological Tests.The Shigella strains were subcultured on
MacConkey agar plates, and serological tests were performed
by the slide agglutination method. The serotypes of all
Shigella isolates were determined with commercially variable
polyclonal antisera (Promicro-Brazil) against all Shigella
serotypes, including S. sonnei 1 and 2, polyvalent S. flexneri,
S. dysenteriae 2, and S. boydii 11.

PCR Assays. Each sample was submitted to PCR amplifi-
cation with ten pairs of different primers (Table 1). For the
detection of virulence genes, DNA was extracted from the
samples using the phenol-chloroform method. Ten pairs of
primers corresponding to the genus Shigella and two primers
(uidA and invE) corresponding to invasion genes that are also
found in Escherichia coli were used. The primers sequences
used were obtained from Invitrogen, Brazil. Descriptions and
the sequences of the PCR primers used in this study are given
in Table 1. The primers for ipaH7.8 annealed a specific region
that overlapped two contiguous genes, LRR and C-term-E3-
ligase genes. The primers for ipaBCD amplified a product
from loci Ipa located upstream to ipaB gene. Amplification
was performed in a thermocycler (Eppendorf, Germany) by
the methods described by Aranda et al. [13] and Faruque et
al. [15]. The expected sizes of the amplicons were ascertained
by electrophoresis in 1.5% agarose gel with an appropriate
molecular size marker (Promega, Brazil).

The reactions were performed under the following con-
ditions: 40 ng of DNA, 5X buffer, 0.25mM dNTPs, 2.5mM
MgCl

2

, 5 𝜇M of each primer, 2.5U of high-fidelity Taq DNA
polymerase (Invitrogen), and sterile deionizedwater in a total
volume of 12.5 𝜇L. PCR was performed in a thermocycler
(Eppendorf) and consisted of the following steps: 94∘C for 3
minutes, followed by 30 cycles of 94∘C for 30 seconds, varying
annealing temperatures for each gene (Table 1) for 45 seconds,
and 72∘C for 1minute and 30 seconds.Thefinal extension step
was performed at 72∘C for 10 minutes, followed by cooling
to 4∘C. The fragments obtained were analyzed by horizontal
electrophoresis on a 1% agarose gel at 100V in TBE buffer.
The gel was stained in a solution of ethidium bromide and
visualized on a transilluminator.

16S rRNA Gene Sequencing. To confirm Shigella species
identification, a region from 16S rRNA gene located between
530∘ to 1492∘ nucleotides was amplified using the primers
forward 5-TGA CTG ACT GAG TGC CAG CMG CCG
CGG-3 and reverse 5-TGA CTG ACT GAG AGC TCT
ACC TTG TTA CGM YTT-3 [16, 17]. The reaction (50mM
MgSO

4

, 0.5 𝜇L of 10mM dNTPs, 5 pmol of each primer,
1.25U Platinum Taq DNA polymerase High Fidelity, 10x
buffer) consisted of three cycles (1x 94∘C for 2min; 35x 94∘C
for 30 s; 58∘C for 30 s; and 1x 68∘C for 1min). After edition,
the taxonomic affiliation was performed with “Ribosomal
Database Project II” database. A minimum of 75% similarity
was considered for the encountered species.
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Table 1: The striking points employed for the detection of virulence markers of Shigella.

Gene Amplicon size (bp) Primer Annealing temperature ∘C Reference

evt 100 CAACACTGGATGATCTCAG 56 [15]
CCCCCTCAACTGCTAATA

ial 320 CTGGATGGTATGGTGAGG 60 [18]
GGAGGCCAACAATTATTTCC

ipaBCD 500 GCTATAGCAGTGACATG 59 [15]
ACGAGTTCGAAGCACTC

ipaH 933 CTCGGCACGTTTTAATAGTCTGG 59 [19]
GTGGAGAGCTGAAGTTTCTCTGC

set1A 309 TCACGCTACCATCAAAGA 57 [18]
TATCCCCCTTTGGTGGTA

set1B 147 GTGAACCTGCTGCCGATATC 57 [18]
ATTAGTGGATAAAAATGACG

sen/ospD3 799 ATGTGCCTGCTATTATTTAT 52 [18]
CATAATAATAAGCGGTCAGC

virF 618 TCAGGCAATGAAACTTTGAC 60 [19]
TGGGCTTGATATTCCGATAAGTC

uidA 1487 ATGCCAGTCCAGCGTTTTTGC 54 [20]
AAAGTGTGGGTCAATAATCAGGAAGTG

invE 766 CGATAGATGGCGAGAAATTATATCCCG 56 [20]
CGATCAAGAATCCCTAACAGAAGAATCAC

3. Results

3.1. Diarrhea Symptoms Related to Shigella Infections. In the
present study, thirty Shigella species were isolated from an
etiologic study at which 1,339 children presenting with diar-
rhea over the period from August 2007 to July 2008. Shigella
species were the fifthmost common cause of diarrhea (2.2%),
that were led by enteropathogenic Escherichia coli in 837 cases
(62.1%), followed by 207 children with Rotavirus (15.4%) and
192 with Salmonella species (14.3%), and 34 cases of Yersinia
species (2.5%). Protozoa infection was observed in 46 cases:
Entamoeba histolytica was found in 16 cases, 14 for Giardia
lamblia, 13 for Entamoeba coli, and 3 for Balantidium coli.
Twenty-four children had diarrhea associated with worms, 9
for Enterobius vermiculares, 9 for Ascaris lumbricoides, 4 for
Ancylostoma species, and 2 for Trichiura trichuris. And still,
the diarrhea etiology of one hundred ninety-nine children
was unknown.

Monoinfections amongmajor groups of enteropathogens
were found, bacteria (𝑁 = 867), rotavirus (𝑁 = 39), and
intestinal parasites (𝑁 = 8). Several coinfections were also
found; thirteen children were infected by enteropathogenic
bacteria, rotavirus, and intestinal parasites. Enteropathogenic
bacteria coinfected with rotavirus in one hundred sixty-eight
cases or with intestinal parasites in forty-five children were
found.

Although rainfall in the region is seasonal [21], the
temporal variation of cases of Shigella diarrhea did not
fluctuate during the two rainfall stations, unlike the cases of
diarrhea by other enteropathogens, which increased over the
rainy season (Figure 1).

Thestudy was carried out with children aged 0–10 years
and as expected children over 2 years of age were moreaf-
fected by Shigella (𝑃 = 0.002). The median of age of children
affected by Shigellawas 24 months (ranging from 14.2 to 47.2)
differing from the group affected by other enteropathogens
(14 months, ranging from 8 and 25). With respect to other
epidemiologic factors, no difference was observed in both
groups regarding the number and duration of diarrhea as well
as the quality of the water consumed by population.

To characterize the main symptoms related to Shigella
infections, initially the main diarrhea symptoms were com-
pared among most prevalent etiologies (Table 2). The fre-
quency of febrile children and dehydration signs were high
and independent of etiology as expected. Similarly, the fre-
quencies of children who have reported vomiting in clinical
assessment were also high, except bacteria and rotavirus
coinfected children whose frequency was slight higher (𝑃 =
0.006). In contrast, low frequencies of blood in stool and
fecal occult blood were found among children independent
of etiology, with even lower frequencies among coinfected
children by rotavirus and bacteria or rotavirusmonoinfection
children (𝑃 = 0.009).

Regarding four enterobacteria, independently the anal-
yses were performed with same symptoms. The frequency
of febrile children and dehydration signs were high and
independent of bacteria species or others etiologic agents.
Also in relation to blood in stool, low frequencies and none
difference were found. Differences were found regarding
vomiting and fecal occult blood. Among Shigella infected
children, the frequency of those who have reported vomiting
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Figure 1: Temporal variation in diarrhea prevalence caused by
Shigella and others enteropathogens. From August 2007 to Decem-
ber 2008, 1346 children in the range of 0–10 years old were admitted
to hospital with diarrhea and they sought treatment at three hos-
pitals in Manaus, in central of Brazilian Amazon. Stool specimens
were collected at which Shigella as much as other enteropathogens
were identified by classical methods. Distribution of rainfall over
period of study is classified in two levels. Dark gray rectangles were
the highest rate of rainfall (between 300 and 600mm). Light gray
indicates the rainfall that was below 200mm [21].

in clinical assessment was lower in relation to others bacteria
(𝑃 = 0.036) including coinfection groups (Table 2).

The main difference concerned fecal occult blood, while
with all etiologic agents the presence of traces of blood in
stool had been less frequent, and the number of Shigella
infected childrenwas higher than expected (𝑃 < 0.001).Thus,
only with one accurate method traces of blood in stool might
associate with bacillary dysentery (Table 2).

3.2. Virulence Genes Related to Pediatric Shigellosis. The
conventional and 16S ribosomal gene confirmed 18 isolates
of S. flexneri (8 S. sonnei, 2 S. dysenteriae, and 2 S. boydii
isolates). The antimicrobial resistance was 80.0% (24/30) to
tetracycline, 40.0% (12/30) to ampicillin, 30.0% (9/30) to
chloramphenicol, 30.0% (9/30) to gentamicin, and 13.0%
(4/30) to both antibiotics amikacin and clavulanic acid.Thus,
the resistance to ciprofloxacin and ceftriaxonewas lower, with
only 3% (1/30) of isolates presenting resistance. All isolates
were sensitive to kanamycin and nalidixic acid (Table 3).

The detection of somemajor Shigella virulence genes gave
intense amplicons with a clean background in each reaction
according to conditions and PCR products (Table 1). The
ipaBCD gene was present in all isolates. Concerning others
virulence genes, a vast genetic diversity was shown among
isolates; ipaH and set-1A genes were predominant in 63.3%
of the isolates (19/30), followed by set-1B and ial in 56.7%
(17/30) of the isolates (Table 3).The sen/ospD3 (ShET-2), virF,
and invE genes were present at a frequency of 43.3%, that is,

in 13 isolates. Still, the evt was detected in 3 isolates (10.0%),
despite the low frequency of S. dysenteriae. The presence of
evt gene and antimicrobial resistance of the isolates are shown
together with the symptoms presented by children (Table 3).
Some isolates carried set-1A but not set-1B, or vice versa.

The high frequencies of ipaBCD and ipaH genes could
explain frequencies of fever, vomiting, and dehydration in
infected children. Regardless of virF, invE, and evt genes
due low frequencies, the analyses were performed with ial
and (invasion-related processes) and set1-A and set-1B. No
association was found with fever, vomiting, or blood in stool
with genes (data not shown).

In contrast, presence of blood traces in stool was related
to shigellosis, and less common to all etiologic agents, two
associations concerning Shigella enterotoxins were found.
The Shigella species carrying sen/ospD3 gene for ShET-2
enterotoxin hemolysin were more frequent in children that
had traces of blood in stools (𝑃 = 0.042). And a strong
association was found with dehydration and set1-B gene for
Shigella enterotoxin 1 (𝑃 < 0.001) known for causing watery
phase of diarrhea (Table 4). Thus, the PCR typing permitted
us to connect particular virulence genes with symptoms of
pediatric shigellosis.

4. Discussion

From a study in which the etiology of childhood diar-
rhea was investigated in 1,339 children from periphery of
Manaus between August 2007 and July 2009, an intense
and heterogeneous amount of enteropathogens found, from
monoinfections to coinfections, were found in children from
Manaus presenting with diarrhea. The lack of sanitation is
a well-known problem in this city because less than 7% of
the population has basic sanitation. Shigellosis is a disease
that is one of the characteristics of areas like this, where it
is difficult to maintain proper hygiene [1, 5, 12, 14, 15, 22–27];
thus, unsurprisingly the indicators of overall mortality and
hospital morbidity due to diarrhea in Brazilian children are
still worring [26].

What is interesting about findings on diarrhea-related
symptoms is that independently if diarrhea was caused by
mono- or coinfections, frequencies of febrile children, dehy-
dration signs, and vomiting reported in clinical assessment
were higher in all enteropathogens groups, and on the other
hand frequencies of blood in stool among childrenwere lower
(Table 2). Moreover, detection of traces of blood in stool was
in particular among Shigella-infected children. It is estab-
lished that infection with Shigella can lead to the syndrome
of bloody or watery diarrhea; nonetheless, studies, when the
information of bloody diarrhea is reported by patients the
frequencies, are divergent [28, 29]. Therefore, in the present
study, the presence of blood in stool bymore accuratemethod
could be evidenced as a particular Shigellosis.

Shigellosis is an acute intestinal infection, the symptoms
of which can range from mild watery diarrhea to severe
inflammatory bacillary dysentery [3]. The thirty isolates of
Shigella species were confirmed by conventional and 16S
rRNA sequencing methods. Our data were consistent with
observations in other regions of Brazil, with a predominance
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Table 4: Assessing of major Shigella virulence genes associated with main symptoms of dysentery bacillary.

Virulence gene Dehydration Prevalence ratio CI 𝑃

Fecal occult blood Prevalence ratio CI 𝑃

Pos. Neg. Pos. Neg.
ial

Pos. 12 (60) 5 (50) 1.15 (0.68–1.94) 0.705 11 (61.1) 6 (50) 1.2 (0.65–2.22) 0.821
Neg. 8 (40) 5 (50) 7 (38.9) 6 (50)

ipaH
Pos. 16 (80) 8 (80) 1 (0.53–1.88) 0.999 16 (88.9) 8 (66.7) 2 (0.62–6.42) 0.184
Neg. 4 (20) 2 (20) 2 (11.1) 4 (33.3)

set.1A
Pos. 14 (70) 5 (50) 1.35 (0.74–2.47) 0.425 12 (66.7) 7 (58.3) 1.16 (0.61–2.19) 0.712
Neg. 6 (30) 5 (50) 6 (33.3) 5 (41.7)

set.1B
Pos. 16 (80) 1 (10) 3.06 (1.34–6.97) <0.001∗∗ 10 (55.6) 7 (58.3) 0.96 (0.53–1.72) 0.999
Neg. 4 (20) 9 (90) 8 (44.4) 5 (41.7)

sen/ospD3
Pos. 9 (45) 4 (40) 1.07 (0.65–0.77) 0.999 11 (61.1) 2 (16.7) 2.05 (1.11–3.80) 0.042∗
Neg. 11 (55) 6 (60) 7 (38.9) 10 (83.3)
𝑃 value of Fisher’s exact test. ∗∗significant difference.

of S. flexneri, followed by S. sonnei or S. boydii, and finally S.
dysenteriae [12, 15, 22–27, 30, 31].

Here, some isolates showed resistance to ciprofloxacin
and ceftriaxone, which are the antibiotics recommended
by the WHO for shigellosis. In contrast, in others studies
conducted in North and Northeast of Brazil, all Shigella were
susceptible to ciprofloxacin and ceftriaxone [24–27]. The
emergence of resistant Shigella strains might be explained by
the indiscriminate use of antimicrobial drugs or treatment
failure. Even so, these data contribute to the monitoring of
regional strains to ensure the effective treatment of patients
and monitoring of the emergence of new resistant strains
[24].

Despite the fact that Shigella species are considered as the
important cause of diarrheal disease, little is known about
their genetic diversity worldwide. According to virulence
genes examined, the Shigella isolates in this study had a
vast genetic diversity. Amongmain Shigella virulence factors,
the T3SS is essential for host cell invasion and intracellular
survival [32–34]. The presence of IpaB, IpaC, and IpaD
translocators could be detected using the upstream ipaB
region as marker. Our data revealed all the isolates were
positive for the ipaBCD gene, as expected, whereas IpaB,
IpaC, and IpaD are key factors of virulent Shigella [3]. Unlike
ipaBCD, ipaH 7.8 was not very frequent. Because ipaH 7.8
is present on a large plasmid, this gene would be less stable
to storage/subculturing than chromosomal genes encoded by
ipaH. [35]. Similarly, ipaH was detected in almost all Shigella
species from western Brazilian Amazon [25].

Contingency analysis revealed Shigella carrying sen/
ospD3was associated to fecal occult blood (𝑃 = 0.042). ShET-
2 is known as an enterotoxin hemolysin that elicits inflam-
matory response during Shigella invasion. Our findings show
that in cases of Shigella infection, ShET-2 contribute to induce
intestinal injury induced by inflammation which would lead
to bloody diarrhea [3, 8, 9, 11, 36, 37].

Regarding ShET-1 enterotoxin, contingency analysis
showed Shigella isoletes that carry set-1B gene were associated
with dehydration symptoms in children (𝑃 < 0.001). The
ShET-1B subunit is enterotoxin, and according to experimen-
talmodels, it alters the transport of water and electrolytes into
the small intestine [1, 9, 38, 39]. Our findings confirm ShET-
1B subunit as a potentially aggravating factor for dehydration
in shigellosis.

5. Conclusions

We conclude that this PCR typing was able to identify
irrespectively virulence genes in wild Shigella species, and
our results showed vast genetic diversity of Shigella iso-
lates. In addition, our study contributes to knowledge on
particular symptoms of shigellosis associated with virulence
genes, whose information about their roles are based on
experimental models.
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5 Fleury Medicina e Saúde, Avenida General Valdomiro de Lima 508, 04344-903 São Paulo, SP, Brazil
6 Centro de Microscopia Eletrônica, Universidade Federal de São Paulo, Escola Paulista de Medicina, Rua Botucatu 862,
1 st floor, 04023-062 São Paulo, SP, Brazil

Correspondence should be addressed to Tania A. T. Gomes; tatg.amaral@unifesp.br

Received 7 February 2014; Accepted 5 April 2014; Published 28 April 2014

Academic Editor: Chensong Wan

Copyright © 2014 Suely C. F. Sampaio et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Atypical enteropathogenicEscherichia coli (aEPEC) inject various effectors into intestinal cells through a type three secretion system
(T3SS), causing attaching and effacing (A/E) lesions. We investigated the role of T3SS in the ability of the aEPEC 1711-4 strain to
interact with enterocytes in vitro (Caco-2 cells) and in vivo (rabbit ileal loops) and to translocate the rat intestinal mucosa in vivo.
A T3SS isogenic mutant strain was constructed, which showed marked reduction in the ability to associate and invade but not to
persist inside Caco-2 cells. After rabbit infection, only aEPEC 1711-4 was detected inside enterocytes at 8 and 24 hours pointing to a
T3SS-dependent invasive potential in vivo. In contrast to aEPEC 1711-4, the T3SS-deficient strain no longer produced A/E lesions or
induced macrophage infiltration. We also demonstrated that the ability of aEPEC 1711-4 to translocate through mesenteric lymph
nodes to spleen and liver in a rat model depends on a functional T3SS, since a decreased number of T3SS mutant bacteria were
recovered from extraintestinal sites.These findings indicate that the full virulence potential of aEPEC 1711-4 depends on a functional
T3SS, which contributes to efficient adhesion/invasion in vitro and in vivo and to bacterial translocation to extraintestinal sites.

1. Introduction

Atypical enteropathogenic Escherichia coli (aEPEC) are
emerging agents of diarrhea. They differ from typical EPEC
(tEPEC) strains mainly by the absence of the EAF (EPEC
adherence factor) plasmid [1, 2]. Like tEPEC, aEPEC strains

inject various effector proteins into enterocytes through a
type three secretion system (T3SS) leading to the formation of
attaching-effacing (A/E) lesions [3–5]. The assembly of T3SS
is dependent on an ATPase encoded by escN, and conse-
quently, escN mutants are incapable of assembling or inject-
ing effector proteins via T3SS into the host cell cytoplasm
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[6]. Tir (translocated intimin receptor) is a T3SS-dependent
effector protein, which is inserted in the eukaryotic cell
membrane and interacts with an EPEC outer membrane
adhesive protein (intimin) [7]. Tir-intimin interaction leads
to the establishment of A/E lesions [8]. Many other T3SS-
dependent effector proteins, such as Map (mitochondrial-
associated protein) and EspF, have important roles in aEPEC
pathogenesis. These proteins have redundant functions and
can cause epithelial barrier disruption by interacting with
tight junctions, leading to cell death by apoptosis [9, 10].

Bacterial translocation (BT) is defined as the phe-
nomenon by which live bacteria and/or their products cross
the intestinal barrier reaching normally sterile extraintestinal
sites, such as the liver, spleen, and mesenteric lymph nodes
(MLN).The translocation of certain indigenous bacteria from
the gastrointestinal tract to the MLN and various organs had
been previously demonstrated in a gnotobiotic mouse model
[11]. There is much circumstantial proof that translocation
is associated with an increased occurrence of postoperative
septic complications, and E. coli has been reported to be
one of the most common BT-associated organisms isolated
from surgical patients with postoperative sepsis [12, 13]. In
humans, one of the most well-studied translocation events is
that observed in cirrhotic patients with spontaneous bacterial
peritonitis (SBP) [14].

We recently demonstrated that an aEPEC strain (1711-
4) is able to invade and induce inflammatory responses in
intestinal Caco-2 cell lines [15]. This strain is also able to
invade these cells in vitro and to escape from the intracellular
compartment on the basolateral side [16]. In addition, we
have demonstrated that in an experimental BT-rat model,
aEPEC 1711-4 can reach the MLN, liver, and kidneys [17].
We also showed that aEPEC 1711-4 infected-animals had
intestinal mesenteric microcirculation injury and systemic
hypoperfusion similar to those observed with the virulent
murine E. coli strain R6 [17, 18]. In the BT-rat model, the
latter strain was recovered from the MLN, liver, and spleen
and impaired mesenteric microcirculation [19].

The role of T3SS-dependent effector proteins in the
ability of aEPEC to invade and persist in the intracellular
compartment in vitro and to cross the intestinal barrier in
vitro and in vivo is not yet established. The objective of this
study was to determine the role of T3SS in the ability of
aEPEC 1711-4 to invade and persist inside polarized intestinal
cells in vitro (Caco-2 cells), to promote A/E lesions and
invade in vivo (rabbit ligated ileal loop model), and to pass
through the intestinal barrier in an in vivo experimental
model (bacterial translocation model).

2. Materials and Methods

2.1. Ethics Statement. This study was carried out in strict
accordance with the recommendations of the Ethical princi-
ples of the Sociedade Brasileira de Ciência em Animais de
Laboratório (COBEA). The protocol was approved by the
Committee on Research Ethics of the Universidade Federal
de São Paulo (Permit number: 0235/12). All surgery was
performed under Telazol anesthesia (rabbits) or xylazine

hydrochloride plus ketamine hydrochloride (rats), and all
efforts were made to minimize suffering.

2.2. Bacterial Strains and Growth Conditions. aEPEC 1711-
4 (serotype O51:H40), which was isolated from a child
with diarrhea in the city of São Paulo [20], an isogenic
mutant deleted in the escN gene (1711-4 ΔescN), and a
complemented mutant 1711-4 ΔescN (pEscN) were used. The
nonpathogenicE. coli strainHSwas used as a negative control
(Table 1). The strains were cultivated overnight at 37∘C in
5mL of Luria-Bertani (LB) broth. The 1711-4 ΔescN and the
1711-4 ΔescN (pEscN) strains were cultivated in LB broth
containing zeocin (60 𝜇gmL−1) and zeocin-chloramphenicol
(30 𝜇gmL−1), respectively.

2.3. Construction of an Isogenic escN Deficient Mutant of
aEPEC 1711-4 and Mutant Complementation. The escN-
deficient mutant was constructed by homologous recombi-
nation using the Lambda Red system as previously described
[15, 22]. Primers ESCN.zeo5 and ESCN.zeo3 were used to
amplify the zeocin resistance gene (Table 2). The amplified
product was electroporated into the 1711-4 strain containing
the pKOBEG-Apra plasmid. Transformants were selected on
LB agar containing zeocin (60 𝜇gmL−1). Deletion of the
escN gene was confirmed using primers ESCN.verf5 and
ESCN.verf3, targeting regions flanking this gene (Table 2).
For complementation, the plasmid pEscN (pACYC184 vector
carrying the escN gene) was electroporated into 1711-4 ΔescN
and transformants were selected on LB agar containing
chloramphenicol (30 𝜇gmL−1) [6].

2.4. Fluorescent-Actin Staining (FAS) Test in HeLa Cells. This
test allows an indirect evaluation of the pathogen’s ability to
induce A/E lesions evidenced by actin nucleation underneath
the site of intimate bacterium-enterocyte interaction [23].
Bacteria were grown in 5mL of LB broth for approximately
18 h, in ambient air, at 37∘C. Caco-2 cells were grown in
24-well plates (Corning) containing glass coverslips. They
were cultivated inDulbecco’smodifiedEagle’sminimal essen-
tial medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) in a 5% CO

2

atmosphere at 36 ± 1∘C. Cells were
grown up to 80% confluence. Cells were then washed three
times with phosphate-buffered saline (PBS) before DMEM
supplemented with 10% FBS containing 40 𝜇L of bacterial
suspension (∼108 CFUmL−1) was added. Three hours after
infection, cells were washed with PBS before they were fixed
with 3% formaldehyde and permeabilized with 1% Triton
X-100 for 4min. Cells were washed with PBS and then
incubated with PBS containing 5𝜇g/mL fluorescein isoth-
iocyanate (FITC)-conjugated phalloidin (Sigma-Aldrich) for
20min in a dark chamber. Cells were then washed three
timeswith PBS every 10min. Coverslips were removed, dried,
and placed inverted onto glass slides containing 10 𝜇L of
80% glycerol in PBS. Preparations were examined under
fluorescence microscopy.

2.5. Infection of Caco-2 Cell Monolayers. Monolayers of
postconfluent and differentiated Caco-2 cells were infected
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Table 1: Bacterial strains and plasmids used in this study.

Genotype and characteristics Genotype and characteristics Source/reference
1711-4 aEPEC O51:H40; wild-type Gomes et al., 2004 [21]
1711-4 ΔescN escN::zeo (Zeor) This study
1711-4 ΔescN (pEscN) 1711-4 ΔescN carrying pEscN (Zeor, Clor) This study
pEscN pACYC184 carrying the escN gene from tEPEC E2348/69 strain Gauthier et al., 2003 [6]
pKOBEG-Aprar Derivative (Aprar) of pKOBEG plasmid encoding the 𝜆 phage red operon Chaveroche et al., 2000 [22]
MC4160-malTΔ224::zeo-(F+) Source of zeocin cassette Gift from J. M. Ghigo
rMeans that the strain is resistant to that antibiotic.

Table 2: Primers used for construction and verification of mutation.

Designation Primer sequence
Allelic exchange

ESCN.zeo-5 5-TGGGAATAATATCGAACTTAAAGTATTAGGAACGGTAAATGGTCATCGCTTGCATTAGAAAG-3

ESCN.zeo-3 5-CGCTCTGCTTTTACGAATAGATAAAATTCTGTCCAACATATTCAGAATGATGCAGAGATGTAAG-3

Verification
ESCN.verf-5 5-TCAGGCGCTATGTGAAGAAA-3

ESCN.verf-3 5-TACGCCTGCTTAGAGGCAAT-3
aUnderlined bases correspond to 5 and 3 regions of the Sh ble gene, which encodes zeocin resistance.

with ∼1×107 colony forming units (CFU) mL−1 in each well
of a 6-well cell culture plate. The number of cell-associated
bacteria was determined three hours after infection. Cells
were washed with phosphate-buffered saline pH 7.2 (PBS)
before they were lysed with 1% (v/v) Triton X-100. Bacterial
suspensions were plated on LB agar to determine the number
of CFU. Bacterial invasion and persistence were assessed
using gentamicin (100 and 10 𝜇g mL−1, resp.) to kill extracel-
lular bacteria before eukaryotic cell lysis for determination of
the number of viable bacteria. All tests were performed twice
in triplicate. The percentage of bacteria recovered after 48 h
(persistence index) was calculated taking the number of CFU
at three hours as 100% [15].

2.6. Rabbit Ligated Ileal Loop Model. Prior to the assays,
New Zealand White rabbits (weighing 1.8 to 2.5 kg and
4 to 8 weeks of age) were examined for the presence of
A/E lesion-producing E. coli by PCR using primers that
identify the eae gene [24]. All bacterial strains were tested
in three animals. Rabbits were fed only 10% (w/v) glucose
solution for 48 h prior to the test. Rabbits were anesthetized
with an intramuscular injection of Telazol (Fort Dodge
Animal Health, Iowa, USA) (0.2mL kg−1) and sedated with
Nilperidol (0.3mL kg−1, Cristália, São Paulo, Brazil). Anti-
sepsis with 70% (v/v) ethanol was performed after shaving
the abdomen. The mid-ileum was exposed by a midline
laparotomy, and through a small incision made on the ileum
wall, the distal portionwas gentlywashed using a syringewith
sterile saline to minimize the presence of luminal feces and
resident microbiota. Immediately afterwards, five separated
ileum segments, measuring 5 cm long and 3 cm apart, were
constructed by ligatures, and 0.3mL of a bacterial suspension
(1 × 108 CFUmL−1) in sterile LB broth was injected into
each ligated loop using a 25-gauge needle. The ileum was
then returned to the abdominal cavity, and the peritoneal

membrane and the abdominal wall were sutured. Animals
were kept fasting for eight or 24 h and then were sacrificed
with 3% (w/v) pentobarbital and zolazepam hydrochloride
(0.4mL kg−1). Ileal fragments including the whole intestinal
wall were excised and fixed in 3% (w/v) glutaraldehyde
in 0.1M sodium cacodylate buffer, pH 7.2, for electron
microscopy procedures.

2.7. Transmission Electron Microscopy (TEM). After fixing
with 2.5% (v/v) glutaraldehyde for 24 h at 4∘C, the ileal
fragments were rinsed with 0.1M cacodylate buffer, pH 7.4,
and postfixed in 1% (w/v) osmium tetroxide. Specimens were
then exposed to a graded ethanol series and to propylene
oxide. After embedding in Epon resin and polymerization
at 60∘C for 48 h, ultrathin sections were stained with 2.0%
(w/v) aqueous uranyl acetate and 2.5% (w/v) lead citrate. The
specimenswere then examined under a transmission electron
microscope (JEOL 1200 EX II) at 80 kV.

2.8. Histopathological Analyses. Transverse segments of rab-
bit ileum were fixed in buffered formalin before they were
processed and embedded in paraffin. Sections were stained
with hematoxylin-eosin before they were examined by a
pathologist without previous knowledge of the details of the
rabbit ileal loop experiments. Microscopy was carried out
with a Zeiss microscope model Axio Lab.A1.

2.9. Bacterial Translocation Assays. Prior to the assays,
adult female Wistar-EPM rats weighing 200–250 g (𝑛 =
11/bacterial strain) were examined for the presence of A/E
lesion-producing E. coli as described above. Animals received
rat chow and water ad libitum, and 24 h before the exper-
iments, animals were fasting but had free access to water.
During the experiments, animals were kept under anesthesia
(xylazine hydrochloride plus ketamine hydrochloride (1 : 4),
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Figure 1: Lack of T3SS renders aEPEC 1711-4 unable to aggregate actin in HeLa cells and association with Caco-2 cells is decreased in the
absence of T3SS. The ability of the wild-type strain 1711-4, its isogenic mutant deficient in escN, and the complemented mutant 1711-4 ΔescN
(pEscN) as well to promote actin aggregation in vitro (evidence of A/E lesion formation) was examined by FAS. For actin accumulation,
cells were stained with fluorescein isothiocyanate (FITC)-conjugated phalloidin (green), and bacterial (white arrow) and HeLa cell DNA was
stained with DAPI (blue). No actin nucleation was observed with 1711-4 ΔescN mutant, whereas the ability of the complemented mutant
to induce actin nucleation was restored (white arrowhead) (Figure 1(a)). Bacterial association was evaluated six hours after infection of
differentiated Caco-2 cells. The number of viable bacteria recovered from cells infected with 1711-4 ΔescN mutant (∼4.0×104 CFU/well) was
significantly lower compared with the wild-type strain (1.2 × 107 CFU/well) (𝑃 < 0.05). ∗The association capacity of the escN mutant was
restored in the 1711-4 ΔescN (pEscN) complemented strain and no statistically significant difference was observed when compared to the
wild-type strain aEPEC 1711-4 (𝑃 > 0.05) (Figure 1(b)).

0.1mL per 100 g bodyweight, intramuscular). After antisepsis
with 70% (v/v) ethanol and midline laparotomy, the terminal
ileum was ligated, the second portion of the duodenum
was repaired, and an oroduodenal catheter was inserted.
Subsequently, an inoculum of 1010 CFUmL−1 (5mL per
100 g body weight) was injected through the catheter and
confined to the entire small bowel segment by the duodenum
ligature. In six animals, saline was used instead of bacterial
suspension (sham). The abdominal wall was closed with
stitches after catheter removal. Sodium dipyrone (25mg per
kg body weight) was used for analgesia. After a period
of two hours, animals were again subjected to laparotomy
under anesthesia and samples were collected for analysis: one
milliliter of blood from the inferior cava vein, MLN, spleen,
and liver. Upon completion of the procedures, the animals
were sacrificed by sectioning the aorta, still under anesthesia.
Organs were weighed separately, crushed, macerated, and
suspended in sterile saline, and the filtrate was plated on
MacConkey agar to determine the number of translocated
bacteria. Twenty-four hours after incubation in ambient air
at 37∘C, the translocated bacteria in the plate were counted
and CFU/g/compartment were determined [25].

2.10. Statistical Analyses. Data were analyzed using Prism
program version 5.03 from GraphPad Software. Analysis of
variance (ANOVA)with Bonferroni post hoc test was applied
to evaluate all results. ANOVA and Fisher’s exact test were
used for analysis of the BT results.

3. Results

3.1. T3SS Mutant of aEPEC 1711-4 (1711-4 ΔescN) Is Unable to
Cause A/E Lesion and Is Required for Efficient Association of
aEPEC 1711-4 with Differentiated Caco-2 Cells In Vitro While
escN Complementation RestoresThese Features. The ability of
thewild-type strain 1711-4, its T3SS isogenicmutant (deficient
in escN), and complementedmutant 1711-4 ΔescN (pEscN) as
well to cause A/E lesions in vitrowas evaluated using the FAS
test. As expected and in contrast to the wild-type strain, no
actin nucleation was observed with the 1711-4 ΔescN mutant,
whereas the ability of the complemented mutant to induce
actin nucleation was restored as in Figure 1(a). Although we
have obtained the same results in Caco-2 cells, the presence
of microvilli in polarized cells hampered the generation of a
sharp image.

Bacterial association was evaluated three hours after
infection ofCaco-2 cells.Thenumber of viable bacteria recov-
ered from cells infected with the 1711-4 ΔescN mutant was
on average 4 × 104 CFU/well. This number was significantly
lower (𝑃 < 0.05) than that obtained with the wild-type strain
(1.2 × 107 CFU/well). The association capacity of the escN
mutant was restored in the 1711-4 ΔescN (pEscN) comple-
mented strain, with no statistically significant difference (𝑃 >
0.05) when compared to the wild-type strain Figure 1(b).

3.2. T3SS Mutant (1711-4 ΔescN) Has a Decreased Ability to
Invade Differentiated Caco-2 Cells but Persist Intracellularly.
Gentamicin protection assays were used to evaluate bacterial
invasion, while persistence was evaluated 48 h after infection.
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Figure 2: TEM images of rabbit ileal loops infected with aEPEC 1711-4, an isogenic T3SS-mutant or non-pathogenic E. coliHS. (a) wild-type
strain at 8 h after infection; (b), (c), and (d)—1711-4 wild-type strain at 24 h after infection. Note an epithelial disorganization at 24 h after
infection (c) and (d) in tissue infected with aEPEC 1711-4 strain but not 1711-4 ΔescN (e) or nonpathogenic E. coli strain HS (f). Of note,
aEPEC 1711-4 was detected inside an enterocyte at 8 h (a) and 24 h (b) after infection (black arrowheads). Note actin accumulation leading to
pedestal formation (black arrow) (c).

Table 3: Intracellular bacteria at three and 48 hours after infection of Caco-2 cells.

Strain Number of intracellular bacteria
at 3 hours (mean ± SD)

Number of intracellular bacteria
at 48 hours (mean ± SD)

Mean bacterial
persistence index

1711-4 WT 41,666 ± 16,093.5 3,333 ± 1,310.9 7.9%
1711-4 ΔescN 1350 ± 129.1 433 ± 110.1 32.1%
1711-4 ΔescN (pEscN) 37,500 ± 3,535.5 3,266 ± 503.3 8.7%

The mean number of CFU/well recovered from Caco-2 cells
infected with the wild-type strain was approximately 30-fold
higher than that observed with the 1711-4 ΔescN mutant. In
addition, the mean CFU number obtained with the comple-
mented mutant 1711-4 ΔescN (pEscN) was approximately 27-
fold higher than that observed with the 1711-4 ΔescN mutant
(Table 3). These differences were statistically significant (𝑃 <
0.05).

For bacterial persistence evaluation, monolayers were
washed with PBS three hours after infection and incubated
with DMEM containing gentamicin (10 𝜇gmL−1) to elimi-
nate extracellular bacteria. The number of CFU recovered
48 h after infection with the 1711-4ΔescN mutant was approx-
imately 7-fold lower (𝑃 < 0.05) than that observed with the
wild-type strain, while the complemented mutant 1711 ΔescN
(pEscN) showed restored ability to persist inside enterocytes,
which did not significantly differ compared to the wild-type
strain (𝑃 > 0.05). The persistence rate was 7.9% for wild-type

strain 1711-4, 32.1% for the 1711-4 ΔescN mutant, and 8.7% for
the complemented 1711 ΔescN mutant (Table 3).

3.3. T3SS Is Necessary for Enterocyte A/E Lesion Formation
and Invasion in the Rabbit Ligated Ileal Loop Model In Vivo.
To evaluate the interaction of aEPEC 1711-4 with intestinal
mucosa in vivo, we used the rabbit ligated ileal loop model.
Eight or 24 h after infection, wild-type strain 1711-4 was
observed intimately attached to the intestinal mucosa with
effacement of the microvilli and pedestal formation, which
are features of A/E lesions (Figure 2). Eight or 24 h after
infection, the wild-type strain was also detected inside ente-
rocytes (Figures 2(a) and 2(b)). An epithelial disorganization
was observed 24 h after infection with the wild-type strain
(Figures 2(c) and 2(d)). No A/E lesions or invasion was
observed with the 1711-4 ΔescN mutant (Figure 2(e)) or the
nonpathogenic E. coli strain HS (Figure 2(f)).



6 BioMed Research International

100𝜇m 100𝜇m 100𝜇m

PMN PMN PMN

(a) (b) (c)

(a1) (b1) (c1)

Figure 3: Histopathological analyses of the H&E-stained infected rabbit ileum sections. Squares indicate areas magnified in (Figure 3 (a1),
(b1), and (c1)). (a) and (a1)—Ileal loop infected with aEPEC 1711-4; (b) and (b1) ileal loop infected with 1711-4 ΔescN; (c) and (c1) ileal loop
infectedwithE. coliHS.Note intense intraluminal polymorphonuclear leukocytes (PMN) infiltrate, red arrow, in (Figure 3(a)). Notemoderate
PMN tissue infiltration in (a1) and (b1).

3.4. aEPEC 1711-4 Stimulates an Acute PMN Infiltrate in
the Rabbit Ileal Loop Model. Sections of the ileum infected
with the wild-type aEPEC strain 1711-4 showed a moderate
intraepithelial polymorphonuclear leukocytes (PMN) infil-
trate, a large number of intraluminal PMN, and intraluminal
bleeding (Figure 3(a)-(a1)).The ileum infectedwith the 1711-4
ΔescN had an intraepithelial and intraluminal PMN infiltrate
but to a lesser extent than that observed with the wild-type
strain (Figure 3(b)-(b1)). In contrast, the ileum infected with
the nonpathogenic strain HS showed a discrete polymor-
phonuclear infiltration (Figure 3(c)-(c1)).

3.5. T3SS Is Necessary for Efficient In Vivo Translocation
of aEPEC 1711-4 in the Rat Model. The Most striking
difference—3 log

10

—was observed in the number of CFU
recovered from MLN of animals infected with wild-type
strain 1711-4 when compared to that recovered from animals
infected with the T3SS-deficient mutant (1711-4 ΔescN), but
marked reduction in the CFU number was also observed in
spleen and liver, since this mutant was not recovered even
from these organs (𝑃 < 0.05) (Figure 4).

4. Discussion

In this study, we analyzed the ability of aEPEC 1711-4 as well
as its isogenic mutant deficient in T3SS to adhere to, invade,
and persist inside intestinal Caco-2 cells in vitro. We also
evaluated the ability of these strains to invade and elicit an

inflammatory infiltrate in a rabbit ligated ileal loop model in
vivo and to translocate through the intestinal mucosa in a rat
model.

During in vitro or in vivo interactions, aEPEC strains
translocate effector proteins into enterocytes through a T3SS,
resulting in the formation of A/E lesions [26]. According
to Gauthier et al., 2003, the EscN protein functions as an
ATPase, whose absence prevents T3SS assembly, blocking
translocation of some structural and effector proteins into the
eukaryotic target cell [6]. Our results demonstrated that the
1711-4 escN mutant was unable to cause A/E lesion in HeLa
cells and to adhere effectively to Caco-2 cells thus indicating
that T3SS contributes to aEPEC 1711-4 adhesion. This was
expected since Tir uses T3SS to reach the eukaryotic cell cyto-
plasm before inserting into the host cell membrane to serve
as an intimin receptor [8]. However, some intimin subtypes
have alternative receptors in the eukaryotic membrane [27–
29] and flagella also play a role in bacterial adhesion [15, 16,
30]. These previous findings may explain why escN deletion
decreased but did not abolish the ability of aEPEC 1711-4 to
adhere to Caco-2 cells in vitro. Additionally, previous studies
conducted in our laboratory have demonstrated that aEPEC
strains can produce several fimbrial adhesion structures,
which could contribute to the adherence process at least in
epithelial cells in vitro [31].

Considering that aEPEC 1711-4 is able to invade Caco-2
cells and persist and induce IL-8 production, IL-8 secretion
by rabbit enterocytes could have driven the polymorphonu-
clear infiltration observed in ileal loops infected with aEPEC
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Figure 4: Bacterial translocation assays. Bacterial recovery after
BT in mesenteric lymph node (MLN), spleen, and liver 2 h after
infection. Statistically significant differences (∗) were observed
between aEPEC 1711-4 and 1711-4 ΔescN in all compartments (𝑃 <
0.05). Bacteria were not detected in sham animals. HS strain was
only detected in MLN.

1711-4 but not with the nonpathogenic E. coli HS. On the
other hand, some authors reported that an escN deficient
mutant derived from the tEPEC prototype strain E2348/69
was able to induce very high levels of IL-8 in a flagella-
dependent pathway [32, 33]. Consequently, we would expect
a more exuberant PMN infiltrate in ileal loops infected
with the 1711-4 ΔescN strain, but surprisingly the more
pronounced intraepithelial and intraluminal PMN infiltrates
were observed with the wild-type strain. These data taken
together indicate that IL-8 production by enterocytes may
not be the main factor determining epithelial infiltration by
PMN during aEPEC infection in vivo. Another CXC-type
chemokine, such as CXCL1 or CXCL5 [34, 35] known to
be produced by enterocytes and to have their transcription
driven by NF𝜅B signaling pathways triggered via toll-like
receptors, may be more important in neutrophil recruitment
in the rabbit ileal loop model.

Although the total CFU of the escN mutant detected
in the intracellular compartment at 48 h was reduced when
compared to the wild-type 1711-4 strain, the persistence index
(the percentage of intracellular bacteria detected at 48 h)
indicated that the 1711-4 ΔescN mutant had an increased
capacity to persist inside Caco-2 cells (32.1%). Possibly a
nonfunctional T3SS reduces the induction of nitric oxide
synthase (iNOS) allowingmore efficient bacterial persistence,
suggesting that iNOS induction may be the result of one
or more T3SS-dependent effectors [36]. Persistence may be
essential to establish the carrier state, allowing colonization of
other parts of the intestinal epithelium by bacteria that escape
from infected enterocytes or allowing bacteria to go unde-
tected by phagocytes and antibodies. aEPEC location inside
vacuoles with pedestal formation, as demonstrated in HeLa

and Caco-2 cells may be another protective factor allowing
intracellular persistence [37]. Several studies have shown that
E. coli is the most commonly isolated pathogen in bacterial
translocation events [38–41]. Moreover, some authors have
demonstrated the occurrence of bacterial translocation in
patients who developed sepsis after surgery [39]. It has been
shown that a specific E. coli strain isolated from a fatal
case of human hemorrhagic pancreatitis was more efficiently
translocated to MLNs, blood, and peritoneal fluid [42].

To date, no cases of bacteremia due to EPEC have been
described in humans, but strains harboring the eae gene
have been detected in E. coli cultivated from bacteremic
neonatal calves [43]. In previous studies by our group, we
have shown that some aEPEC strains have the potential to
invade and persist in enterocytes (Caco-2 and T84 cells)
in vitro [16] and to translocate in the rat model [17]. In
this study, we demonstrated by electron microscopy that
the 1711-4 strain was able to colonize and to form A/E lesions
in rabbit intestinal cells in the ileal loop model in vivo. This
event was not observedwith the escN-deficientmutant.These
results suggest the involvement of T3SS in the translocation
event in vivo. Liberatore et al. demonstrated that EPEC are
able to translocate through the small bowel epithelium and
reach not only the MLN but the spleen and the liver as
well in a rat model. In this model, translocation of wild-
type aEPEC 1711-4 has also been associated with damage to
mesenteric microcirculation and hypoperfusion in the liver,
small intestine, and kidneys [17]. We demonstrated in this
study that a functional T3SS is necessary for efficient bacterial
translocation, since a decreased number of bacteria were
recovered from the liver and spleen of rats infected with
the 1711-4 escN mutant. Martinez-Argudo et al. reported
that T3SS is required for inducing loss of intestinal barrier
function and allowing translocation of Salmonella enterica
strains through M cells [44]. The effector proteins injected
via the T3SS that could contribute to driving the translocation
events need to be characterized. Although findings in animal
models should be extrapolated to humans with caution, our
results indicate that aEPEC, an infectious agent theoretically
restricted to the intestinal mucosa, has the potential to cross
the intestinal barrier under overgrowth conditions which
can occur in many clinical situations, such as immunosup-
pression, antibiotic therapy, biliary obstruction, and other
processes that cause changes in the intestinal microbiota.

5. Conclusion

Research carried out with in vitro and in vivo models have
added to our understanding of how bacteria interact with
and modify host cells functions leading to the establishment
of disease. Our findings indicate that the full virulence
potential of aEPEC 1711-4 depends on a functional T3SS,
which contributes to efficient adhesion/invasion in vitro and
in vivo and to bacterial translocation to extraintestinal sites.
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Staphylococcus aureus is a successful human and animal pathogen. The majority of infections caused by this pathogen are life
threatening, primarily because S. aureus has developed multiple evasion strategies, possesses intracellular persistence for long
periods, and targets the skin and soft tissues. Therefore, it is very important to understand the mechanisms employed by S. aureus
to colonize and proliferate in these cells.The aim of this review is to describe the recent discoveries concerning the host receptors of
nonprofessional phagocytes involved in S. aureus internalization. Most of the knowledge related to the interaction of S. aureuswith
its host cells has been described in professional phagocytic cells such as macrophages. Here, we showed that in nonprofessional
phagocytes the 𝛼5𝛽1 integrin host receptor, chaperons, and the scavenger receptor CD36 are the main receptors employed during
S. aureus internalization. The characterization and identification of new bacterial effectors and the host cell receptors involved will
undoubtedly lead to new discoveries with beneficial purposes.

1. Introduction

Staphylococcus is a Gram-positive commensal and oppor-
tunistic human pathogen that causes serious community-
acquired and nosocomial infections, including abscess for-
mation, wound infection, endocarditis, osteomyelitis, pneu-
monia, and sepsis/septic shock [1, 2]. Additionally, strains of
S. aureus cause diseases in cattle (mastitis), poultry, pigs, and
horses [3, 4]. Treatment of these infections has become dif-
ficult because of the emergence of antibiotic-resistant strains
[5].

Evidence exists that several strains of S. aureus have the
ability to invade and persist within nonprofessional phago-
cytic cells (NPPCs), such as epithelial [6–8], endothelial [9,
10], osteoblast [11, 12], fibroblast [13, 14], and kidney cells
[15, 16]. This ability enables the bacteria to evade the host
innate immune system and to survive inside a wide variety of
mammalian cells. Bacteria initially adhere to the cell mem-
brane and extracellular matrix substrates through surface
proteins (adhesins) [17, 18] and are then internalized by
different NPPCs.

Several reviews have discussed the intracellular persis-
tence of this bacterium [19], the role of small colony variants

(SCVs) [20], and the fate of the infected phagosome in pro-
fessional phagocytes as well as in different NPPCs [21]. In this
review, we will focus on the host NPPC receptors that are
involved in the molecular interaction with S. aureus to
accomplish bacterial internalization. Finally, we will discuss
the medical implications derived from this knowledge and
show a summary of the host receptors related to S. aureus int-
ernalization in NPPCs in Figure 1.

2. Bacterial Adhesion and Internalization

Bacterial internalization is a strategy that allows bacteria to
evade the host immune response and to survive in the host
cells. Several bacteria require initial adhesion to the host cell
before the internalization process. Therefore, the adhesion
and invasion into eukaryotic cells are major steps in bacterial
pathogenesis [18].

Bacteria are capable of adhering to extracellular matrix
components (i.e., collagen, vitronectin, fibrinogen, and espe-
cially fibronectin (Fn)) through protein-protein interactions
mediated by “microbial surface components recognizing
adhesive matrix molecules” (MSCRAMMs) or “secreted
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Figure 1: Different receptors and mechanisms involved in S. aureus internalization into nonprofessional phagocytic cells. (a) The first
mechanism described for S. aureus internalization involved the 𝛼5𝛽1 integrin host receptor and is mediated by bacterial FnBPs via Fn as
a linking molecule; bacterial endocytosis is accomplished through a zipper-like mechanism [9, 16, 22, 23]. (b) FnBPs interact directly with
host Hsp60 or with integrin and Hsp60 as a coreceptor through a Fn bridge [24], but the mechanism of endocytosis remains unknown. (c)
The S. aureus iron-regulated surface determinant-B (IsdB) contributed to invasion, and IsdB most likely interacts with integrins that bind
ligands with the RGDmotif [25]; however, the endocytic pathway has not been determined. (d) TLR2 is involved in S. aureus internalization.
CD36 acts as a coreceptor and is capable of recognizing diacylglycerides, whereas TLR2/TLR6 dimers recognize different PAMPs, such as
LTA and SitC [26–28]. In monocytes TLR2 colocalizes with LTA in early endosomes and lysosomes [29]. In HeLa cells, internalized S. aureus
colocalizes with CD36 [30]. (e)The host chaperone Hsc70 binds directly to autolysin (Atl) and mediates S. aureus internalization [31], but the
endocytic routes remain uncharacterized.

expanded repertoire adhesive molecules.” Additionally, bac-
terial adhesins recognize host cell surface elements such as
integrins, cadherins, and selectins [18]. Pathogen adhesion
occurs in two ways: (1) adhesins directly engage the host cell
surface receptor, that is, Listeria spp. [37], Yersinia spp. [38,
39], andNeisseria gonorrhoeae [39, 40], and (2) bacterial con-
nections form indirectly with the host receptor via the recru-
itment of extracellularmatrix proteins (e.g., S. aureus) [16, 41].

The bacterial engagement of eukaryotic receptors such as
integrins often triggers a receptor-mediated internalization
process that facilitates access to a protected intracellular
niche, promoting bacterial replication [6, 42].

3. The Interaction between Nonprofessional
Phagocyte Cell Receptors and
Staphylococcus aureus Virulence
Factors Promotes Internalization

S. aureus possesses a wide arsenal of virulence factors
(adhesins, invasins, enzymes, toxins, and surface compo-
nents) that contribute to the pathogenesis of infection
(reviewed in Zecconi and Scali, 2013) [43].These components

promote the bacterial evasion of the host immune system as
well as the colonization, dissemination, tissue damage, and
transmission [1, 43]. S. aureus expresses adhesins such
as fibronectin-binding proteins (FnBPs), fibrinogen-binding
proteins, elastin-binding proteins, collagen-binding proteins,
clumping factor, extracellular adhesion protein (Eap), and
protein A [43–45]. S. aureus also possesses other cell-
associated components such as capsular polysaccharide,
peptidoglycan (PGN), and lipoteichoic acid (LTA) and
secretes components such as enzymes (coagulase, lipase,
hyaluronidase, and protease) and toxins (enterotoxins, toxic
shock syndrome, hemolysins, and leukocidin), which are very
important for the establishment of infection [1, 43, 46]. In the
next sections, we will describe the S. aureus components and
their cognate receptors in NPPCs that lead to bacterial
internalization.

4. 𝛼5𝛽1 Integrin and Fibronectin Receptors

Integrins are cation-dependent glycoprotein transmembrane
receptors containing noncovalently associated 𝛼- and 𝛽-
subunits [47]. In vertebrates, at least 18 𝛼- and 8 𝛽-subunits
have been described [48]. Integrins have an extracellular
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Figure 2: Summary of 𝛼5𝛽1 integrin-mediated internalization of S. aureus into NPPCs. The RGD motif in fibronectin (Fn) is the crucial
attachment site for fibronectin receptors, such as integrins.The activation and clustering of 𝛼5𝛽1 integrin trigger particular signaling pathways
and the accumulation of a focal adhesion-like protein complex in the vicinity of attached bacteria, as characterized by the recruitment
of actinin, paxillin, zyxin, tensin, focal adhesion kinase (FAK), and Src kinase [32–34]. A crucial step in these signaling events is the
reorganization of the actin cytoskeleton. Cortactin, an actin-binding protein, has been identified as one of the effectors of activated FAK
and Src kinases, which associates with Arp2/3 complex to promote actin polymerization and binds to dynamin-2, a regulator of endocytosis
[33, 35, 36].

binding domain that recognizes RGD or LVD sequences in
ligands such as Fn, fibrinogen, vitronectin, and laminin [47,
48]. These receptors mediate a wide range of physiological
and pathological processes, including cellular adhesion, mig-
ration, differentiation, apoptosis, phagocytosis, wound heal-
ing, and cancer. In addition, many integrins participate in
pathogen recognition and host defense response in NPPCs;
that is, 𝛽1 integrin mediates adhesion and endocytosis of
Yersinia [39] and S. aureus [16, 41].This event is mediated by a
zipper-like process and depends on remodeling the actin
cytoskeleton and membrane dynamics [49, 50]. The detailed
mechanism for zipper-like-mediated internalization of S.
aureus in NPPCs is shown in Figure 2.

Fn is a key dimeric glycoprotein in the extracellular
matrix.The ability to bind to Fn is a characteristic of bacterial
adhesion, which is a well-known mechanism described for
many pathogens, including S. aureus. This bacterium
expresses two closely related FnBPs encoded by the genes
fnbA and fnbB [51], which are both contained in the majority
of isolates with invasive properties [52].

Since the 1980s, it has been well recognized that S. aureus
adhesion and internalization via a zipper-like process in
NPPCs are mediated by integrins, Fn, and FnBPs. The role of
FnBPs during S. aureus invasion has been established in
endothelial cells [9, 10], osteoblasts [53], keratinocytes [54,
55], fibroblast [56], and epithelial cells [16, 22]. The events of
internalization that occur via a zipper-like process were eluci-
dated by experiments that included the following: (1) FnBP-
deletion mutants of invasive strains; (2) noninvasive strains

that express FnBPs; (3) the Fn-binding soluble domain iso-
lated from FnBP; and (4) the blockage of receptors using anti-
𝛼5𝛽1 or anti-Fn antibodies. The results of these approaches
showed that FnBPA has a relevant role in invasion because its
deletion in the S. aureusCowan strain diminished the level of
invasiveness (∼80%) into a human embryonic kidney cell line
(HEK 293) [16]. Similarly, an isogenic mutant (DU5883) of S.
aureus (8325-4) that does not express FnBPs showed reduced
internalization into transformed bovine mammary epithelial
cells (MAC-T cells) [22], osteoblasts [53], and keratinocytes
[57]. The role of FnBPs in host invasion was confirmed
using complementation assays in which noninvasive strains
transformed with plasmid overexpressing FnBPs were able to
invadeNPPCs [16].The presence of FnBPs on the surface of S.
aureus confers the advantage for tissue colonization in vivo, as
observed in mammary glands, and confers the induction of
severe infection [58, 59]. In addition, Dziewanowska et al.
(1999) showed that FnBP-mediated bacterial uptake by
NPPCs requires actin polymerization and is dependent on
tyrosine kinases [22].

In contrast, the role of Fn was initially elucidated in HEK
293 cells. The preincubation of these cells with a soluble
recombinant protein fragment composed of the Fn-binding
domain of FnBP completely abolished the invasion by S.
aureus Cowan and P1 strains, presumably by competing with
the S. aureus FnBP to interact with the host cell receptor [16].
The use of polyclonal anti-Fn antibodies corroborated the
role of Fn during S. aureus internalization in other cell
types, for example, endothelial cells [9, 16, 24]. These data
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demonstrated that Fn mediates the interaction of S. aureus
FnBPs with NPPCs.

The role of integrins during S. aureus internalization
into NPPCs has been demonstrated by blockage experiments
with antibodies. The blockage of integrin 𝛼5𝛽1 by specific
antibodies in HEK 293 [16], in HUVEC [60] cells, or in
keratinocytes [57] demonstrated that these receptors have a
relevant role during S. aureus internalization because their
blockage leads to a significant reduction of internalized
bacteria. Additionally, a monoclonal antibody specific for 𝛽1
integrins dramatically reduced S. aureus invasion into human
Hep-2 cells [24]. In addition, a mutant mouse fibroblast
line (GD25) lacking 𝛽1 integrin showed significantly reduced
bacterial invasion [23]. Recent work by Ridley et al. (2012)
showed that both the availability and functional state of
integrin 𝛼5𝛽1 are crucial for S. aureus invasion in different
epithelial cells [61]. The use of GRGDS, a competitive
inhibitor of 𝛽1 integrin ligands, has demonstrated the role of
integrin during the internalization of S. aureus into alveolar
epithelial cells (A549) by reducing the number of CFU recov-
ered. In this work, the siRNA-mediated knockdown of 𝛽1
integrin expression in A459 cells significantly reduced S.
aureus internalization (∼50%) [8]. In addition, indirect evi-
dence from our group established that the blockage of this
integrin with latex beads covered with Fn inhibits S. aureus
internalization into primary bovinemammary epithelial cells
[62].

Overall, these results strongly suggest that S. aureus
FnBPs and 𝛼5𝛽1 integrin are necessary for efficient S. aureus
internalization into NPPCs; however, other mechanisms are
employed by this bacterium favoring its internalization that
we will describe below.

5. Heat Shock Proteins

Heat shock proteins (Hsps) are a group of evolutionarily
highly conservedmolecules that are expressed by prokaryotic
and eukaryotic cells.These proteins perform important intra-
cellular functions regarding protein folding and transport
[63].

The role of Hsps during S. aureus internalization into
NPPCs was first reported byDziewanowska et al. (2000) [24].
Using a ligand blotting assay, Dziewanowska and colleagues
identified that Hsp60 interacts with FnBP and showed that
the pretreatment of epithelial cells with a monoclonal anti-
body specific for eukaryotic Hsp60 significantly reduces S.
aureus internalization. AnotherHsp related to S. aureus inter-
nalization in NPPCs is Hsc70. This protein is associated with
viral infections by acting as a receptor for human T-cell
lymphotropic virus type 1 (HTLV-1) [64] or rotaviruses
[65, 66]. Hsc70 interacts with S. aureus hydrolases such as
autolysin (Atl) during the bacterial internalization process.
Atl participates in biofilm formation and mediates binding
to the extracellular matrix and plasma proteins [31, 67, 68].
Hirschhausen et al. (2010) analyzed the atl-deficient S. aureus
mutant SA113atl strain for its capability to be internalized into
endothelial cells, and they showed the impaired ability of this
strain to be endocytosed by these host cells [31]. Additionally,

they reported that Atl binds directly to endothelial Hsc70
without a bridgingmolecule such as Fn. In addition, antibody
blockade of Hsc70 decreases S. aureus internalization in these
cells, and this protein has also been involved during Brucella
abortus invasion into trophoblast giant cells [69], which
suggests that this receptor is used as a generalized pathway
during bacterial internalization.

6. Toll-Like Receptors

TLRs offer an efficient and immediate response to bacterial,
fungal, and viral infections by recognizing PAMPs. The
TLR family consists of 13 mammalian members, and each
member mediates an intrinsic signaling pathway and induces
specific biological responses against microorganisms [70].
The cytoplasmic domain (Toll/IL-1 receptor domain) of TLRs
is required for the signaling response leading to the activation
of transcription factors such as NF-𝜅B [70]. The leucine-rich
repeat (LRR) extracellular motif is responsible for the recog-
nition of PAMPs [71]. TLRs are activated by ligand-induced
multimerization and act by cooperating with several proteins
such as other TLRs or coreceptors.

For S. aureus infections, TLR2 is the most relevant
receptor involved in this process. TLR2 recognizes different
PAMPs such as lipopeptides from Gram-positive and Gram-
negative bacteria, lipoarabinomannan, LTA, PGN, atypical
lipopolysaccharide, a phenol-soluble modulin from S. epi-
dermidis, and others [72]. Additionally, TLR2 interacts with
TLR1 and TLR6 in the process of ligand recognition, and
the TLR2/TLR6 heterodimer recognizes the PGN in the
macrophage phagosome [73] and a diacylated mycoplasma
lipoprotein [74], while the TLR2/TLR1 heterodimer recog-
nizes triacylated lipopeptides [75]. Reports have described
the participation of TLR2 during S. aureus internalization in
NPPCs; however, the results are not conclusive because TLR2
participation in phagocytosis may be indirect. For example,
Rocha-de-Souza et al. (2008) indicated that TLR2 is involved
in S. aureus internalization into human cord blood-derived
mast cells using neutralizing antibodies [26].The blockage of
TLR2 in these cells decreases the number of bacteria inter-
nalized. In our work, we observed a similar result in primary
bovine mammary epithelial cells (data unpublished); how-
ever, it remains to be clarified whether TLR2-mediated inter-
nalization is the consequence of the signaling activity of this
receptor or whether the recognition of bacterial PAMPs by
TLR2 is a key step for endocytosis. Although TLRs are not
phagocytic receptors per se, they are also internalized in the
process and participate in the link between phagocytosis and
inflammatory responses by triggering the production of
cytokines [76]. In addition, TLR2 is located in phagosomes
and colocalizes with different S. aureus PAMPs. In NPPCs,
the predominant triacylated lipoprotein of S. aureus, SitC, is
located intracellularly with TLR2 in murine keratinocytes
and stimulates proinflammatory cytokine expression [77];
however, SitC is internalized in a TLR2-independentmanner.
The results described above suggest that although no clear
role of TLR2 has been observed during S. aureus internaliza-
tion, this process appears to be a prerequisite for full TLR2
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activation in both professional phagocytic cells as well as in
NPPCs [76].

7. Coreceptors for TLR2 Mediate
Staphylococcus aureus Recognition

CD36 is a membrane glycoprotein that belongs to the class
B scavenger receptor family that interacts with other mem-
brane receptors such as TLRs. This receptor plays a role
during tumor growth, inflammation, wound healing, and
angiogenesis and is able to recognize PAMPs or pathogen-
infected cells by acting as a phagocytic receptor [78, 79].
During the host recognition of S. aureus mediated by TLR2,
CD36may act as a facilitator or coreceptor for diacylglyceride
recognition through the TLR2/6 complexmediating bacterial
invasion primarily in phagocytic cells [27]. In the NPPC line
HEK 293, the overexpression of CD36 confers binding and
uptake of S. aureus, suggesting a role for CD36 during the
endocytosis of Gram-positive bacteria [28]. In addition, Lee-
lahavanichkul et al. (2012) have demonstrated that intracellu-
lar S. aureus colocalizes with CD36 in HeLa cells [30]. CD14,
a glycosylphosphatidylinositol-anchored membrane protein,
is another coreceptor that participates in bacterial recogni-
tion byTLRs and enhances PGNand LTA signal transmission
through TLR2 [80]. CD14/TLR2 is an essential receptor com-
plex involved in Panton-Valentine leukocidin recognition
[81]. CD14 and CD36 play a prominent role in LTA binding
and enhancing LTA-induced signaling in human monocytes
[29]. The aforementioned involvement suggests that CD14
may have a similar role as CD36 in S. aureus internalization;
however, this effect remains to be fully explored.

8. Other Staphylococcus aureus Virulence
Factors that Participate in the
Internalization Process Interact with
Uncharacterized Host Cell Receptors

Aswehave described above, several host receptors are used by
S. aureus to invade NPPCs (Figure 1). Nonetheless, reports
have indicated that different uncharacterized host receptors
may be involved in S. aureus internalization in NPPCs. In the
next section, we will describe several bacteria virulence fac-
tors involved in internalization whose host receptors remain
to be characterized.

9. The Extracellular Adherence Protein

The extracellular adherence protein (Eap) in S. aureus binds
to matrix extracellular components, inhibits leukocyte adhe-
sion to endothelial cells, acts like an anti-inflammatory factor
[82], and causes S. aureus agglutination [83]. This protein
stimulates the adherence of S. aureus to epithelial cells [83]
and fibroblasts [84]. Eap also participates during the bacterial
internalization process because its absence reduces the adher-
ence and internalization of S. aureus into fibroblast and epith-
elial cells [14], while the addition of exogenous Eap increases
S. aureus internalization [85, 86]. This invasion process may

be influenced by the 32 kDa neutral phosphatase that is
located on the bacterial surface that binds to Eap [87];
however, no reports have yet described the identification of a
host receptor for Eap.

10. Glyceraldehyde-3-Phosphate
Dehydrogenase-C

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a
glycolytic enzyme, and several GAPDH homologs present
in bacteria are able to bind to Fn, lysozyme, plasminogen,
and the cytoskeletal proteins myosin and actin. Therefore,
this enzyme plays a role during S. aureus colonization and
internalization [88, 89]. S. aureus has two GAPDH homologs
termed gapA (also known as gapC in a bovine mastitis
isolate) and gapB [90], and both proteins are important in
the pathogenesis of S. aureus in a Galleria mellonella model
of infection [91].

GapC plays an important role during S. aureus internal-
ization intoMAC-T cells [92].Thenumber of CFUs recovered
from an isogenic gapCmutant H330 strain that were adhered
and internalized intoMAC-T cells was lower than the number
corresponding to the WT strain. Nevertheless, the absence
of gapC does not completely abolish the attachment and
internalization of the bacteria, which is most likely due to the
presence of other bacterial adhesins [92]. No reports have yet
described the identification of a host receptor that recognizes
gapC.

11. Iron-Regulated Surface Determinant-B

S. aureus acquires iron from host hemoglobin due to the bac-
terial expression of iron-regulated surface determinants (Isd)
[93]. Zapotoczna et al. (2013) reported that iron-regulated
surface determinant-B (IsdB) promotes the invasion of S.
aureus into 293T and HeLa cells [25]. Additionally, they
proposed that soluble S. aureus IsdB binds to and stabi-
lizes the active conformation of integrins, enabling them to
interact with RGD-containing ligands, which leads to bac-
terial internalization in an integrin-dependent pathway. In
addition, IsdB adheres to platelets through the integrin recep-
tor GPIIb/IIIa (aIIIbb3) [94]; however, this receptor has not
been implicated in bacterial internalization.

12. Conclusions

Phagocytosis is an essential component of innate and
adaptive immune responses. In NPPCs, phagocytosis
plays major roles in tissue maintenance, regeneration, and
remodeling. However, pathogenic bacteria also employ
many of the receptors involved in phagocytosis during
the interplay between the host cell defense response and
tissue colonization. Thus, phagocytosis, endocytosis, and
intracellular trafficking can be exploited for therapeutic
objectives such as intracellular drug delivery (for a wide
and detailed description of these beneficial strategies,
see Duncan and Richardson, 2012) [95]. In addition, the
manipulation of the host cell membrane affects numerous
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events, including actin remodeling and phagocytosis. The
characterization and identification of new bacterial effectors
and the host cell receptors involved will undoubtedly lead
to new discoveries with beneficial purposes. Many of the
pathways operating during the intracellular trafficking of
bacteria (e.g., autophagosome formation) may have roles in
multiple pathologies such as cancer, metabolic diseases, or
neurological disorders (reviewed in Rubinsztein et al. 2012)
[96]. Furthermore, a very important role of integrins during
apoptosis clearance has been established, which may be
related to autoimmune disorders, atherosclerosis, cancer, or
human age-related macular degeneration (reviewed in
Sayedyahossein and Dagnino, 2013) [97]. All of these
medical implications highlight the relevance of the study of
phagocytic receptors in the infection of NPPCs by S. aureus
(Figure 1) because diseases related to intracellular strains
(e.g., S. aureus) are chronic and recurrent, and many of them
are life threatening.
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[34] A. Schröder, B. Schröder, B. Roppenser et al., “Staphylococcus
aureus fibronectin binding protein-A induces mobile attach-
ment sites and complex actin remodeling in living endothelial
cells,”Molecular Biology of the Cell, vol. 17, no. 12, pp. 5198–5210,
2006.

[35] M. A. McNiven, L. Kim, E. W. Krueger, J. D. Orth, H. Cao, and
T. W. Wong, “Regulated interactions between dynamin and the
actin-binding protein cortactin modulate cell shape,” The Jour-
nal of Cell Biology, vol. 151, no. 1, pp. 187–198, 2000.

[36] M. Selbach and S. Backert, “Cortactin: an Achilles’ heel of the
actin cytoskeleton targeted by pathogens,” Trends in Microbiol-
ogy, vol. 13, no. 4, pp. 181–189, 2005.
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Here we determined the role of various genomic islands in E. coli K1 interactions with phagocytic A. castellanii and nonphagocytic
brain microvascular endothelial cells. The findings revealed that the genomic islands deletion mutants of RS218 related to toxins
(peptide toxin, 𝛼-hemolysin), adhesins (P fimbriae, F17-like fimbriae, nonfimbrial adhesins, Hek, and hemagglutinin), protein
secretion system (T1SS for hemolysin), invasins (IbeA, CNF1), metabolism (D-serine catabolism, dihydroxyacetone, glycerol, and
glyoxylatemetabolism) showed reduced interactionswith bothA. castellanii and brainmicrovascular endothelial cells. Interestingly,
the deletion of RS218-derived genomic island 21 containing adhesins (P fimbriae, F17-like fimbriae, nonfimbrial adhesins, Hek, and
hemagglutinin), protein secretion system (T1SS for hemolysin), invasins (CNF1), metabolism (D-serine catabolism) abolished E.
coli K1-mediated HBMEC cytotoxicity in a CNF1-independent manner. Therefore, the characterization of these genomic islands
should reveal mechanisms of evolutionary gain for E. coli K1 pathogenicity.

1. Introduction

The incidence of bacterial meningitis has increased in recent
years, despite improvement in the antimicrobial chemother-
apy. Escherichia coli is the second leading cause of bacte-
rial meningitis, behind group B streptococcus (GBS), and
contributes significantly to morbidity and mortality [1–5].
The pathogenesis of E. coli meningitis involves a series of
steps: (i) bacterial entry of the intestinal tract, following
accumulation from themother’s flora during delivery or from
the environment, but this may also occur via the urinary tract
(20% of cases), or in utero following maternal bacteraemia,
(ii) bacterial colonization of the mucosa and invasion of the
intravascular space, (iii) survival and multiplication in the
bloodstream resulting in bacteraemia, (iv) bacterial crossing
of the blood-brain barrier and invasion of the central nervous

system resulting in inflammation, pleocytosis, and neuronal
injury that ultimately leads to death; however, there are a few
survivors with neurological sequelae [2, 6–9]. Each of the
aforementioned steps is highly complex that requires specific
pathogen-host interactions involving a plethora of molecules
associated with different stages of meningitis development.
For example, E. coli crossing of the brain microvascular
endothelial cells (BMEC) that constitute the blood-brain
barrier can be divided into four steps: (i) E. coli binding to
the BMEC using a variety of adhesins, (ii) E. coli invading
the BMEC using a variety of invasins, (iii) E. coli-containing
vacuole intracellular trafficking across the cell, that is, from
the apical side to the basolateral side, and (iv) E. coli exiting
on the central nervous system side [7]. Evolutionarily, it is not
clear how E. coli has developed such a sophisticated mecha-
nism(s) resulting in virulence to produce human and animal
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infection. In this regard, amoebae have been suggested as the
“training ground” during evolution of intracellular bacterial
pathogens [10]. Thus, it is hypothesized that the fragility of
non-spore-forming bacteria to survive hostile conditions and
inability to disperse to favorable environments may have led
to their evolutionary need to associate with a hardy host
and/or a biological reservoir such asAcanthamoeba to remain
viable intracellularly in the face of harsh conditions, whereas
bacteria use Acanthamoeba to enhance their pathogenicity.
In such harsh environmental conditions, it is plausible that
Acanthamoeba harbor bacteria and transmit them to the
susceptible hosts.Once in the gut, amoebaemay lyse resulting
in bacterial colonization. Thus it is important to under-
stand interactions of pathogenic bacteria withAcanthamoeba
that may have influenced evolutionary gain of E. coli K1
pathogenicity and their potential role in the transmission.

Research over the last few decades has identified bac-
terial virulence determinants that are associated with E.
coli K1 meningitis including fimbrial protein, FimH, outer
membrane protein A (OmpA), cytotoxic necrotizing factor
1 (Cnf-1), Ibe proteins, AslA and TraJ, and the K1 capsular
polysaccharide [7, 11]. The E. coli K1 genome has been
sequenced (http://www.genome.wisc.edu) and 22 genomic
islands consisting of ∼793 kb have been identified that are
present in meningitis-causing E. coli RS218 but absent in the
nonpathogenic E. coli MG1655 [12]. Thus it is reasonable to
suspect the presence of several additional virulence determi-
nants involved in neuropathogenic E. coliK1 pathogenesis. In
the present study, we determined the role of various genomic
islands in E. coli K1 interactions with an environmental
phagocyte, Acanthamoeba castellanii, and nonphagocytic
brain endothelial cells.

2. Methods

A clinical isolate of A. castellanii belonging to T4 genotype,
originally isolated from a keratitis patient (American Type
Culture Collection, ATCC 50492) was used in the present
study.A. castellaniiwas cultured in the PYGmedium contain-
ing (0.75% (w/v) proteose peptone, 0.75% (w/v) yeast extract
and 1.5% (w/v) glucose)) [13].

E. coli K1 strain E44, used in the present study, is
a rifampicin-resistant mutant of strain RS218 (serotype
O18:K1:H7). This strain is a clinical isolate from the cere-
brospinal fluid of a neonate with meningitis. A series of
seventeen strains of E. coli RS218-derived genomic islands
(RDIs), using a comparative genome analysis of meningitis-
causing E. coli K1 strain RS218 (O18:K1:H7), together with a
plasmid-cured E. coliK1 strain RS218 were obtained from the
laboratory of Kwang S. Kim (Johns Hopkins University) as
previously described [12, 14, 15] (Figure 1 and Table 1). To this
end, a 20 kb K-12 specific DNA (genomic deletion in K1) was
inserted into K1 genome using P1 transduction. Briefly, island
boundaries were identified using genetic mapping, followed
by insertion of antibiotic tag in the corresponding region
of either K1 strain E44 or K-12 strain MG1655 using 𝜆Red
recombinase. P1 𝜙 transduction from MG1655 to E. coli K1

Table 1: Summary of E. coliK1 RS218 derived islands (RDI’s) and its
genomic islands mutants tested in the present study.

E. coli K1
Identity Function and potential virulence factor

K1 (RS218) Isolate from a meningitis patient.

Plasmid cured
RS218

Plasmid-free strain

RS218
complemented
with HB101 DNA

Strain, in which genomic deletion (black
hole) observed in RS218 was filled with
respective DNA from HB101

RDI 1 Invasins (IcmF and IcmH).

RDI 2 Prophage genes.

RDI 4
Adhesins (S fimbriae, antigen 43). Protein
secretion system (T5SS for antigen 43). Iron
uptake system (Iro system and hmu system).

RDI 9 Iron uptake system (Ybt system).

RDI 10 Toxins (peptide toxin).

RDI 12
Other virulence factors (sia operon).
Prophage genes.

RDI 14 Prophage genes.

RDI 15 Metabolism (sugar metabolism).

RDI 16
Protein secretion system (T2SS).Other
virulence factors (K1 capsule biosynthesis).

RDI 17 Metabolism (phosphor-sugar metabolism).

RDI 18 Prophage genes.

RDI 21

Adhesins (P fimbriae, F17-like fimbriae,
non-fimbrial adhesins, Hek and
hemagglutinin). Protein secretion system
(T1SS for hemolysin). Invasins (CNF1).
Metabolism (D-serine catabolism).

RDI 22
Invasins (IbeA). Toxins (𝛼-hemolysin).
Metabolism (dihydroxyacetone, glycerol,
and glyoxylate metabolism).

results in the deletion of K1-specific genes, replaced with K-
12 genes (Figure 1 andTable 1) as previously described [12, 14].
All bacterial strains were aerobically grown for approximately
14 h in Luria-Bertani (LB) broth at 37∘C.

Primary brain microvascular endothelial cells (BMEC)
were isolated from seizure patient who had undergone cere-
bral cortex resection as previously described [16].TheBMECs
were grown in T-75 tissue culture flasks in RPMI-1640
containing 10% heat inactivated fetal bovine serum, 10% Nu-
serum, 2mM glutamine, 1mMNa-pyruvate, 100U/mL peni-
cillin, 100 𝜇g/mL streptomycin, nonessential amino acids,
and vitamins as previously described [16, 17].

For cytotoxicity assays, 1 × 105 BMECs per well per
0.5mL were cultured in 24-well plates and incubated at
37∘C in a 5% CO

2

. Under these conditions, BMECs formed
complete monolayers within 48 h. E. coliK1 and its derivative
mutants were grown in LB for overnight and the optical
density was adjusted to 0.22 absorbance at wavelength of
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595 nm (equivalent to approximately 108 colony forming
units (c.f.u.) per mL) [15]. Next, 10 𝜇L containing 106 c.f.u.
were transferred to 490 𝜇L RPMI 1640, supplemented with
10% heat-inactivated fetal bovine serum, and inoculated in
each well of a 24-well plate containing BMEC monolayers.
Plates were incubated at 37∘C in a 5% CO

2

incubator and
monitored for monolayer disruptions over the period of
24 h. Next, the supernatants were collected and centrifuged
at 12000×g for 5min to remove cellular debris. Cytotoxic
effects were determined by estimating the release of cytosolic
lactate dehydrogenase release in the medium (Cytotoxicity
Detection kit; Roche Applied Sciences). The percent cyto-
toxicity was calculated as follows: % cytotoxicity = (sample
value−control value)/(total LDH release−control value) ×
100. Control values were obtained by incubating BMEC
monolayers with 500𝜇LRPMI-1640 alone and total LDHwas
released from BMEC by completely lysing them in 500 𝜇L 1%
Triton X-100.

Assays were performed to determine E. coli K1 and its
derivative mutant association with A. castellanii and human
BMEC. For A. castellanii, amoebae were maintained in the
trophozoite stage in tissue culture flasks in the PYGmedium.
Upon confluency, the unbound amoebae were aspirated and
growing trophozoites were rinsed with phosphate buffer
saline (PBS) pH 7.4. Next, 5mL of PYG medium was added
to the flask and trophozoites were chilled on ice for 20min
and pelleted by centrifugation at 900×g for 5min. The cell
pellet was resuspended in 1mL of PBS and the number of
amoebae was counted using a haemocytometer. E. coli K1

and its derivative mutants (107 c.f.u.) were incubated with A.
castellanii (106 cells) at 30∘C for 1 h. Following 1 h of incu-
bation, amoebae were centrifuged at 2000×g for 5min. The
supernatants were aspirated and pellet resuspended in 0.5mL
of PBS.This process was repeated 3× to remove nonadherent
bacteria.The amoebaewere counted using a haemocytometer
and then lysed by adding SDS (0.5% final concentration) for
10min at room temperature, which does not affect E. coli
viability [18]. The lysates containing bacteria were plated on
nutrient agar plates and colonies enumerated the next day
[18]. The bacterial colony forming units associated with A.
castellanii were calculated as follows: (number of bacterial
c.f.u./number of amoebae) × 100 = bacterial association of
A. castellanii (percentage). To study E. coli interactions with
human cells, BMECs were grown to confluent monolayers in
24-well plates. Next, E. coliK1 and its derivative mutants were
incubated with human BMEC (107 c.f.u. per well in 0.5mL)
and plates were incubated at 37∘C in 5%CO

2

incubator. After
60min of incubation, the monolayers were washed with PBS
and BMECs were lysed by adding 500 𝜇L of distilled water for
30min together with gentle scraping of the well. The lysate
was plated on nutrient agar and the colonies were counted
the next day. The bacterial colony forming units associated
with BMEC for the wild type E. coli K1 was arbitrarily set at
100% and the results of the mutants strains are expressed as
the relative change.

Assays were performed to determine E. coli K1 and
its derivative mutant uptake/invasion by A. castellanii and
human BMEC. Briefly, amoebae were incubated with E. coli
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and its derivative mutants as described for association assays.
After washing for 3×, the extracellular bacteria were killed by
adding gentamicin (100 𝜇g per mL in PBS for 60min. Finally,
amoebae and bacteria were enumerated as described above.
The bacterial colony forming units invading A. castellanii
were calculated as follows: (number of bacterial c.f.u./number
of amoebae) × 100 = bacterial invasion of A. castellanii.
For human BMEC, E. coli K1 and its derivative mutants
were incubated with BMEC. After 60min of incubation,
the monolayers were washed with PBS and incubated with
gentamicin (100 𝜇g per mL in RPMI-1640) for 60min to
kill extracellular bacteria. The wells were then washed twice
with RPMI-1640 and bacterial colony forming units were
determined as described above.

Assays were performed to determine E. coli K1 and
its derivative mutant intracellular survival of A. castellanii
and human BMEC. Briefly, following invasion assays, A.
castellanii was washed 3× with PBS and incubated in 0.5mL
of PBS for 24 h at 30∘C. Finally, amoebae and bacteria were
enumerated. The bacterial colony forming units surviving
inside A. castellanii were calculated as follows: (number of
bacterial c.f.u./number of amoebae)× 100 = bacterial survival
of A. castellanii. For human BMEC, following invasion assay,
the monolayers were washed twice with RPMI-1640 and
BMECs were incubated in 0.5mL of RPMI-1640 for 4 h at
37∘C in a 5%CO

2

incubator. Finally, bacterial colony forming
units were determined.

Encystment assays were performed to evaluate the ability
of E. coli K1 and its derivative mutants to survive inside A.
castellanii cysts. In brief, following invasion assays, the mix-
tures were transferred onto nonnutrient agar plates (prepared
using 3% (w/v) purified agar). The plates were incubated at
room temperature for up to 10 days. This allowed a complete
encystment ofA. castellanii trophozoites into the cyst form, as
observed visually under a phase-contrast microscope. Cysts
were then gently scraped off the agar surface using a cell
scraper by adding 5mL of dH

2

O and collected by centrifu-
gation at 2000×g for 10min and resuspended in 0.5mL of
dH
2

O and counted using a haemocytometer. The cysts were
treated with SDS (0.5% final concentration) and the bacterial
colony forming units were determined by plating on nutrient
agar plates. The bacterial colony forming units surviving
intracellular of A. castellanii cysts were calculated as follows:
(number of bacterial c.f.u./number of amoebae cysts) × 100 =
bacterial survival ofA. castellanii cysts. Statistical significance
for differences was evaluated using Student’s t-test in Excel. A
critical value of𝑃 < 0.05was used for all analysis using paired
t-test, one-tailed distribution. Data are presented as themean
± standard error.

3. Results

Plasmids, bacteriophages, and pathogenicity islands are
genomic additions that contribute to the evolution of bacte-
rial pathogens. In addition to acquired virulence genes on a
plasmid, chromosomal genes are also lost via deletions. The
formation of these “black holes,” that is, deletions of genes
that are detrimental to a pathogenic lifestyle, provides an
evolutionary pathway that enables a pathogen to enhance

virulence [14]. For E. coli interactions with A. castellanii, the
findings revealed that the deletion of RDIs 2, 9, 10, 15, and
17 resulted in significantly reduced association, while RDI
21 exhibited increased association with A. castellanii (𝑃 <
0.05 using paired t-test, one-tailed distribution) (Table 2).
For invasion of A. castellanii, plasmid cured RS218, the wild
type E. coli K1 in which black hole (region of genomic
deletion in K1 but present in K-12) was filled with K-12
HB101 DNA, deletions of RDIs 2, 9, 10, 12, 15, 18, 21, and
22 caused significantly reduced invasion of A. castellanii
compared with the wild type E. coli K1 (𝑃 < 0.05) (Table 2),
while the deletion of RDI 4 resulted in increased invasion.
In survival assays, plasmid cured RS218, deletions of RDIs 9,
10, 18, 21, and 22 lead to significantly reduced survival of A.
castellanii compared with the wild type E. coli K1 (𝑃 < 0.05)
(Table 2), while A. castellanii remained intact and viable after
survival prior to lysing with the SDS. When tested for their
ability to survive transformation of A. castellanii trophozoite
into cyst forms, the findings revealed that plasmid cured
RS218, deletions of RDIs 2, 4, 9, 10, 16, 18, 21, and 22
caused significantly reduced recovery fromA. castellanii cysts
comparedwith thewild type E. coliK1 (𝑃 < 0.05) (Table 2). In
contrast, the wild type E. coliK1 in which black hole was filled
with K-12 HB101 DNA and the deletion of RDI 17 showed
increased recovery from A. castellanii cysts compared with
the wild type E. coli K1 (𝑃 < 0.05) (Table 2).

For E. coli interactions with BMEC, the plasmid cured
RS218, the wild type E. coli K1 in which black hole was filled
with K-12 HB101 DNA and deletions of RDIs 10, 12, 15, 16,
21, and 22 resulted in significantly reduced association with
BMEC (𝑃 < 0.05) (Table 3). For invasion of BMEC, plasmid
cured RS218, the wild type E. coli K1 in which black hole was
filled with K-12 HB101 DNA and deletions of RDIs 2, 10, 17,
21, and 22 lead to significantly reduced invasion of BMEC
compared with the wild type E. coli K1 (𝑃 < 0.05) (Table 2),
while the deletion of RDI 18 showed increased invasion. In
survival assays, plasmid cured RS218, deletions of RDIs 10, 17,
21, and 22 caused significantly reduced survival inside BMEC
comparedwith thewild type E. coliK1 (𝑃 < 0.05) (Table 2). In
contrast, the wild type E. coliK1 in which black hole was filled
with K-12 HB101 DNA and the deletion of RDI 16 showed
increased recovery from A. castellanii cysts compared with
the wild type E. coli K1 (𝑃 < 0.05) (Table 2).

For BMEC cytotoxicity, all mutants tested except RDI
21 showed BMEC death at levels similar to the wild type E.
coli K1 RS218. The wild type E. coli K1 RS218 lacking RDI
21 showed significantly reduced levels of BMEC cytotoxicity
(𝑃 < 0.05) (Table 3). Among other virulence factors encoded
by the genomic island, previously our studies have identified
cytotoxic necrotizing factor-1 (CNF-1) as an important toxin
encoded by this genomic island that is required for E. coli
K1 invasion of BMEC in vitro and demonstrated its role
in producing meningitis in newborn rats in vivo [15]. To
determine whether abrogation of cytotoxicity in RDI 21 is
due to cnf1 deletion, we used isogenic cnf1 mutant tested in
cytotoxicity assays. The results revealed that Δcnf1 produced
BMEC death at levels similar to the wild type E. coliK1 RS218
(Figure 2) suggesting that RDI 21 gene(s)/factors other than
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Table 2: RS218-derived islands (RDI’s)mutants and their interactionswithAcanthamoeba castellanii.Thenumber ofE. coliK1 c.f.u. interacting
with A. castellanii was considered as 100% and the results of mutants strains are expressed as the relative change.

Identity A. castellanii
Association Invasion Survival Cyst survival

K1 (RS218) 100 100 100 100
Plasmid cured RS218 130.49 ± 25 26.19 ± 2∗ 75.19 ± 10∗ 25 ± 5∗

RS218 in which black hole was filled
with respective DNA from HB101 143.8 ± 19 32.74 ± 7∗ 147.84 ± 23 227.5 ± 23∗

RDI 1 111 ± 12 96.42 ± 9 132.8 ± 14 93.75 ± 16
RDI 2 68.53 ± 7∗ 36.90 ± 3∗ 132.8 ± 11 63.75 ± 8∗

RDI 4 246.53 ± 31 143.44 ± 20∗ 108.58 ± 15 55 ± 5∗

RDI 9 52 ± 3∗ 76.19 ± 6∗ 65 ± 8∗ 10 ± 2∗

RDI 10 45.9 ± 6∗ 51.78 ± 5∗ 63.66 ± 6∗ 8.75 ± 3∗

RDI 12 83.62 ± 10 69 ± 11∗ 92.18 ± 10 158.75 ± 9
RDI 14 88.92 ± 15 81.54 ± 11 97.26 ± 9 165 ± 5
RDI 15 60.19 ± 8∗ 73.8 ± 12∗ 110.34 ± 18 136.25 ± 13
RDI 16 124.7 ± 18 116 ± 11 93.35 ± 7 60 ± 9∗

RDI 17 49.95 ± 6∗ 83.92 ± 9 108.39 ± 16 172.5 ± 12∗

RDI 18 117.97 ± 16 28.57 ± 2∗ 25.38 ± 3∗ 8.12 ± 1∗

RDI 21 157 ± 14∗ 39.28 ± 4∗ 70.89 ± 6∗ 45 ± 3∗

RDI 22 109.62 ± 9 38.69 ± 6∗ 9.76 ± 1∗ 16.25 ± 3∗

(i) Association was calculated as follows: (number of bacterial c.f.u./number of amoebae) × 100 = bacterial association of A. castellanii.
(ii) Invasion was calculated as follows: (number of bacterial c.f.u./number of amoebae) × 100 = bacterial invasion of A. castellanii.
(iii) Survival was calculated as follows: (number of bacterial c.f.u./number of amoebae) × 100 = bacterial survival of A. castellanii.
(iv) Cyst survival was calculated as follows: (number of bacterial c.f.u./number of amoebae cysts) × 100 = bacterial survival of A. castellanii cysts.
∗indicates a significant difference (P < 0.05 using paired t-test, one-tailed distribution) when data of mutant strains were compared with the wild type E. coli
K1 data.

Table 3: RS218-derived islands (RDI’s) mutants and their interactions with human brain microvascular endothelial cells (HBMEC). For
associated, invasion, and survival assays, the number of E. coli K1 c.f.u. interacting with HBMEC was considered as 100% and the results of
mutant strains are expressed as the relative change. For cytotoxicity assays, E. coli K1-mediated HBMEC death was considered as 100% and
the results of mutant strains are expressed as the relative change.

E. coli HBMEC
Association Invasion Survival Cytotoxicity

K1 (RS218) 100 100 100 100
Plasmid cured RS218 27.41 ± 4.5∗ 92.52 ± 5.6∗ 70.86 ± 6∗ 104 ± 7.8
Black hole filled with HB101 DNA 31 ± 1.6∗ 62.86 ± 13∗ 163.5 ± 28∗ 87 ± 10
RDI 1 89.97 ± 1.2 112.8 ± 10.6 96.56 ± 8 97 ± 13
RDI 2 98.42 ± 2.6 72.5 ± 8.7∗ 91.6 ± 9.1 108 ± 14
RDI 4 93.6 ± 3.52 98.37 ± 0.8 96.76 ± 1.8 124 ± 2.3
RDI 9 101.47 ± 2.6 109.6 ± 4.4 106.5 ± 3.4 110 ± 12
RDI 10 61.12 ± 1.4∗ 58.5 ± 6.1∗ 55.47 ± 6∗ 92.8 ± 3
RDI 12 70.7 ± 8.3∗ 88.3 ± 7.1 107.5 ± 11 89.9 ± 9
RDI 14 105.84 ± 4.1 133.7 ± 22 96.7 ± 11 103 ± 4
RDI 15 53.97 ± 7.5∗ 115.9 ± 5.5 113.6 ± 3.1 118 ± 7
RDI 16 67.78 ± 3∗ 111 ± 13 156.1 ± 19∗ 127 ± 5.4
RDI 17 104 ± 1 69.77 ± 7.4∗ 60.4 ± 3.4∗ 105 ± 2
RDI 18 107.52 ± 1.6 159.2 ± 18∗ 108.6 ± 8.8 88 ± 1.8
RDI 21 32.82 ± 4.6∗ 25 ± 3.6∗ 17.95 ± 3∗ 14.5 ± 1.1∗

RDI 22 77.9 ± 8.9∗ 61.53 ± 8∗ 50.45 ± 7∗ 127 ± 3.4
(i) Association was calculated as follows: (number of bacterial c.f.u. recovered/original inoculum) × 100 = bacterial association of HBMEC.
(ii) Invasion was calculated as follows: (number of bacterial c.f.u. recovered/original inoculum) × 100 = bacterial invasion of HBMEC.
(iii) Survival was calculated as follows: (number of bacterial c.f.u. recovered/original inoculum) × 100 = bacterial survival of HBMEC.
(iv) Cytotoxicity was calculated as follows: (sample value − negative control value)/(total LDH release − negative control value) × 100 = HBMEC cytoxicity.
∗indicates a significant difference (P < 0.05 using paired t-test, one-tailed distribution) when data of mutant strains were compared with the wild type E. coli
K1 data.
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Figure 2: Escherichia coli K1-mediated human brain microvascular
endothelial cell cytotoxicity was abolished with the deletion of
RS218-derived genomic island 21. E. coliK1 strain E44 (106 c.f.u.) was
added to confluent cultures of primary human brain microvascular
endothelial cells (HBMEC) grown in 24-well plates. Plates were
incubated in a CO

2

incubator for 24 h. At the end of the incubation,
supernatants were tested for LDH release and converted to percent-
age cell death as described in Section 2. Data represent the mean
± standard error of three independent experiments. Note that the
deletion of RS218-derived genomic island 21 (RDI 21) abolished E.
coli K1-mediated cytotoxicity.

CNF-1 are involved in E. coli K1-mediated cytotoxicity of
BMEC.

4. Discussion

Acanthamoeba is a Trojan horse of the microbial world.
It acts as reservoir for many bacterial pathogens such as
Legionella pneumophila, Pseudomonas aeruginosa, Coxiella
burnetii, Vibrio cholera, and many others [19]. These bac-
terial pathogens survive and multiply inside Acanthamoeba
under harsh environmental conditions and are transmitted
to susceptible hosts. For instance, residing within amoeba has
been suggested as the “training ground” during evolution of
bacteria to become human pathogens [10, 20]. The evolution
of one species to house inside another is a remarkable
adaptation and consistent with the fundamental principle
of natural selection to favour cooperation. In a landmark
observation of Rowbotham [21], it was shown that Legionella
pneumophila can survive intracellular of Acanthamoeba. The
ability of L. pneumophila to resist grazing by Acanthamoeba
suggested their long coevolutionary history combined with
a series of adjustments ensuring bacterial survival and that
grazing resistance may have influenced evolutionary gain
of bacterial pathogenicity [20, 22]. Thus it is important to
study interactions of bacteria that are human pathogens
with the environmental Acanthamoeba to identify potential
virulence determinants. Previous studies have shown that
RDIs 12 (sia operon; prophage genes) and 22 (invasins (IbeA);
toxins (alpha-hemolysin), metabolism) are crucial in E. coli
K1 RS218 association with BMEC [12]. In contrast, our
findings revealed that deletion of neither RDI 12 nor 22 had
any effect on the wild type E. coli K1 association with A.

castellanii keratitis isolate belonging to the T4 genotype. A
likely explanation may be that E. coli K1 association with a
nonphagocytic BMEC is driven by bacterial determinants.
Thus the deletion of the genomic island containing adhesins
would result in reduced association as observed by Xie et
al., 2006 [12]. However, phagocytic nature of Acanthamoeba
would result in bacterial uptake mediated by host amoeba,
in addition to the presence of specific bacterial adhesins.
Notably, when tested for their association with BMEC, both
RDIs 12 and 22 showed significantly reduced levels of BMEC
association which is consistent with previous findings of Xie
et al. [12]. The ability of E. coli to survive within A. castellanii
trophozoite stage as well as withstand transformation of
the trophozoite form into the cyst form is a remarkable
property. We believe that the genomic islands required for
this process are of particular interest in our search for
potential E. coli K1 virulence determinants. It was interesting
to note that strains including plasmid cured RS218, the
wild type E. coli K1 in which black hole was filled with K-
12 HB101 DNA, RDIs 2 (prophage genes), 4 [adhesins (S
fimbriae, antigen 43), protein secretion system (T5SS), iron
uptake system], 9 (iron uptake system), 10 [toxins (peptide
toxins)], 16 [protein secretion system (T2SS), K1 capsule
biosynthesis], 18 (prophage genes), 21 [adhesins (P fimbriae,
nonfimbrial adhesins), protein secretion system (T1SS)], and
22 [invasins (IbeA); toxins (alpha-hemolysin), metabolism]
showed recovery from cysts at reduced levels compared
with the wild type E. coli K1 RS218. Our previous findings
revealed that type III secretion system (within the RDI 7)
and neuDB genes cluster (within the RDI 16) is important
for E. coli K1 interactions with A. castellanii [23, 24]. While
being consistent with previous data, RDI 16 showed reduced
recovery of E. coli K1 from cysts; however, there is a need to
determine the role of RDI 7 in E. coli K1 interactions with A.
castellanii as well as HBMEC and this will be addressed in
future studies.

For BMEC, the results revealed that the deletion of
RDIs 10 [toxins (peptide toxins)], 21 [adhesins (P fimbriae,
nonfimbrial adhesins), protein secretion system (T1SS)], and
22 [invasins (IbeA); toxins (alpha-hemolysin), metabolism]
reduced the ability of E. coli K1 to associate, invade, and
survive BMEC. When comparing with the intracellular cyst
survival assays, three RDIs, 10, 21, and 22, were important in
their interactions with both BMEC as well as A. castellanii.
Future studies are needed to precisely determine the role of
specific virulence determinant(s) within each genomic island
required for E. coli K1 interactions with A. castellanii and
BMEC.

Consistent with previous findings [12], it was observed
that RDI 12 deletion resulted in reduced E. coliK1 association
with BMEC but had no effect on its invasion of BMEC.
Similarly, it was observed that RDI 22 deletion resulted in
reduced E. coli K1 invasion of BMEC but had no effect on
its association of BMEC. In contrast, RDI 1 deletion affected
neither association nor invasion of BMEC,while Xie et al. [12]
showed reduced levels of invasion.This could be due to assay
conditions such as 90min [12] versus 60min incubations
in our assays. Given that assays are performed under static
conditions in the absence of any immune factors, compared
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with the in vivo situation and under dynamic blood flow, it is
believed that 60min incubations provide ample opportunity
for bacteria to interact with the host cells. Additionally,
a reduced duration of incubation will limit the effects of
extracellular factors that are shed during bacterial growth
(e.g., LPS), as the generation time for E. coli under laboratory
conditions is 15 to 20min. Apart from this anomaly, the
findings regarding E. coli K1 interactions HBMEC observed
in this study are consistent with those observed by Xie et
al. [12] and further suggest the need to identify virulence
determinant(s) within these genomic islands.

In addition to meningitis, E. coli K1 sepsis is a serious
complication with a mortality rate of >50%. It is the result of
a high level of bacteremia and characterized by capillary leak,
hypotension, and organ dysfunction [2]. Both lipopolysac-
charide (LPS) [24] and non-LPS factors are involved in
disease pathogenesis [20]. To identify potential determinants,
variousE. coliRS218-derived genomic islands (RDIs) deletion
mutants of E. coli K1 were tested for their ability to produce
BMEC death. The deletion of RDI 21 significantly reduced
the level of BMEC death (𝑃 < 0.05) suggesting the presence
of putative virulence determinants in this genomic island. As
CNF-1 has been identified as an important toxin encoded by
this genomic island that is required for E. coli K1 meningitis
[15], it was tempting to test its role in BMEC death. Notably,
Δcnf1 exhibited BMEC death at levels similar to the wild type
E. coli K1 RS218 suggesting that RDI 21 gene(s)/factors other
than CNF-1 are involved in E. coli K1-mediated BMEC death.
This is not surprising as distinct bacterial determinants are
likely required for sepsis and the blood-brain barrier crossing
leading to meningitis. Findings observed in this study may
lead to future discovery of potential targets for therapy against
sepsis as well as to the identification of determinants required
for bacterial survival in the environmental phagocyte.
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Stenotrophomonas ssp. has a wide environmental distribution and is also found as an opportunistic pathogen, causing nosocomial
or community-acquired infections. One species, S. maltophilia, presents multidrug resistance and has been associated with serious
infections in pediatric and immunocompromised patients. Therefore, it is relevant to conduct resistance profile and phylogenetic
studies in clinical isolates for identifying infection origins and isolates with augmented pathogenic potential. Here, multilocus
sequence typing was performed for phylogenetic analysis of nosocomial isolates of Stenotrophomonas spp. and, environmental and
clinical strains of S. maltophilia. Biochemical and multidrug resistance profiles of nosocomial and clinical strains were determined.
The inferred phylogenetic profile showed high clonal variability, what correlates with the adaptability process of Stenotrophomonas
to different habitats. Two clinical isolates subgroups of S. maltophilia sharing high phylogenetic homogeneity presented intergroup
recombination, thus indicating the high permittivity to horizontal gene transfer, a mechanism involved in the acquisition of
antibiotic resistance and expression of virulence factors. For most of the clinical strains, phylogenetic inference was made using
only partial ppsA gene sequence. Therefore, the sequencing of just one specific fragment of this gene would allow, in many cases,
determining whether the infection with S. maltophilia was nosocomial or community-acquired.

1. Introduction

The genus Stenotrophomonas is genetically and phenotyp-
ically heterogeneous [1, 2], presently encompassing twelve
recognized species validated in the List of Prokaryotic
Names with Standing inNomenclature (http://www.bacterio.
cict.fr/s/stenotrophomonas.html).

S. maltophilia, the genus type species, besides its biotech-
nological importance (nitrogen fixing, stimulation of plant
growth), has gained clinical importance in the last two
decades, being the only specie of the genus Stenotrophomonas
found in the environment and also as an opportunistic
human pathogen [1, 3, 4]. S. maltophilia occurs in any
aquatic/humid environment and is capable of colonizing

and proliferating in abiotic surfaces, such as Teflon, glass,
and plastics, and it has been isolated in niches as diverse
as catheters, dialysis machine tubing, and drinking water
reservoirs [4], causing nosocomial as well as community-
acquired infections [4–7].

S. maltophilia can cause serious bloodstream and res-
piratory infections in immunocompromised patients, with
reports on crude mortality rates between 18% and 69%
(reviewed by Paez and Costa [8]). S. maltophilia infections
have great relevance in pediatric hospitals, being associated
to high morbimortality rates (crude mortality rates around
40%) in Intensive Care Unit (ICU): hospitalized and/or
immunocompromised patients [9, 10]. Surveys fromdifferent
geographic regions report an increasing rate of S. maltophilia
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infections in the last decade, probably associated with an
escalation of invasive procedures, the spread of naturally
carbapenen-resistant S. maltophilia,and the empirical use of
broad spectrum antibiotics [3, 6, 10–12]. Furthermore, S.
maltophilia is not exclusively a nosocomial pathogen, since
it has been associated with community-acquired infections,
mainly affecting patients with some kind of comorbidity [5, 7]
and mostly related to water supply contamination [4]. In
a recent survey of S. maltophilia bloodstream infections in
Taiwan between 2008 and 2011 (153 cases), Chang et al. [7]
found that 38.6%were community-onset (48.5% community-
acquired and 52.8% healthcare-associated).

S. maltophilia has high-level intrinsic resistance to many
unrelated antibiotics [4, 6]. Besides multidrug-efflux pumps
and low outer membrane permeability, this bacterium can
also acquire antibiotic resistance by horizontal transfer of
resistance genes located on plasmids, transposons, and inte-
grons [3, 4, 13–15]. The remarkable capacity of S. maltophilia
for acquiring genetic factors of resistance to antibiotics and
biocides shows the importance of conducting resistance
profile and phylogenetic studies in clinical isolates, aiming
to identify the origins of horizontal genetic transmission
(environmental, nosocomial), and isolates with augmented
pathogenic potential [4, 16].

Multilocus sequencing typing (MLST) has proven to be
a reliable mean for inter- and intraspecies delineation of
Stenotrophomonas spp. and a highly portable standard for
strain characterization [2, 16]. Moreover, MLST provides
an adequate window of discrimination for distinguishing
among clusters of closely related isolates (clonal complexes)
and, therefore, for unraveling horizontally transferred genetic
information, because it modifies the composition inside
clonal groups [16–19]. Here we used MLST and phylogenetic
analysis, as well as biochemical and multidrug resistance
profiles, for characterizing nosocomial isolates and clini-
cal strains of Stenotrophomonas spp. and for identifying
community- and hospital-acquired origin of nosocomial
isolates.

2. Materials and Methods

2.1. Stenotrophomonas spp. Nosocomial Isolates and Strains.
Twenty-nine nosocomial isolates obtained from Hospital
Israelita Albert Einstein (HIAE), São Paulo, SP, Brazil; and
thirteen clinical strains; five environmental strains; and five
type strains (one clinical and four environmental) from dif-
ferent collections, in total 52 bacterial strains (Table 1), were
selected for phylogenetic and phenotypic analyses for deter-
mining their phylogenetic profiles and association with bio-
chemical and multidrug resistance characteristics. Fourteen
of the HIAE nosocomial isolates were collected from patients
hospitalized in the Intensive Care Unit (ICU). The clinical
and environmental strains were obtained from the Belgian
Co-ordinated Collections ofMicro-organisms/Laboratorium
voor Microbiologie of Universiteit Gent (BCCM/LMG,
Gent, Belgium, http://bccm.belspo.be/index.php). The clini-
cal strains were collected between 1976 and 1995 having dif-
ferent geographical origins. One of the five Stenotrophomonas

type strains was obtained from theGermanCultureDeutsche
Sammlung von und Mikroorganismen Zellkulturen GmbH
(DSMZ Braunschweig, Germany) and the remaining four
came from the BCCM/LMG culture collection.

Bacterial strains were preserved in Trypticase Soy Broth
(TSB, Difco Laboratories, Detroit, Michigan) with glycerol
(10% v/v) at −80∘C. Nosocomial isolates were grown in TSB
and, subsequently, these strains were cultivated on Trypticase
Soy Agar (TSA, Difco Laboratories, Detroit, Michigan) to
check for any eventual contamination. Belonging to the genus
Stenotrophomonas was confirmed by sequencing of a 500 bp
fragment of the 16S rRNA gene.

2.2. Biochemical and Drug Resistance Tests. Biochemical
phenotyping of nosocomial isolates and bacterial strains was
attained by using the API 20NE kit (BioMérieux, Marcy-
I’Etoile, France). Nitrogen-fixing capability—a common
characteristic of environmental Stenotrophomonas strains—
was determined for all the nosocomial and clinical strains
here studied by means of the acetylene reduction assay, using
the nitrogen fixing strain Azospirillum brasilense Sp7T as
positive control [20].

The antibiotic resistance profiles of Stenotrophomonas
nosocomial isolates and strains were determined by using
susceptibility test discs [21, 22]. Bacteria were grown on
Mueller-Hinton agar in the presence of the following antibi-
otic discs (Cefar Diagnóstica Ltda., São Paulo, Brazil): amox-
icillin/clavulanic acid, 30 𝜇g; imipenem, 10 𝜇g; meropenem,
10 𝜇g; ceftazidime, 30 𝜇g; cefotaxime, 30 𝜇g; aztreonam,
30 𝜇g; ciprofloxacin, 5 𝜇g, levofloxacin, 5 𝜇g; chlorampheni-
col, 30 𝜇g, trimethoprim-sulfamethoxazole, 25𝜇g; tetracy-
cline, 30 𝜇g; and tobramycin, 10 𝜇g.The results were evaluated
according to CLSI [21, 22].

2.3. Genomic DNA Extraction. Total genomic DNA of bacte-
rial strains was extracted by using theWizard Genomic DNA
Purification Kit (cat. no. A1120, Promega Corporation,Madi-
son, WI), according to the manufacturer’s instructions. DNA
quality and concentration were determined through 1.0%
agarose gel electrophoresis using the Invitrogen Low Mass
ladder (cat. no. 10068013, Invitrogen Corporation, Carlsbad,
CA) and ethidium bromide staining and visualization under
UV light.

2.4. Phylogenetic Analysis by Multilocus Sequence Typing
(MLST). Seven constitutive genes were chosen for phylo-
genetic analysis. Six of these genes— atpD, gapA, guaA,
ppsA, nuoD, and recA—were firstly employed for inferring
the population structure of the genus Stenotrophomonas by
Kaiser et al. [16]. We also included the constitutive gene rpoA
already used by our group [23].

Amplification conditions for gapA, guaA, ppsA, recA, and
rpoA were 1X Taq DNA polymerase buffer, 1.5mM MgCl

2

,
2 U of Taq DNA polymerase (cat. no. 10342020 Invitrogen
Corporation, Carlsbad, CA), 25mM of dNTPs, 10mM of for-
ward and reverse primers [16, 23], andwater to adjust the final
reaction volume to 50 𝜇L. The amount of DNA per reaction
ranged from 20 to 40 ng depending on the size of the gene
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Table 1: Nosocomial isolates, clinical and environmental strains, and type strains of Stenotrophomonas spp..

Strains Source
Nosocomial strains

HIAE 1911, HIAE 1990, HIAE 1998, HIAE 2336,
HIAE 2425, HIAE 2737, HIAE 2947, HIAE 3182,
HIAE 3338, HIAE 3576, HIAE 3730, HIAE 3808,
HIAE 4003, HIAE 4249, HIAE 4471, HIAE 4500,
HIAE 4600, HIAE 4638, HIAE 4800, HIAE 4920,
HIAE 4948, HIAE 5124, HIAE 5399U

Tracheal secretion

HIAE 2229, HIAE 2505 Drain secretion
HIAE 5180 Leg ulcer
HIAE 3369 Human blood culture
HIAE 5188 Eye secretion
HIAE 3673 Brochoalveolar lavage

Clinical strains
LMG 957, LMG 10851, LMG 10857∗, LMG 10874∗, LMG 11114 Human blood culture
LMG 10853∗ Tracheal secretion
LMG 10877∗ Patient suffering from sinusitis, pus
LMG 10989 Bile
LMG 10991∗ Leg, pus
LMG 10992 Expectoration
LMG 11002 Mamilla
LMG 11004 Urine
LMG 22072 Cerebrospinal fluid

Environmental strains
LMG 11089, LMG 11090 Cichorium intybus rhizosphere
LMG 11105, LMG 11108 Triticum roots
LMG 6608 rhizosphere

Type strains
LMG 958 S. maltophilia Cortical necrosis
LMG 22073 S. acidaminiphila Mud
LMG 22074 S. nitritireducens∗ Laboratory scale filter
LMG 25348 S. pavanii Sugar cane
DSMZ 17805 S. koreensis∗ Compost (straw + manure)

∗Genomic sequences deposited in the GenBank were utilized in addition to sequences obtained in our laboratory for the genomic analysis by MLST. UStrains
collected in the ICU of Hospital Israelita Albert Einstein (HIAE).

fragment to be amplified. The PCR reaction was performed
for 40 cycles at the following temperatures: denaturation of
DNA at 95∘C/6min, annealing at 62∘C/15 sec, and extension
at 72∘C/1min and 15 sec. A final extension was performed
at 72∘C/7min. In order to amplify the sequences of atpD
and nuoD [16], the annealing temperatures were decreased
to 60∘C and 48∘C, respectively. The amplified products were
purified with GFX PCR DNA and Gel Band Purification Kit
(cat. no. 27-9602-01, GE Healthcare, Buckinghamshire, UK),
following the manufacturer’s instructions.

The sequencing reactions were performed using the
Big Dye Terminator v3.1 Cycle Sequencing Kit (catalog no.
4337455, Applied Biosystems, Austin, Texas) and precipitated
with the Big Dye XTerminator Purification Kit (catalog no.
4376486, Applied Biosystems, Austin, TX) following the
manufacturer’s instructions. The cycling temperatures were

95∘C/20 sec for denaturing, 50–55∘C/15 sec for annealing, and
60∘C/1min for elongation. This cycle was repeated 30 times.
The sequences were read in the ABI 3500 Genetic Analyzer
(Applied Biosystems, Forest City, California).

Sequence quality was analyzed and consensus sequences
were identified by using the software Chromas Pro version
1.5 (Technelysium Pty Ltd, http://www.technelysium.com.
au/chromas.html). After obtaining the consensus sequences
for each bacterial strain, these sequences were exported in
FASTA format for phylogenetic inference using the software
MEGA 5 [24]. The phylogenetic trees were constructed by
the neighbor-joining (NJ) method [25, 26], based on the p-
distance [27, 28].

The GenBank (http://www.ncbi.nlm.nih.gov/genbank/)
accession numbers for gene nucleotide sequences with
200 bp or more are atpD, KC209168-KC209214; recA,
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KC209215-KC209254; ppsA, KC209255-KC209300; gapA,
KC209301-KC209345; nuoD, KC209346-KC209384; and
guaA, KC209385-KC209424. These data were publicly
released by GenBank on February 17, 2013.

Analysis of nucleotide sequence diversity was performed
for the nosocomial isolates, clinical strains, and type strains
using the software DNAsp [29] (DNA Sequence Polymor-
phism version 4.10) for atpD, gapA, guaA, nuoD, ppsA, recA,
and rpoA genes. The parameter Pi (nucleotide diversity)
corresponds to the average number of nucleotide differences
per site between two sequences [30, 31] and its sampling
variance [30].

3. Results

3.1. Biochemical and Drug Resistance Tests. All bacterial
strains, with the exception of the four environmental type
strains, five well-characterized environmental strains from
LMG collection (see Section 2), three nosocomial isolates,
and eight clinical strains were tested biochemically and
identified as belonging to the genus Stenotrophomonas, what
was confirmed for all clinical and nosocomial isolates by
16S rRNA gene sequencing. Theresults showed extensive
biochemical similarity between these isolates (see Table 2).
Moreover, all nosocomial isolates and clinical strains were
found to be unable to reduce acetylene, revealing their
incapacity for fixing nitrogen.

The 42 bacterial strains tested for drug resistance
(Table 3) showed sensitivity to levofloxacin. The sensitivity
to other antimicrobials was slightly or considerably lower:
chloramphenicol (97.6%), trimethoprim-sulfamethoxazole
(90.5%), ciprofloxacin (88.1%), ceftazidime (76.2%), tetra-
cycline (71.4%), and tobramycin (71.4%). The isolates were
resistant to imipenem (97.6%), cefotaxime (95.2%), aztre-
onam (85.7%), amoxicillin/clavulanic acid (85.7% each), and
meropenem (81%). Interestingly, the majority of clinical
isolates studied here show resistance to various beta-lactams
(AMC, IPM,MER, CAZ, CTX, and ATM), a characteristic of
clinical isolates of S. maltophilia [32, 33].

3.2. MLST Phylogenetic Analysis. In order to conduct phylo-
genetic studies using MLST data, fragments of seven consti-
tutive genes were amplified and sequenced for 45 strains and
for 7 strains were obtained fromGenBank [2, 16] as indicated
in Table 1. After sequence alignment, fragments sized 136
to 401 nucleotides for the atpD, gapA, guaA, nuoD, ppsA,
recA and rpoA genes were used for nucleotide diversity and
phylogenetic analyses. The gene with the highest number of
polymorphic sites (87 sites) was guaA, followed by recA (66
sites), and the genes rpoA, ppsAand gapAhad the higher rates
of nucleotide diversity (Table 4).

Concatenated sequences were firstly obtained using frag-
ment sequences of atpD, gapA, guaA, ppsA, nuoD, recA,
and rpoA from 47 bacterial samples. These concatenated
sequences were utilized to construct a neighbor-joining
tree (based on p-distance). The phylogram (Figure 1) shows
the division of these 47 strains in two groups: group A
contains three type strains of environmental species of the

genus Stenotrophomonas and groupB includes all nosocomial
strains and type strains of S. maltophilia and S. pavanii.
Interestingly, group B is divided into three major sub-
groups (bootstrap > 70): B.I and B.II sharing high phyloge-
netic homogeneity and subgroup B.III, more heterogeneous,
encompassing three clusters of strains (bootstrap > 99).
Phylograms were also constructed using one-gene fragments
(ppsA or recA genes).The ppsAphylogram (Figure 2) shows a
tree topology very similar to phylogram based on seven genes
concatenated as depicted in Figure 1. On the other hand, the
recA phylogram (Figure 3) shows a shuffling between the
B.III clusters and B.I subgroup, thus favoring the hypothesis
of intersubgroup recombination. It is worth to note that
groups B.I and B.III comprise isolates and strains with higher
resistance to antibiotics.

3.3. Phylogenetic Analysis Including Environmental Strains
of S. Maltophilia. A phylogram for analyzing the genetic
similarity between clinical and environmental isolates of the
genus Stenotrophomonas (all strains of Table 1) was built
using the concatenated fragment sequences of the genes
atpD, gapA, guaA, ppsA, nuoD, and recA (Figure 4). In
this phylogram, it is possible to observe the formation of
two groups of strains with higher phylogenetic proximity:
group A contains only three environmental type strains
of Stenotrophomonas and Group B contains all the other
clinical and environmental strains plus the type strains of
S. maltophilia and S. pavanii. Considering the phylogenetic
proximities, group B can be divided in four subgroups (B.I
to B.IV). B.I includes the five environmental strains of S.
maltophilia and four nosocomial strains. B.II contains the
type-strain of S. maltophilia and 12 nosocomial strains. B.III
encompasses seven nosocomial isolates. B.IV contains the
type-strain of S. pavanii and 14 nosocomial strains. The
subgroup B.IV is subdivided into three small clusters: B.IV.1
and B.IV.2 encompass only nosocomial strains and B.IV.3
encompasses nosocomial strains and the type-strain of S.
pavanii.

It is important to note that the subgroups and clusters
B.II, B.III, B.IV.1, B.IV.2, and B.IV.3 have high phylogenetic
similarity (bootstrap values between 99 and 100). Moreover,
most of the strains in the groups B.II, B.III, B.IV.1, and B.IV.2
exhibit some intragroup metabolic differences, whereas the
samples grouped into B.IV.1 show the same biochemical
profile (Table 2). This phenotypic divergence between strains
and isolates belonging to the same phylogenetic group
indicates multiplicity of origin, as will be discussed later.
Finally, the phylogram depicted in Figure 4 also shows that
the majority of nosocomial isolates and clinical strains are
phylogenetically distinct from environmental strains of S.
maltophilia.

4. Discussion

This study adopted a phylogenetic approach—based on anal-
ysis of nucleotide sequences of fragments of specific genes
by constitutive multilocus sequencing typing (MLST)—to
investigate the clonal variability of nosocomial isolates and
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Figure 1: Neighbor-joining phylogram of 47 Stenotrophomonas spp. clinical strains based on 7 concatenated genes. Neighbor-joining
phylogram (1000 bootstrap replications, p-distance model) derived from concatenation of atpD, guaA, gapA, nuoD, ppsA, recA, and rpoA
gene sequences. Phylogenetic groups and subgroups are indicated by A, B, B.I, B.II, B.III, B.III.1, B.III.2, and B.III.3. The numbers at branch
nodes represent bootstrap values ≥ 50.
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Table 2: API 20 NE biochemical profile of Stenotrophomonas spp. phylogenetically close subgroups shown in Figure 1 or Figure 4.

Phylogenetic groups Strains Biochemical profile
Figure 1 Figure 4 NO3 ADH URE PNPG

B.III.3 B.IV.3

HIAE 1998 − − − +
HIAE 2229 − − − +
HIAE 2425 − − − +
LMG 11114 − − − +

B.III.2 B.IV.2

HIAE 3673 + + − +
LMG 11002 − − + −

HIAE 3730 − − − −

HIAE 4003 + − − +

B.III.1 B.IV.1

HIAE 5124 − + − +
HIAE 3369 + + − +
LMG 957 + − − +
LMG 10853 − − + +
HIAE 2336 − − − +

B.II B.III

HIAE 3338 − − − +
HIAE 3576 − − − −

HIAE 4600 + − − +
HIAE 4500 − − − +
HIAE 4800 − − − +
HIAE 3808 − − − +
HIAE 5399 − − − +

B.I B.II

HIAE 4920 − − − −

HIAE 4249 − − − −

HIAE 1911 − − − +
HIAE 4948 − − − +
HIAE 3182 + − − +
HIAE 1990 − − − −

LMG 958 + − − +
HIAE 5188 + − − +
LMG 10992 + − + −

HIAE 4638 + − − +
HIAE 2505 − − − −

HAIE 2737 − − − −

NO3: Potassium nitrate, ADH: L-arginine, URE: urea, and PNPG: 4-nitrophenyl 𝛽-D-galactopyranoside.
All strains were negative for the following: TRP: L-tryptophane, GLU: D-glucose (fermentation), ARA: L-arabinose, MAN: D-mannitol, GNT: potassium
gluconate, CAP: capric acid, ADI: adipic acid, PAC: phenylacetic acid, and OX: oxidase and positive for the following: ESC: esculin, GEL: gelatin, GLU: D-
glucose (assimilation), MNE: D-mannose, NAG: N-acetyl-glucosamine, MAL: D-maltose, MLT: malic acid, and CIT: trisodium citrate.
Strains LMG 25348, HIAE 2947, and HIAE 4471 were not tested.

clinical strains of the genus Stenotrophomonas, which were
also characterized biochemically and for their antibiotic
resistance profile. This study allowed us to correlate the
phylogenetic and phenotypic profiles with a multiclonal
origin, reflecting the process of adaptability of bacteria of the
genus Stenotrophomonas to different habitats.

A common phenotypic trait of all clinical strains and
nosocomial isolates of Stenotrophomonas spp. studied in
this work is their incapacity for nitrogen fixation. Biological
nitrogen fixation is typical of environmental S. maltophilia

(as well as of other Stenotrophomonas species) and depends
on the nitrogenase structural gene nifH [21, 34, 35]. The
expression of nif genes is controlled by nitrogen availability
or the energetic status of the bacterial cell [36]. Therefore,
one is tempted to hypothesize that the loss of the nifH gene
cluster [37] could be an energy-saving adaptive event favoring
the transition from free-living to opportunistic pathogen
phenotype.

Phylogenetic analysis by MLST clearly showed that the
nosocomial isolates and clinical strains of Stenotrophomonas
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Table 3: Antibiotic resistance profile of Stenotrophomonas spp. strains. Phylogenetic subgroups are indicated (Figure 1 or Figure 4).

Phylogenetic groups Strains Drugs tested: inhibition halo diameter in mm/resistance level MR
Figure 1 Figure 4 AMC IPM MER CAZ CTX ATM CIP LVX CHL SXT TET TOB

B.III.3 B.IV.3

HIAE 1998 0/R 0/R 0/R 17/I 0/R 0/R 17/I 20/S 22/S 23/S 19/S 0/R +
HIAE 2229 0/R 0/R 0/R 22/S 11/R 0/R 22/S 30/S 26/S 29/S 22/S 15/S +
HIAE 2425 0/R 0/R 0/R 25/S 12/R 0/R 29/S 33/S 29/S 25/S 18/I 15/S +
LMG 11114 0/R 0/R 0/R 25/S 15/I 0/R 28/S 33/S 29/S 21/S 21/S 0/R +

B.III.2 B.IV.2

HIAE 3673 0/R 0/R 0/R 22/S 9/R 0/R 23/S 30/S 20/S 26/S 20/S 23/S +
LMG 11002 30/S 0/R 28/S 36/S 18/I 0/R 32/S 28/S 34/S 34/S 20/S 28/S +
HIAE 3730 0/R 0/R 0/R 16/I 0/R 0/R 27/S 33/S 30/S 27/S 17/I 15/S +
HIAE 4003 0/R 0/R 0/R 27/S 15/I 0/R 29/S 33/S 28/S 31/S 25/S 25/S +

B.III.1 B.IV.1

HIAE 5124 10/R 8/R 13/R 28/S 16/I 0/R 36/S 36/S 26/S 30/S 24/S 26/S +
HIAE 3369 12/R 0/R 13/R 30/S 19/I 0/R 31/S 35/S 28/S 24/S 16/I 23/S +
LMG 957 11/R 0/R 10/R 32/S 20/S 0/R 31/S 28/S 21/S 34/S 17/I 21/S +
LMG 10853 18/S 0/R 20/S 40/S 21/I 0/R 30/S 33/S 32/S 27/S 26/S 22/S +
HIAE 2336 10/R 0/R 0/R 16/I 0/R 0/R 15/R 21/S 22/S 20/S 0/R 25/S +

B.II B.III

HIAE 3338 11/R 0/R 12/R 28/S 12/R 22/S 27/S 32/S 29/S 28/S 20/S 24/S +
HIAE 3576 10/R 0/R 22/S 25/S 17/I 16/I 28/S 29/S 26/S 17/S 17/I 23/S +
HIAE 4600 12/R 0/R 11/R 26/S 0/R 23/S 30/S 33/S 32/S 24/S 21/S 22/S +
HIAE 4500 0/R 0/R 0/R 17/I 0/R 0/R 27/S 33/S 27/S 29/S 25/S 20/S +
HIAE 4800 0/R 0/R 0/R 31/S 0/R 0/R 28/S 31/S 21/S 27/S 28/S 20/S +
HIAE 3808 9/R 0/R 0/R 20/S 0/R 0/R 28/S 29/S 28/S 24/S 22/S 18/S +
HIAE 5399 0/R 0/R 0/R 17/I 0/R 0/R 29/S 30/S 36/S 25/S 23/S 22/S +

B.I B.II

LMG 22072 0/R 0/R 0/R 0/R 10/R 0/R 23/S 26/S 23/S 25/S 19/S 16/S +
HIAE 5180 0/R 0/R 0/R 31/S 12/R 0/R 23/S 33/S 34/S 31/S 33/S 12/R +
HIAE 4920 11/R 0/R 0/R 0/R 0/R 0/R 0/R 31/S 31/S 21/S 19/S 25/S +
HIAE 4249 10/R 0/R 0/R 21/S 0/R 0/R 9/R 17/S 29/S 0/R 13/R 0/R +
HIAE 1911 8/R 0/R 0/R 20/S 0/R 0/R 22/S 26/S 30/S 17/S 10/R 0/R +
HIAE 4948 0/R 0/R 0/R 31/S 0/R 0/R 28/S 31/S 21/S 27/S 22/S 0/R +
HIAE 3182 0/R 0/R 0/R 18/S 10/R 0/R 20/I 17/S 23/S 24/S 19/S 0/R +
HIAE 1990 0/R 0/R 0/R 10/R 0/R 0/R 26/S 25/S 27/S 0/R 13/R 12/R +

LMG 958 S. maltophilia 24/S 0/R 23/S 29/S 15/I 23/S 36/S 36/S 34/S 26/S 27/S 18/S −∗

HIAE 5188 18/S 0/R 0/R 28/S 10/R 0/R 38/S 40/S 30/S 38/S 26/S 18/S +
LMG 10992 0/R 0/R 0/R 22/S 13/R 0/R 27/S 31/S 31/S 26/S 23/S 15/S +
HIAE 4638 0/R 0/R 0/R 21/S 0/R 0/R 23/S 27/S 23/S 21/S 21/S 23/S +
HIAE 2505 0/R 0/R 0/R 10/R 15/I 0/R 36/S 36/S 25/S 26/S 24/S 0/R +
HIAE 2737 12/R 0/R 0/R 16/I 0/R 0/R 29/S 32/S 34/S 27/S 18/I 0/R +

B B.I

LMG 11004 0/R 0/R 0/R 24/S 10/R 0/R 30/S 34/S 0/R 0/R 22/S 25/S +
LMG 10991 10/R 0/R 32/S 28/S 10/R 32/S 38/S 32/S 30/S 38/S 24/S 34/S +
LMG 10851 0/R 0/R 0/R 26/S 13/R 0/R 34/S 40/S 36/S 28/S 16/I 38/S +
LMG 10877 0/R 0/R 0/R 20/S 0/R 0/R 26/S 29/S 28/S 27/S 22/S 25/S +
LMG 10989 16/I 8/R 24/S 26/S 12/R 24/S 32/S 40/S 30/S 28/S 30/S 8/R +
LMG 10857 0/R 0/R 0/R 29/S 0/R 0/R 24/S 28/S 25/S 26/S 13/R 0/R +

A A LMG 22073 S. acidaminiphila 30/S 13/R 42/S 29/S 16/I 42/S 35/S 37/S 33/S 17/S 31/S 28/S −∗

DSMZ 17805 S. koreensis 39/S 37/S 41/S 31/S 40/S 0/R 28/S 29/S 32/S 0/R 32/S 25/S −
MR: Multidrug resistance. Amoxicillin/clavulanic acid (AMC); imipenem (IPM); meropenem (MER); ceftazidime (CAZ); cefotaxime (CTX); aztreonam
(ATM); ciprofloxacin (CIP); levofloxacin (LVX); chloramphenicol (CHL); trimethoprim-sulfamethoxazole (SXT); tetracycline (TET); tobramycin (TOB).The
drug tests were not performed for HIAE 2947, HIAE 4471, LMG 10874, LMG 22074, LMG 25348, S. pavanii, and S. nitritireducens strains.
Resistance levels: bold font: resistant; italic font: intermediate; normal font: sensible.
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Table 4: Nucleotide diversity of the Stenotrophomonas spp. analyzed in this study.

Gene Fragment size (bp) Polymorphic sites Mutations Nucleotide diversity (Pi)
synonymous nonsynonymous

atpD (3) 303 24 2 22 0.02013
gapA (1) 314 55 48 7 0.03592
guaA (3) 401 87 8 79 0.02889
nuoD (1) 213 32 28 4 0.02742
ppsA (1) 257 56 46 10 0.03763
recA (1) 254 67 58 9 0.03749
rpoA (1) 136 29 17 12 0.03904
Numbers between parentheses indicate the transcription initiation base position.

spp. here studied have multiclonal origin and that the noso-
comial isolates are grouped separately from environmental
strains of the genus Stenotrophomonas (excepting S. pavanii).
The pattern here observed is that of clonal complexes: groups
are closely related, but not identical, to probable origin in a
relatively recent common ancestor [16–18].

Thephylogenetic groups and subgroups (see Figures 1 and
4) show high values (higher than 80) of bootstrap, indicating
that amount of genetic variability here analyzed was adequate
for defining five clonal groups (in Figure 1: subgroups B.I;
B.II; B.III.1, 2, and 3 or in Figure 4: subgroups B.II and
B.IV. 1, 2, and 3) among the clinical samples included in
this study. Importantly, the 29 clinical samples isolated from
HIAE patients of which 14 were collected from ICU patients
(see Table 1) between August 2005 and July 2006 and 13
strains of clinical LMG, isolated at different times (between
1976 and 1995) and with distinct geographical origins, are
positioned inside the subgroups B.I and B.III or B.II and B.IV
identified in the phylograms shown in Figure 1 or Figure 4,
respectively. Altogether, these data are consistent with a
scenario of community-origin infections.

The multiclonal origin of clinical strains and nosocomial
clinical isolates studied here is consistentwith the characteris-
tics of emerging and opportunistic pathogen described for S.
maltophilia [4]. Moreover, this characterization is supported
by detection of multidrug resistance in all these isolates
and strains, what is a distinctive property of opportunistic
pathogens of environmental origin [1, 4]. In the case of this
study, it is worth to note that the majority of clinical isolates
showed resistance to beta-lactams, which is typical of clinical
isolates of S. maltophilia [11, 32, 33].

It is also interesting to note that some strains and clinical
isolates with large phylogenetic proximity, with bootstrap
values between 99 and 100 (see Figure 4 and Table 2), which
could be considered as belonging to the same clonal group, do
not share full identity in themetabolic profile, which indicates
the community origin of these isolates and adaptive plasticity
of its genome.

Comparative analysis of the phylograms based on ppsA
(Figure 2) and recA (Figure 3) genes indicates the occurrence
of intergroup genetic recombination involving subgroup
B.III: there is clear separation between subgroups B.I and
B.III in the phylogram generated from ppsA, but there is an
overlapping of B.I subgroup and part of samples of B.III.2 and

B.III.3 subgroups in the phylogram generated from recA.This
result suggests the occurrence of a mechanism of horizontal
transfer of genetic material that may occur by the insertion of
phage, plasmids, pathogenic islands, or action of transposons
[18, 38]. Moreover, it is well established that S. maltophilia
can acquire genes involved in the resistance to antimicrobial
agents and antibiotics from other environmental bacteria
through horizontal gene transfer [4, 14].

Horizontal gene transfer events can modify the composi-
tion of clonal groups as evidenced by studies ofMLST [16–19].
This is precisely the case of the isolates that integrate the B.I
and B.III subgroups. This finding by MLST analysis indicates
that the genome of subgroup B.III would be permissive to
gain new factors of virulence and of resistance to antimicro-
bial agents. In fact, strains of the subgroups B.I and B.III are
among themostmultiresistant to antibiotics in this study (see
Table 3).

The constitutive genes guaA, gapA, ppsA, and rpoA
showed the highest nucleotide variability among the seven
genes selected for phylogenetic analysis by MLST (Table 4).
Using data from sequencing of specific fragments of these
genes, four phylograms were generated and the phylogram
generated from ppsA gene fragment sequence showed the
discrimination of clonal groups closest to the concatenated
phylogram shown in Figure 1.This result has practical interest
since it indicates that the sequencing of a fragment of 257 bp
of the ppsA gene can serve to discriminate between clonal
groups of isolates of the genus Stenotrophomonas.This simpli-
fied scheme can be employed in a clinical laboratory to check
whether the infection with S. maltophilia was nosocomial or
community-acquired.

5. Conclusions

The results of this work show that phylogenetic analysis by
MLST is an important tool for the investigation of the genus
Stenotrophomonas as an emerging pathogen. Such analysis is
appropriate to identify the nosocomial or community origin
of infections, serving to detect outbreaks and allowing a study
of the population structure of the pathogen that is important
for molecular epidemiology [16–18]. Moreover, studies using
MLST are useful to investigate the origin of community
infections by S. maltophilia and identify intermediate hosts,
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an area that remains unclear [4]. As emphasized by Maiden
[17], MLST provides universal and rapid means for the iden-
tification of clonal complexes corresponding to hyperinvasive
strains while they are spreading globally.
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