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The term “environmental biotechnology” encapsulates a wide
and dynamic spectrum of topics including bioremediation,
biofiltration, wastewater treatment, biodegradation, waste
management, and biofuel production. All these disciplines
are underpinned by complex interacting microbial commu-
nities; hence exciting research has been undertaken and
increasingly driven by cutting-edge ecogenomic techniques.
However, understanding of microbial diversity, population,
and structure for sustainable environmental management
remains largely a “black box.” Thus exciting findings identi-
fied new knowledge gaps and, inevitably, engendered novel
research questions with inventive methodologies.

This special issue is focused on original research and
review articles that (i) present a critical and succinct appre-
ciation of the environmental biotechnology state of the art,
(ii) identify emerging areas of research, (iii) illustrate the
applications of innovative molecular techniques, and (iv)
suggest updates of established protocols.

P. Munguia-Fragozo and his colleagues have systemati-
cally reviewed the omic technologies for microbial commu-
nity analysis. They discuss the potential applications of cur-
rent “omics” such as denaturing gradient gel electrophoresis,
microscopy using fluorescence in situ hybridization, and/or
cloning rRNA gene fragments and bioinformatic tools to
characterize the microbial community of aquaponic systems.
Also they mentioned that metatranscriptomics, proteomics,
and metabolomics can provide information of functional
analyses in microbial communities at different levels of

gene expression, protein translation, and, more recently, the
metabolite network, respectively. They indicated essential
roles of “omic” approaches such as metagenomics and meta-
transcriptomics on future studies of microbial diversity in
aquaponic biosystems.

C. Varrone et al. reported their research on the selection
and adaptation of mixed microbial cultures (MMCs), able
to ferment crude glycerol generated from animal fat-based
biodiesel and produce building-blocks and green chemicals.
Various adaptation strategies have been investigated for the
enrichment of suitable and stable MMCs, trying to over-
come inhibition problems and enhance substrate degradation
efficiency, as well as production of soluble fermentation
products. Repeated transfers in small batches and fed-batch
conditions were applied. They demonstrated that next gen-
eration sequencing represented a useful tool to monitor the
changes in microbial composition of MMCs, highlighting
the development of a glycerol consuming community (with
numerous strains belonging to the genera Clostridium, Kleb-
siella, and Escherichia), thus confirming the effectiveness of
the enrichment strategy.

L. Kiseleva et al. have focused their work on the isolation
and partial characterization of an electrogenic bacterium
Thalassospira sp. strain HJ from amagnetic particle-enriched
portion of a marine tidal sediment. They described the
first report of electrogenic behavior within the genus Tha-
lassospira. They recommended that a more extensive study
would be needed to determine whether the proportion of
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electrogenic bacteria obtained from this magnetic particle
enrichment procedure exceeds that found in the environ-
ment. With their diurnal patterns of flooding and diversity
of mineral components, tidal sediments should be rich
environments to bioprospect for electrogenic bacteria.

Development of an in situ microfluidic biosensor for
the detection of phenol, based on laccase from Trametes
pubescens with flow-injection and amperometry as the trans-
ducer method, is reported by J. C. Gonzalez-Rivera and J.
F. Osma in their study of “Fabrication of an Amperometric
Flow-Injection Microfluidic Biosensor Based on Laccase
for In Situ Determination of Phenolic Compounds.” The
microfluidic biosensor showed better analytic characteristics
than previous biosensors, such as the lower limit of detection
and increased sensitivity.Moreover, the optimumoperational
conditions of temperature, pH, injection flow rate, and redox
potential were established. Thus the microfluidic device can
be applied directly to in situ operation while its fabrication
procedure can be introduced for industrial applications.

Lead biosorption by Klebsiella sp. 3S1 isolated from a
wastewater treatment plant was investigated by A. J. Muñoz
et al. through a Rotatable Central Composite Experimental
Design. According to their results, the biosorption pathway
can be described by a two-step process, one rapid, almost
instantaneous, and another slower, both contributing sig-
nificantly to the overall biosorption. The model that fits
the experimental results best was pseudo-second order. The
mechanism study revealed that lead ions were bioaccumu-
lated into the cytoplasm and adsorbed on the cell surface.
Also, the bacterium Klebsiella sp. 3S1 had a good potential in
the bioremoval of lead in an inexpensive and effective process.

The objective of a study done by M. E. Silva et
al. was to assess antagonism of metabolites produced by
nematophagous fungi and their effectiveness onHaemonchus
contortus infective larvae (L3). Their findings showed the
existence of fungal antagonism on the production of repro-
ductive structures between species with potential use for
control of gastrointestinal nematodes of domestic ani-
mals. The authors recommended that biotic application of
nematophagous fungi, specifically for environmental control
of gastrointestinal nematodes, must be investigated thor-
oughly in order to evaluate success of the parasite con-
trol program before implementation in situ. Another study
reported by M. E. da Silva et al. aimed at evaluating the
predatory activity of Duddingtonia flagrans and Clonostachys
rosea and their combined impacts on infective larvae (L3)
of H. contortus in grass microplots that were maintained
in a protected environment. Since the efficiency was 74.5%,
it was suggested that the tested association (Clonostachys +
Duddingtonia) could be explored further in future studies
of biological control. According to the researchers, this was
the first report of C. rosea and D. flagrans association for the
control of H. contortus in environmental conditions.

The risks of contracting staphylococci food poisoning
from the consumption of improperly manufactured salami
and the possibility of these food matrices being reservoirs
for antibiotic resistance were evaluated by R. S. C. Nunes et
al. Nineteen distinct coagulase-negative staphylococci (CNS)
strains were found in commercial and artisanal salami. The

CNS strains were identified by sequencing of a 16S rDNA
region and the phylogenic relationships between the enriched
species were established. The presence of multiple genes
encoding the classical and newly described se/sel and tstH1
toxins in the CNS genomes was investigated.The risk of food
poisoning was then assessed by evaluating the ability of the
CNS strains in transcribing and expressing the classical and
newly described enterotoxins in vitro by using real-time PCR
and enzyme-linked immunosorbent assays. The resistance
of the isolated strains to antimicrobial agents of therapeutic
importance in staphylococci infections was also evaluated.

Finally, J. H. Kwon et al. described the optimization of
planetary mill pretreatment and saccharification processes
for improving biosugar production from Pinus rigida wood
waste. They demonstrated that milling can be used to obtain
high levels of glucose bioconversion from woody biomass for
biorefinery purposes.

All of these papers show how biotechnology and molec-
ular tools can have a significant benefit in a wide range
of environmental biotechnology research. It is hoped that
readers will relate to the highlighted knowledge gaps and
use these to identify new or related ones. All these should,
inevitably, engender novel research questions to be addressed
subsequently with inventive methodologies.
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The risks of contracting staphylococci food poisoning by the consumption of improperly manufactured salami and the possibility
of this food being reservoirs for antibiotic resistance were evaluated. Nineteen coagulase-negative staphylococci (CNS) strains
were found in commercial and artisanal salami. The species in commercial salami were S. saprophyticus, S. sciuri, S. xylosus,
and S. carnosus. Artisanal salami showed S. succinus, S. epidermidis, and S. hominis but no S. carnosus. Phylogenetic analyses
grouped the strains into three major staphylococcal species groups, comprised of 4 refined clusters with similarities superior
to 90%. Fifteen strains harbored multiple enterotoxin genes, with high incidence of seb/sec and sea, 57% and 50%, respectively,
intermediate incidence of sed/seh/selm and sei/seln/tst-H, 33% and 27%, correspondingly, and low incidence of see/selj/selo and
seg, of respectively 13% and 1%. Real time RT-PCR and enzyme-linked-immunosorbent assays confirmed the enterotoxigenicity of
the strains, which expressed and produced enterotoxins in vitro. The CNS strains showed multiresistance to several antimicrobials
of therapeutic importance in both human and veterinarian medicine, such as 𝛽-lactams, vancomycin, and linezolid. The effective
control of undue staphylococci in fermented meat products should be adopted to prevent or limit the risk of food poisoning and
the spread of antimicrobial-resistant strains.

In memoriam of Professor Joab Trajano Silva, Ph.D.

1. Introduction

Staphylococcal food poisoning is an illness caused by the
ingestion of contaminated food containing enterotoxins pro-
duced by bacteria belonging to this genus. Enterotoxins that
exhibit superantigenic activities are heat stable proteins and
may not be destroyed even during cooking conditions.

In Brazil, according to data from the Ministério da
Saúde (Ministry of Health), staphylococcal poisoning is
the second most common foodborne disease, ranking only
after outbreaks involving Salmonella spp. [1]. Staphylococcus
classified as coagulase-positive are considered potential food

enterotoxin-producing strains [1], although, recently, the
enterotoxigenic potential of coagulase-negative staphylococci
(CNS) species in food poisoning has also been recognized [2].

Initially, enterotoxin SEs family members were divided
into five serological types (sea through see) based on their
antigenicity [3, 4]. In recent years, however, newly described
types of SEs—SEG, SEH, SEI, SElJ, SElK, SElL, SElM,
SElN, SElO, SElP, SElQ, SElR, and SElU—with amino acid
sequences similar to the classical SEs, were discovered.These
newly described enterotoxins are designated as SE or SE-
like (SEl), according to their emetic properties displayed in
a primate model following oral administration [5].
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The toxic shock syndrome toxin-1 (TSST-1) is also a
member of the SE-related toxin family and has the ability to
stimulate large populations of T cells containing a particular
V𝛽 element in their T-cell receptors (TCR). Like other
superantigenic toxins, it bypasses normal antigen presenta-
tion by binding to class II major histocompatibility complex
molecules on antigen-presenting cells and to specific variable
regions on the beta-chain of the T-cell antigen receptor.
Through this interaction, a massive proliferation of T cells at
orders ofmagnitude above antigen-specific activation occurs,
resulting in a massive cytokine release that is believed to be
responsible for the most severe features of TSST [6].

Enterotoxin (SE) genes are encoded in mobile genetic
elements, such as plasmids, prophages, and Staphylococcus
pathogenic islands (SaPIs) [7].

Salami is a kind of dry sausage obtained by the microbial
fermentation of raw pork meat, using Staphylococcus starter
cultures as technological accessories to ferment the product
and give it its organoleptic characteristics. In Brazil, Italian
type salami, similar to salami produced in Southern Europe,
is avidly consumed, with a production trade of 13.093 tons
between 2000 and 2014 [8].

S. xylosus, S. equorum, and S. carnosus are part of the
starter culture microbiota that participate in the reactions
required for creating the flavor and aroma during the matur-
ing period of fermented meat production [9]. In addition,
other species, such as S. epidermidis, S. pasteuri, S. sciuri, and
S. succinus, may also occasionally be present in meaningful
amounts [10].

However, even the combination of physical and chemical
barriers cannot always guarantee the stability and microbial
safety of starter cultures. Contamination of salami fermen-
tation starter culture microbiota by pathogenic coagulase-
negative staphylococci (CNS) strains is perhaps the most
harmful factor in the production of cured meat products,
since these pathogens are able to produce heat-stable entero-
toxins with superantigenic activities in food matrices [11, 12].

Staphylococci species are not usually identified at the
species level by routine laboratory testing and commercial
kits, since phenotypic discrimination cannot reliably identify
these species due to the variable expression of some phe-
notypic traits [13]. For this purpose, molecular techniques,
including nucleotide sequencing within the 16S rDNA, hsp60,
tuf, sodA, and rpoB genes, have been successfully used to
identify Staphylococcus species [14].

Depending on the conditions, some species of coagulase-
negative staphylococci can present health risks, since they
have shown resistance to several antibiotics of therapeutic
importance, such as 𝛽-lactams [15].

The aim of the present study was to identify the members
of the CNS microbiota from salami. We sampled the salami
marketed in Brazil, comparing the CNS microbiota in salami
produced by industrial companies and in artisanal salami
manufactured by small producers. The CNS strains were
identified by sequencing of a 16S rDNA region and the
phylogenic relationships between the observed species were
established. The presence of multiple genes encoding the
classical and newly described se/sel and tstH1 toxins in the
CNS genomes was investigated. The risk of food poisoning

was assessed by evaluating the ability of the CNS strains in
transcribing and expressing the classical and newly described
enterotoxins in vitro by using real time RT-PCR and enzyme-
linked immunosorbent assay (ELISA). The resistance of
the isolated strains to antimicrobial agents of therapeutic
importance in staphylococci infections was also evaluated.

2. Materials and Methods

2.1. Isolation of Bacterial Strains. Six samples of distinct
brands of salami, 03 from themeat industry and 03 from small
artisanal producers, were collected in the municipality of Rio
de Janeiro, Brazil. Twenty-five grams of salami was added to
225mL of 0.1% peptone water. The suspensions were trans-
ferred to homogenizer bags (Interscience, SaintNom, France)
and coupled to a Stomacher@ 400 circulator (Seward, Wor-
thing, West Sussex, UK) at 260 rpm for 1min. The suspen-
sions were serial-diluted from 10−6 to 100 and 100 𝜇L of each
dilution was transferred onto 20𝜇L of Baird-Parker agar con-
taining egg yolk tellurite emulsion (BPAþ RPF, bioMerieux,
France). Eighty presumptive coagulase-negative staphylo-
cocci colonies were tested by Gram-staining, catalase, coagu-
lase, and thermostable DNAse activities according to Bergey’s
Manual of Systematic Bacteriology. Sixty presumptive CNS
strains were stored at −80∘C in tryptone soy agar (TSA,
Franklin Lakes, New Jersey, USA) plus 45% v/v glycerol.

2.2. DNA Preparation. The strains were cultured aerobically
overnight in 10mL Brain Heart Infusion broth (BD BBL, Le
Pont de Claix, France) at 37∘C for 24 h. The suggestive CNS
colonies were adjusted to 106UFC/mL in a spectrophotome-
ter and harvested by centrifugation at 5,700× g for 1min.The
cell pellet was used for DNA extraction using the DNeasy
blood and tissue kit (Qiagen, Dusseldorf, Germany), fol-
lowing the manufacturer’s instructions. Genomic DNA was
quantified using the Qubit fluorometer (Invitrogen, Grand
Island, New York, USA) and Qubit assay kits.

2.3. PCR Tests

2.3.1. Primer Sequences and Target Genes. Primer sets flank-
ing the sea, seb, sec, sed, see, seg, seh, sei, selk, selm, seln, selo,
selq, selr, selu, and tstH1 sequences are listed in Table 1.

2.3.2. Uniplex-, Duplex-, and Multiplex-PCR Tests. Uniplex-
PCR tests targeting the tstH1 sequence and duplex-PCR
targeting the sea/seb and sec/sed sequences were performed.
PCR mixtures contained 25𝜇L of 20mM MgCl

2
, 10x PCR

buffer (Invitrogen, Grand Island, New York, USA), 100mM
dNTPmix (FermentasThermoScientific, Vilnius, Lithuania),
0.2mM of each primer (Table 1), 0.5U Taq DNA polymerase
(Invitrogen, Grand Island, New York, USA), and 100 ng
of DNA templates. Uniplex- and duplex-PCR assays were
performed under the following conditions: 94∘C for 5min
followed by 35 cycles of 94∘C for 2min, 53∘C for 2min, and
72∘C for 1min for extension, ending with a final extension
at 72∘C after 7min [16], with modifications in the annealing
temperature, using a thermal cycler (MyCycler, Bio-Rad,
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Table 1: Primer set for V3 16S rDNA sequencing and PCR/real time RT-PCR tests targeting the classical and newly described staphylococcal
enterotoxin genes.

Primers set and sequences (5-3) Gene Amplicon (bp) References
SEAf TTGGAAACGGTTAAAACGAA sea 120 [17]
SEA

r
GAACCTTCCCATCAAAAACA

SEBf TCGCATCAAACTGACAAACG seb 478 [17]
SEBr GCAGGTACTCTATAAGTGCC
SECf GACATAAAAGCTAGGAATTT sec 257 [17]
SECr AAATCGGATTAACATTATCC
SEDf CTAGTTTGGTAATATCTCCT sed 317 [17]
SEDr TAATGCTATATCTTATAGGG
SEEf TAGATAAAGTTAAAACAAGC see 170 [17]
SEEr TAACTTACCGTGGACCCTTC
SEGf TGCTATCGACACACTACAACC seg 704 [18]
SEGr CCAGATTCAAATGCAGAACC
SEHf CGAAAGCAGAAGATTTACACG seh 495 [18]
SEHr GACCTTTACTTATTTCGCTGTC
SEIf GACAACAAAACTGTCGAAACTG sei 630 [18]
SEIr CCATATTCTTTGCCTTTACCAG
SElJf CAGCGATAGCAAAAATGAAACA selj 426 [19]
SElJr TCTAGCGGAACAACAGTTCTGA
SElMf CCAATTGAAGACCACCAAAG selm 517 [20]
SElMr CTTGTCCTGTTCCAGTATCA
SElNf ATTGTTCTACATAGCTGCAA seln 682 [20]
SElNr TTGAAAAAACTCTGCTCCCA
SElOf AGTCAAGTGTAGACCCTATT selo 534 [20]
SElOr TATGCTCCGAATGAGAATGA
SElKf ATGAATCTTATGATTTAATTTCAGAATCAA selk 545 [21]
SElKr ATTTATATCGTTTCTTTATAAGAAATATCG
SElQf GGAAAATACACTTTATATTCACAGTTTCA selq 539 [21]
SElQr ATTTATTCAGTTTTCTCATATGAAATCTC
SElRf AATGGCTCTAAAATTGATGG selr 363 [22]
SElRr TCTTGTACCGTAACCGTTTT
SElUf AATGGCTCTAAAATTGATGG selu 215 [22]
SElUr ATTTGATTTCCATCATGCTC
TSST-1f ATGGCAGCATCAGCTTGATA tstH1 350 [17]
TSST-1r TTTCCAATAACCACCCGTTT
16S rDNAf ATA AGA CTG GGA TAA CTT CGG G 16SrDNA 500 [23]
16S rDNAr CTT TGA GTT TCA ACC TTG CGG TCG
f: forward; r: reverse.

Hercules, CA,USA).The amplified fragments were visualized
on 1.0% agarose gels (Sigma) stained with GelRed (dilution
1 : 1000) (BioAmerica, Tel Aviv, Israel) and documented on a
transilluminator (MiniLumi Imaging Bio-Systems, BioAmer-
ica, Tel Aviv, Israel).

2.3.3. Multiplex-PCR Tests. Multiplex-PCR assays were per-
formed by the simultaneous amplification of the see, seg, seh,
sei, selj, selm, seln, selo, selk, selq, selr, and selu sequences using
the primer sets listed in Table 1. Each reaction contained
50𝜇L of a mix containing 0.5U Taq DNA polymerase, 10x
PCR buffer, 100mMdNTP, 0.2𝜇Mof each primer, and 100 ng

of DNA template. DNA amplification of see, seg, seh, and
sei was carried out as follows: 95∘C for 5min, 35 cycles of
95∘C for 30 s, 53∘C for 90s and 72∘C for 90 s, and a final
extension at 72∘C for 10min. The DNA amplifications of the
selj, selm, seln, and selo group and the selk, selq, selr, and
selu group were carried out in the same conditions [3]. PCR
products were visualized by electrophoresis on 1.2% agarose
gels (Uniscience do Brasil, São Paulo, Brazil) in 1x TAE (Tris-
boric acid-EDTA) buffer stained by 0.5 𝜇gmL−1 of GelRed
(BioAmerica, Tel Aviv, Israel) and documented on a transil-
luminator (MiniLumi Imaging Bio-Systems, BioAmerica, Tel
Aviv, Israel).
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DNA templates from the following reference strains were
used: S. aureusATCC 29231 (sea), S. aureusATCC 14458 (seb,
tstH, selk, selq, selr, and selu); S. aureus ATCC 19095 (sec, seg,
seh, and sei), S. aureus ATCC 13563 (sed), S. aureus ATCC
27664 (see), and S. aureus ATCC 27154 (selj, selm, seln, and
selo) and S. xylosus ATCC 29971.

2.4. Enterotoxin ExpressionAssays. Theobserved strainswere
cultured aerobically overnight in 10mL Brain Heart Infusion
Broth (BD BBL, Le Pont de Claix, France) at 37∘C for 72 h.
Bacteria supernatants were collected by centrifugation at
4,000×g for 10min and used for the detection of sea, seb, sec,
sed, and see by an ELISA assay using a commercial detection
kit (RIDASCREEN SET A, B, C, D, E Art. number R4101, R-
Biopharm AG, Germany). The assay was performed accord-
ing to the manufacturer’s recommendation and as described
elsewhere [16].Themean lower limit of detection of the assay
was 0.25 ngmL−1. The threshold is defined as the average OD
of two negative controls plus 0.15, a constant established by
the kit. Samples containing SEs showed absorbance values
equal to or greater than the threshold value. All experiments
were performed in duplicate.

2.5. Real Time RT-PCR Assays. Total RNA was extracted by
using the QIAGEN RiboPure Bacteria kit (Life Technologies,
Carlsbad, California, USA) following the manufacturer’s
instructions and quantified using the Qubit fluorometer
(Invitrogen, Grand Island, New York, USA) and Qubit assay
kits. The cDNA synthesis was performed by using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems, California, USA) and the ABI PRISM 7500 Fast RT-
PCR system (Applied Biosystems, California, USA). Samples
were plated in triplicate in 96-well plates as follows: 12 𝜇L
of the SYBR Green PCR Master Mix; 1 𝜇L of primer mix
(sea, seb, sec, sed, and see); and 4.5 𝜇L of the cDNA ultrapure
water in each well. Amplification was performed under the
following conditions: 95∘C for 15min, 40 cycles at 95∘C
for 15 s, 54∘C for 30s, and 72∘C for 30 s. The dissociation
curve was performed at 95∘C for 15 sec, 54∘C for 30 sec, and
95∘C for 15 sec. CT means, the standard deviations, and the
cDNA semiquantification were calculated using the Graph-
Pad Prism 5 software package. Calibration curves based on
five points were constructed in triplicate corresponding to
serial dilutions (1, 1 : 10, 1 : 100, 1 : 1000, and 1 : 10000) from
100 ng of a DNA template stock solution.

2.6. 16S rDNA Sequencing. Amplification of the V5 region
of 16S rDNA fragment was performed using 50 ng of DNA
templates from the 65 strains found in the salami samples.
PCR was performed under the following conditions: 95∘C
for 10min, followed by 30 cycles at 95∘C for 30 s, 60∘C
for 30 s and 72∘C for 45 s, and a final extension at 72∘C
for 10min. PCR products were purified using the PCR
DNA Purification Kit (Applied Biosystems, California, USA)
and sequenced using 20 ng purified DNA and 13 𝜇L of
primer sets in a final volume of 20𝜇L. After amplifica-
tion, products were purified according to the protocol of
the BigDye Terminator Purification X Kit (Applied Biosys-
tems, California, USA) and sequenced on a 3130 sequencer

GeneticAnalyzer (Applied Biosystems, California, USA).The
sequences were compared to the 16S rDNA gene sequences
of Staphylococcus species available at the GenBank database
(http://www.ncbi.nlm.nih.gov/Genbank/index.html). Multi-
ple sequence alignments were performed using Clustal
W (Kyoto University, Bioinformatics Center; http://www
.genome.jp/tools/clustalw/).

2.7. Sequencing of Enterotoxin PCR Products. PCR products
were purified using the PCR DNA Purification Kit (Applied
Biosystems, California, USA) and sequenced using 10 ng
of purified DNA and 3.2 pmoles of each primer set in a
final volume of 20 𝜇L. After amplification in the same
conditions as the PCR step (Section 2.3.3), products were
purified according to the BigDye Terminator Purification
X Kit protocol (Applied Biosystems, California, USA)
and sequenced on a 3130 sequencer Genetic Analyzer
(Applied Biosystems, California, USA). The sequences were
compared to Staphylococcus aureus and Staphylococcus
pasteuri gene sequences available at the GenBank database
(http://www.ncbi.nlm.nih.gov/Genbank/index.html). Multi-
ple sequence alignments were performed using Clustal
W (Kyoto University, Bioinformatics Center; http://
www.genome.jp/tools/clustalw/).

2.8. Phylogenetic Analyses. Phylogenetic relationships
between the CNS strains were performed by sequence
alignments using the Clustal X 2.0 software package [24].
The phylogenetic trees were constructed using the software
Mega 6.0 and UPGMAmethods [25].

2.9. Antibiotic Susceptibility Tests. An inoculumof each strain
equivalent to a 0.5 McFarland scale was swabbed onto a
Mueller-Hinton agar plate (BD BBL Franklin Lakes, New
Jersey, USA) and the antibiotic disc was then placed on the
plate followed by overnight incubation at 37∘C.The inhibition
zone was interpreted according to the Clinical Laboratory
Standard (CLSI) Guidelines, formerly known as the National
Committee for Clinical Laboratory Standards. The tested
antibioticswere penicillinG (10U), oxacillin (1𝜇g), neomycin
(30 𝜇g), sulfamethoprim (5 𝜇g), clindamycin (2𝜇g), gen-
tamicin (10 𝜇g), cefoxitin (30 𝜇g), rifampicin (5 𝜇g), ery-
thromycin (15 𝜇g), tetracycline (30 𝜇g), vancomycin (30𝜇g),
ciprofloxacin (5𝜇g), sulfazothrim (23𝜇g), cefepime (30 𝜇g),
linezolid (30 𝜇g), and chloramphenicol (30 𝜇g).

2.10. Minimal Inhibitory Concentration (MIC) Determina-
tions. The MICs of vancomycin, linezolid, methicillin, and
ampicillin were determined by the macrodilution broth
method based on CLSI recommendations, using in-house-
prepared panels [26]. Antibiotic concentrations of 0.03, 0.06,
0.125, 0.25, 0.5, 1.0, and 2.0mgmL−1 were tested. One mL
of broth was transferred to the tubes and 100 𝜇L of the
bacteria suspension was adjusted to 106 CFU/mL in saline
0.85% according to a 0.5 McFarland scale and transferred
to tubes containing 1mL of each antimicrobial. Strains were
grown in Mueller-Hinton broth (BD BBL Franklin Lakes,
New Jersey, USA) and the MIC was estimated as the lowest
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antibiotic concentration that inhibits visible growth after 24 h
[26].

3. Results and Discussion

3.1. Isolation and Identification of Coagulase-Negative Strains
from Salami. Sixty-five presumable coagulase-negative
staphylococci microorganisms from salami were isolated by
colony morphology, coagulase slide test, subsequent tube
test, and biochemical tests. The sequencing of the V5 region
of the 16S rDNA fragment of the strains was discriminative
enough to differentiate the Staphylococcus isolated from
salami at the subspecies level, with the exception of 1 strain,
identified up to the Staphylococcus spp. genus.

Nineteen distinct strains were identified as CNS in salami
with 08 of 19 (42%) identified as S. saprophyticus, the
predominant species, followed by 05 strains of S. xylosus
(26%), 02 strains of S. carnosus (11%), and 01 strain of each
of the following species: S. succinus, S. sciuri, S. epidermidis,
and S. hominis (5% each) (Table 2).

The 08 S. saprophyticus strains were identified as
KJ699151.1, AB697717.1, JX490122.1, KJ004623.1, and
HQ699510.1, EU430992.1, HF937252.1, and KJ949606.1, with
the latter two and S. sciuri JX966436.1 being homologous
(96–98%) to strains from the environment. Five S. xylosus
strains, CP007208.1, KF198080.1, CP008724.1, AM882700.1,
and KC456590.1, and a single S. succinus strain, KC329824.1,
were identified. The last three S. xylosus strains and the
S. succinus strain are homologous (97-98%) to strains
found in fermented meat or meat starter cultures. S.
xylosus CP007208.1 showed homology (98%) to potential
opportunistic pathogenic strains from mammal species.

The S. carnosus strains identified were KJ862002.1 and
NR116434.1, and the latter, as well as the single S. hominis
JX519988.1 (96-97%) identified, were homologous (97%) to
species from human microbiota.

S. carnosus and S. xylosus are commonly used as com-
mercial starter cultures for sausage manufacturing [26], but
S. succinus has also been observed in dry fermented sausages
and its use as a starter culture has been already proposed [27].

The diversity of CNS microbiota found in the samples
analyzed in the present study could be related to the origin
of the salami. The microbiota from the artisanal salami
showed greater biodiversity when compared to the commer-
cial salami. In commercial salami, S. saprophyticus was the
predominant species, but S. xylosus and S. carnosus, also
observed in commercial salami, are commonly isolated from
starter cultures [26]. The predominance of S. saprophyticus
followed by S. xylosus has also been reported in salami
from South Italy [28], similar to Belgian sausages, where S.
saprophyticus was the most frequently detected species [29].

S. carnosus was not observed in artisanal salami, but S.
succinus, S. epidermidis, and S. hominis were detected.

The biodiversity of the CNS staphylococci species found
in microbiota depends on the kind of meat-fermented prod-
uct, but CNS strains such as S. saprophyticus, S. auricularis,
S. xylosus, S. capitis, S. hominis, S. carnosus, S. haemolyticus,
S. warneri, S. equorum, S. cohnii, S. capitis, and S. intermedius
have been described inNapoli-type salami, Sremska sausages,

dry sausages, raw meat, and naturally fermented meat [30–
33].

During the last decades S. epidermidis and S. sapro-
phyticus have been described as emerging pathogens [34].
S. saprophyticus is considered a frequent contaminant of
fermented sausages and raw meats and has been isolated
from rectal swabs of cattle carcasses and pigs. In humans, the
main reservoir of S. saprophyticus is the gastrointestinal tract
[35]. S. saprophyticus and S. epidermidis can be opportunistic
pathogens, isolated from the human urinary tract, and the
presence of these species in food should be taken into account
concerning possible contamination of the starter inoculum
and/or improvements in the salami manufacturing process
[13].

Other CNS species observed in the present study are
mainly associated with ordinary food contaminants, with
S. epidermidis and S. hominis being the dominant species
in human skin and occasionally isolated from the skin of
domestic animals [36].

3.2. Phylogenetic Relationships of the CNS Identified in Salami.
CNS strains can be grouped into four species groups:
saprophyticus, simulans, epidermidis, and haemolyticus. Fre-
quently, the saprophyticus species group includes S. xylosus
and S. saprophyticus, while the simulans species group is
comprised of S. carnosus and S. piscifermentans; the epi-
dermidis species group is composed of S. epidermidis, S.
capitis, S. caprae, and S. saccharolyticus and the haemolyticus
species group encompasses S. haemolyticus, S. hominis, and
S. devriesei [37, 38]. In the present study, the main cluster
grouped several S. saprophyticus strains, namely, KJ699151.1,
AB697517.1, KJ949606.1, JX490122.1, and KJ004623.1, four S.
xylosus strains CP008724.1, CP007208.1. AM882700.1, and
KC456590.1, and the S. succinusKC329824.1 strain (Figure 1).
These strains are homologous to those from fermented meat
microbiota.

The subclusters of those clusters showed mismatches of
species belonging to the four species groups. The first sub-
cluster grouped S. epidermidis HF088211.1, S. saprophyticus
HQ699510.1, and S. carnosusNR116434.1 and the second sub-
cluster grouped S. hominis JX519988.1 and the S. saprophyticus
EU430992.1, all of them originally isolated from animals
and human beings. The third subcluster includes species
previously isolated from the marine environment, such as S.
xylosusKF198080.1, while S. carnosusKJ862002.1 is utilized as
a probiotic organism in foods.The fourth cluster grouped the
S. sciuri JX966436.1 and S. saprophyticus HF937252.1 strains,
which are homologous to species found in soil.

The CNS strains clustered into groups near the bottom
of the phylogenetic tree are mostly strains found in artisanal
salami, whereas the species at the top of the tree are mainly
CNS strains found in commercial salami (Figure 1).

The close similarities between the S. saprophyticus
AB697517.1 and KJ949606.1 strains, the S. succinus
KC329824.1, S. xylosus AM882700.1, KC456590.1, and
CP008724.1 strains, the S. saprophyticus KJ004623.1 and
KJ699151.1 strains, and S. xylosus CP007208.1 are supported
by a bootstrap value of 100%. The interspecies similarities
were over 90%, which demonstrates close phylogenies
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O S. succinus KC329824.1
Δ S. xylosus AM882700.1

O S. saprophyticus KJ699151.1
Δ S. saprophyticus AB697717.1

Δ S. xylosus CP008724.1
Δ S. xylosus KC456590.1
Δ S. saprophyticus KJ949606.1
Δ S. saprophyticus JX490122.1
Δ S. saprophyticus KJ004623.1

Δ S. xylosus CP007208.1
Δ S. carnosus NR116434.1
Δ S. saprophyticus HQ699510.1

O S. epidermidis KF088211.1
O S. hominis JX519988.1
Δ S. saprophyticus EU430992.1

O S. xylosus KF198080.1
Δ S. carnosus KJ862002.1
Δ S. sciuri JX966436.1
O S. saprophyticus HF937252.1

0.4 0.3 0.2 0.1 0.0

Figure 1: Phylogenetic tree generated from the multiple alignments of the 16S rDNA sequences of CNS strains found in salami using
the ClustalX 2.0 software. The phylogenetic tree was constructed by using the Mega 6.0 software and the unweighted pair group method
(UPGMA). Bootstrap values ranged from 0.0 to 0.4. Strains found in commercial (Δ) or artisanal salami (O).

between these CNS strains. Suzuki et al., 2012, demonstrated
a bootstrap value higher than 90% for interspecies similarities
between S. saprophyticus, S. epidermidis, S. hominis, and S.
carnosus.

3.3. Genotypic and Phenotypic Characterization of CNS
Strains. Twelve distinct combinations of staphylococcal
enterotoxins geneswere found in the 15CNS strains, compris-
ing SEs A–E, G–J, and also the enterotoxin-like toxins (SElL)
K–R and U (Table 2).

Fifteen strains (79%) carried at least one gene encoding
enterotoxins in their genomes (Figure 2). The seb and sec
genes were the most predominant, harbored by 57% of
the strains, followed by sea, carried by 50%, whereas the
sed/seh/selm genes showed intermediate incidence harbored
by 33% of the strains, while sei/seln and tsH1 were found in
27% of strains. Finally, see, selj, and selo showed low incidence
(13%) and seg was carried by only 1% of strains (Table 2).

The relationships between superantigenic toxin geno-
types and toxin gene-encoding mobile genetic elements
in CNS strains were evaluated. Distinct combinations of
SaPI and plasmids or plasmids and genes of egc operon
enterotoxins were found in the CNS strains obtained from
salami.

Four strains presented only the classical enterotoxin
genes, namely, S. saprophyticus KJ004623.1 and HF937252.1,
S. xylosus CP008724.1, and S. carnosus NR116434.1. Another
strain, S. saprophyticus AB697717.1, presented only the newly
described enterotoxins seh, sei, and selm and, finally, 10 strains
presented a combination of classical and newly described

enterotoxin genes in their genomes, with at least one of each
enterotoxin type (Table 2).

Previous studies have shown that sea is the most com-
mon toxin associated with Staphylococcus food poisoning,
followed by sed and see, with SEHand SEI being considered as
playing only a minor role [39]. Among the 15 enterotoxigenic
strains found in salami, 73% of them harbored at least the sea
gene or combinations of these 05 genes. Strains S. carnosus
KJ862002.1, found in commercial salami, and S. epidermidis
KF600589.1, found in artisanal salami, carry 04 of these genes.
The sea and seb enterotoxin genes are known to occupy the
same locus on the chromosome, which may explain why
these enterotoxins are commonly found together in food
poisoning outbreaks [36]. The combination of sea and seb
genes was found in 05 strains: S. saprophyticus EU430992.1, S.
carnosus KJ862002.1, S. hominis JX519988.1, S. saprophyticus
KJ949606.1, and S. succinus KC329824.1. A single strain, S.
carnosus KJ862002.1, showed the combination of sea and sei
genes.

Additionally, some CNS are able to produce TSST-1 alone
or in combination with other enterotoxins. Herein, 04 of the
19 strains (21%), S. saprophyticus EU430992.1, S. saprophyti-
cus subsp. bovis KJ699151.1, and S. xylosus CP008724.1 and
KF198080.1, were shown to harbor the tstH1 combined with
se and/or sel enterotoxin genes (Table 2).

The staphylococci enterotoxins genes seg and sei [40] are
part of a chromosomal operon gene cluster (egc), comprising
five genes designated as selo, selm, sei, seln, and seg. Two
of the CNS strains determined in the present study, S.
saprophyticus EU430992.1 and S. hominis JX519988.1, were
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Figure 2: Uniplex, duplex, and multiplex PCR screening for the detection of enterotoxin genes in CNS strains from salami. (a) Lane M,
100 bp DNA ladder plus (Fermentas, Foster City, CA, USA); lane 1, S. aureus ATCC 29231 harboring sea gene; lane 2, S. aureus NCTC 10654
harboring seb gene; lane 3, S. aureus ATCC19095 harboring the sec gene; lane 4, S. aureus ATCC 13563 harboring the sed gene; and lane 5, S.
aureus ATCC 27664 harboring the see gene. (b) Lane M 100 bp DNA ladder plus; lane 1, Staphylococcus spp.; lane 2, S. carnosus NR116434;
lane 3, S. carnosus KJ862002; lane 4, S. carnosus KJ862002; and lane 5, S. carnosus KJ862002.1. (c) Lane M, 100 bp DNA ladder plus; lane
1, S. aureus ATCC 19095 harboring seg, seh, and sei genes. (d) Lane M, 100 bp DNA ladder plus; lane 1, S. saprophyticus AB697717.1; lane 2,
S. epidermidis KF 600589.1; and lane 3, S. sciuri JX966436.1. (e) Lane M, 100 bp DNA ladder plus; lane 1, S. xylosus KF198080.1; lane 2, S.
saprophyticusKJ699151.1. (f) LaneM, 100 bp DNA ladder plus; lane 1, S. aureusATCC 27154 harboring selj, slem, seln, and selo genes. (g) Lane
M, 100 bp DNA ladder plus; lane 1, S. xylosus KF198080.1; and lane 2, S. saprophyticus subsp. bovis KJ699151.1.
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shown to carry the selm, seln, and selo genes and the selm
and seln sequences were detected in the genome of a single
strain, S. saprophyticus subsp. bovisKJ699151.1. S. epidermidis
KF600589.1 showed a combination of seg and sei genes
and 03 strains harbored a single gene, sei or selm or seln,
perhaps due to the high degree of genetic polymorphism in
the chromosomal assembly [41]. Indrawattana et al., 2013,
detected the seg-sei-selm-seln-selo of the highly prevalent egc
locus was 26.1% in contrast to this study where 13% CNS
presents the combination of selm, seln, and selo genes [42].

The CNS strains clustered into groups near the bottom of
the phylogenetic tree carried the classical enterotoxin genes,
while the species at the top of the tree showed high diversity
among the enterotoxin genes, combining the classical and the
newly described genes in their genomes (Figure 1).

To assess the risk of staphylococcal food poisoning, the
ability of the identified strains in harboring the se and
sel genes and in expressing and producing enterotoxins in
vitro was evaluated. The mRNA for each enterotoxin gene
was evaluated by real time RT-PCR assays and enterotoxin
content was estimated by a sandwich enzyme immunoassay
for the combined detection of Staphylococcus enterotoxins
(SET) A, B, C, D, and E.

The fifteen enterotoxigenic CNS strains were able to
express the classical enterotoxins SEA, seb, sec, sed, and see,
in concentrations ranging from 0.3 ngmL−1 to 1.4 ngmL−1,
as assessed by the in vitro assays (Table 2). The S. sapro-
phyticus AB697717.1, KJ699151.1, JX490122.1, KJ004623.1, and
HF937252.1 strains, S. xylosus KF198080.1, and S. carnosus
NR116434.1 produced low amount of enterotoxins, lower than
0.5 ngmL−1. S. epidermidisKF600589.1, S. saprophyticus bovis
KJ699151.1, and S. hominis JX519988.1 produced intermediate
amount of enterotoxins, ranging from 0.7 to 0.90 ngmL−1,
while S. sciuri JX966436.1, S. saprophyticus EU430992.1, S.
carnosus KJ862002.1, S. xylosus CP008724.1, and S. succi-
nus KC329824.1 produced enterotoxins in concentrations
≥1.0 ngmL−1.

Although the sandwich enzyme immunoassay is consid-
ered themost sensitivemethod to detect sea–see enterotoxins,
able to detect 0.125 ngmL−1, differences in the specificity and
sensitivity of the assays for the detection of staphylococcal
enterotoxins from foods are expected [43]. A single strain,
Staphylococcus spp. KF135445.1, which harbors both the sea
and seb genes, was unable to produce sea–see enterotoxins.

The mRNA levels evaluated by the real time RT-PCR
assays for enterotoxins were detected in 12 of 15 strains
(86%) (Table 2). Transcripts for the classical enterotoxins
genes were detected when S. saprophyticus HF937252.1, S.
carnosus NR116434.1, S. xylosus CP008724.1, and S. succinus
KC329824.1 were assayed. Transcripts for newly described
enterotoxins were observed in S. saprophyticus JX490122.1
and AB697717.1, S. sciuri JX966436.1, S. saprophyticus subsp.
bovis KJ699151.1, and S. hominis JX519988.1. Transcripts from
both the classical and newly described enterotoxins were
detected in S. saprophyticus EU430992.1 and KJ949606.1 and
S. epidermidis KF600589.1.

No mRNA transcripts were obtained for S. sapro-
phyticus KJ0046232.1 and S. carnosus KJ862002.1, although

enterotoxin production was detected by the enzyme-linked
immunosorbent tests (Table 2).

The 04 strains that carry tstH1 in their genome, S.
saprophyticus EU430992.1 and KJ699151.1, and S. xylosus
CP008724.1 and KF98080.1 were not able to produce mRNA
for TSST-1 in the assay conditions.

The production of classical enterotoxins in vitro
(immunologic test) matched the results shown by real time
RT-PCR assays for the following strains: S. saprophyticus
JX490122.1, S. sciuri JX966436.1, S. saprophyticusEU430992.1,
S. saprophyticus HF937252.1, S. saprophyticus subsp. bovis
KJ699151.1, S. hominis JX519988.1, S. epidermidis KF600589.1,
and S. succinus KC329824.1.

Ten strains, namely, S. saprophyticusAB697717.1, S. sapro-
phyticus EU430992.1, S. saprophyticus HF937252.1, S. sapro-
phyticus KJ699151.1, S. saprophyticus KJ949606.1, S. succinus
KC329824.1, S. hominis JX519988.1, S. xylosus KF198080.1
and S. xylosus CP008724.1, and S. epidermidis KF600589.1
expressed mRNA for multiple se and/or sel genes. There is
a differential transcription among these genes, where the
most frequent among the classical ones were seb and see/sea,
transcribed by 04 and 02 strains, respectively, and the most
frequent among the newly described genes were sei and
seh/seln/selo, transcribed by 03 and 02 strains, respectively.

No mRNA for the sec gene was detected, although S.
saprophyticusAB697717.1 was able to produce the enterotoxin
in vitro, as detected by the ELISA assays.

3.4. Enterotoxin Gene Homologies between Salami CNS
and CPS Strains. The nucleotide sequencing of six entero-
toxin genes—two of them, sec and see, encoding classi-
cal enterotoxins—and four of them, encoding the newly
described genes, seg, seh, selm, and seln fromCNS strains, was
compared to the enterotoxin genes from S. aureus or S. pas-
teuri, two coagulase-positive staphylococci strains (Figure 3).
The homology between the CNS and CPS enterotoxin genes
varied from 65% to 98%. The homology of sec, seg, seh,
selm, and seln between CNS from salami and S. aureus was
98%, 60%, 98%, 65%, and 70%, respectively. The homology
between see from CNS found in salami and in S. pasteuri was
98%.

Although further studies should be performed, it seems
that the sequences encoding enterotoxins can be conserved
among coagulase-negative and coagulase-positive staphy-
lococci, as shown in the phylogenetic analysis of the 06
enterotoxin genes (Figure 4).

3.5. Antimicrobial Multiresistance of CNS Strains (MRCNS).
Another safety hazard associated with CNS strains besides
the ability of producing enterotoxins in food matrices is the
antimicrobial resistance to antimicrobial agents commonly
used to treat staphylococci infections. The antimicrobial
resistance carried by CNS strains from food matrices can be
spread to the population by the consumption of an apparently
safe food.

Among the 19 CNS strains identified in salami, 14 showed
multiresistance to antimicrobial agents.Three strains showed
the highest MAR indices, 0.93 and 0.80; 07 strains presented
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Enterotoxin C (sec) 
GATAAAAATGAATAAGAGTCGATTTATTTCATGCGTAATTTTGATATTCGCACTTATACT
------------------------------------------------------------

AGTTCTTTTTACACCCAACGTATTAGCAGAGAGCCAACCAGACCCTACGCCAGATGAGTT
------------------------------------------------------------

GCACAAAGCGAGTAAATTCACTGGTTTGATGGAAAATATGAAAGTTTTATATGATGATCA
------------------------------------------------------------

TTATGTATCAGCAACTAAAGTTAAGTCTGTAGATAAATTTTTGGCACATGATTTAATTTA
------------------------------------------------------------

TAACATTAGTGATAAAAAACTGAAAAATTATGACAAAGTGAAAACAGAGTTATTAAATGA
------------------------------------------------------------

AGGTTTAGCAAAGAAGTACAAAGATGAAGTAGTTGATGTGTATGGATCAAATTACTATGT
------------------------------------------------------------

AAACTGCTATTTTTCATCCAAAGATAATGTAGGTAAAGTTACAGGTGGCAAAACTTGTAT
------------------------------------------------------------

GTATGGAGGAATAACAAAACATGAAGGAAACCACTTTGATAATGGGAACTTACAAAATGT
------------------------------------------------------------

ACTTATAAGAGTTTATGAAAATAAAAGAAACACAATTTCTTTTGAAGTGCAAACTGATAA
------------------------------------------------------------

GAAAAGTGTAACAGCTCAAGAACTAGACATAAAAGCTAGGAATTTTTTAATTAATAAAAA
------------------------------------------------------------

AAATTTGTATGAGTTTAACAGTTCACCATATGAAACAGGATATATAAAATTTATTGAAAA
----TTGTATGAGTTTAACAGTTCACCATATGAAACAGGATATATAAAATTTATTGAAAA

TAACGGCAATACTTTTTGGTATGATATGATGCCTGCACCAGGCGATAAGTTTGACCAATC
TAACGGCAATACTTTTTGGTATGATATGATGCCTGCACCAGGCGATAAGTTTGACCAATC

TAAATATTTAATGATGTACAACGACAATAAAACGGTTGATTCTAAAAGTGTGAAGATAGA
TAAATATTTAATGATGTACAACGACAATAAAACAGTTGATTCTAAAAGTGTGAAGATAGA

AGTCCACCTTACAACAAAGAATGGATAATGTTAATCCGATTTTGATATAAAAAGTGAAAG
AGTCCACCTTACAACAAAGAATGGATAATGTAATCCGATTATGGACAAGTGTGCTTTTTT

Enterotoxin C TATTAGATATATTTGAAAGGTAAGTACTTCGGTGCTTGCCTTTTTAGGATGCATATATAT
Enterotoxin C CNS

Enterotoxin C
Enterotoxin C CNS

Enterotoxin C
Enterotoxin C CNS
Enterotoxin C
Enterotoxin C CNS
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Enterotoxin C CNS
Enterotoxin C
Enterotoxin C CNS
Enterotoxin C
Enterotoxin C CNS

Enterotoxin C
Enterotoxin C CNS
Enterotoxin C
Enterotoxin C CNS

Enterotoxin C
Enterotoxin C CNS

Enterotoxin C
Enterotoxin C CNS

Enterotoxin C
Enterotoxin C CNS

TTTGTGATCGTCGGCCA-----ACCGATACCGTCGTATTCTTGTACCGCGCAAGGCGAAG
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Enterotoxin E (see) 
Enterotoxin E TGCTTTAGGCGGGGTCTTACAGCATATTATCGTAGAAGATGCACAAGCTGCACGTAAAGC
S. pasteuri TGCTTTAGGCGCATCGTTACAACATGTCATCGTAGAAGATGAAAAAGATGGTCGTCAGGC
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Enterotoxin E ATTAGAATTCTTGAAATCAAAACA-AGCAGGACGTGCTACATTTCTACCATTAAATGTCA
S. pasteuri

Enterotoxin E
S. pasteuri

GATACAATT-TTTAAAACAACGTAGTTTAGGACGTGCCACATTCCTACCTTTAAATGTTA 
∗∗ ∗∗∗∗ ∗∗ ∗∗∗ ∗∗∗ ∗ ∗∗∗∗∗∗∗∗∗ ∗∗∗∗∗ ∗∗∗∗∗ ∗∗∗∗∗∗∗∗ ∗

TCAAACCTAGAAATAT
TTCAACCAAGATATAT
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Enterotoxin G (seg) 
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Enterotoxin G 
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Enterotoxin G 
Enterotoxin G CNS 

---------------------------attaagaaatactt--ccattttaatactctta
GGGGATATTTCCGGGAAACCGGGGCTAATACTGGATAACTTTTCTCTCCGAACGAAGAGA

gaatcaacaactttattatctccg--taaat-----atttaaaaacttatatggaacaaa
GATTCAACGATGGTCTTGGTTTTCAATTAAGATGAACCCGCGGCGCTTAGCTGGTGGGAC

aggtactagtt-----------------------------------------ctttttta
AGGTCACGGCTCACCCAAGCCCCCATGCGTATACGACCTGGAAGGGTGATCGGCCACATT

ggaaataagtcaaaccaaaaacttgtattgttcttttcagtaaat---------------
GGGACTGAGACACAGCACAAACTCCTACGGGAGGCAGCAATAGGGAATCTTCCGCAATGG

------------------------------------------------------------
CCGAAAGTCTGACGGAGCAACGCCGCGAGACTGAAGAATGTCTTCGGATCGTAAAACTCT

------------------------tttatatatccagattcaaa-----tgcagaaccat
GTTGTTAGGGAAGAACAAGTATCGTTCGAATAGGGCGGTACCTTGACGGTACCTAACCAG

caaactcgtatagctttttttct---------ttagtgagccagtgtcttgctttg----
AAAGCTTTGCTAACTACCTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCG

-taatctagttcctgaatagtaaccatattcttatttgtagttattgta--aatccaagt
GAATTATTGGGCGTAAAGCGCGCGCATGCGGTCTTTTAAATCTGATGTCAAAGCCCACGG

gattgtct----------attgtcgattgttacctgtacagt------------aattaa
GCTCAACCGTGGAGGGTCATTGGAAACTGTAAGACTTGGAGTGCAGAAGAGGATAGTGGA

Figure 3: Continued.
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tttatctctttcattttctgaactattaaa----tgtaagaccacc---atacatacaac
ATTCCACGTGTAACGGTGAAAATGAGTAGAGATGTGGAGGAACACCAGTGGAGAAACGCG

aacctccaaaattttggtttatatccggttc-----------agatttaggtattataca
ACTCTCTGGTCTGTTACTGACGCTGAGGCGCGAAAGCGTGGGAGCAAACAGGATTATATA

tgtataaaaatatggaacgccaaaaatgtctacttttttatctttataattgttagctaa
CCCCTGGTAGTCCAAGCCGTAAACGATGAGTGCTAGTGTTACAGGGT------------T

ttctgtattttctaattcagttttaacctcattataactcttatactcaattggaaaaat
TCCGCCCTTTACTGCTGCAGCTAACG---CATTAG-GCACTCCGCCTGGGGAGTACAACT

taaatcatgagataaaaactgtctagaattaataactcctcttccttcaacaggtggaga
GCAA------GGTTGAAACTCAAAGCA----TTGACCGGGGGCC---CGATAAGCTGAGG

cgtataaagattcattacat----tacccatagttcccttattgtttttataatcactta
TACATGGTGTTTAATTCCAAACCACGCCAAGAACCCTCACGAGGTCTTGACATCCTCTGG

ctttattt----------------------------------------------------
ACCTCCCTAGAGAATAAGGGCTTCCCCGTCGGGGATGAAATGAACAGGTGGTGCATGGAT

-------agttcgtc---
AGTCTTCAGCTCGTGCAT

Enterotoxin H (seh)

------------------------------------------------------------
ATCTATGAATATAAATCTTTTAATATTGGTTTAATATAAATATTCCATTTCTAGAAACCT

------------------------------------------------------------
ATATTTTATGTTTGTATAAATTCATAAATTGTTCGAAATTTATATATTAAAAGTTGTTTT

------------------------------------------------------------
TGTTGTTTTATAATTAAGTTAATGAAATATATTGAGGAGTTTTAAAATGATTAATAAAAT

------------------------------------------------------------
TAAAATATTATTTTCGTTTTTAGCATTATTACTTTCATTCACATCATATGCGAAAGCAGA

------------ -----------TTACGATTTAGCTTTAGCTAATGCATATGGTCAATA
AGATTTACACGATAAAAGTGAGTTAACAGATTTAGCTTTAGCTAATGCATATGGTCAATA

TAATCACCCATTCATTAAAGAAAATATTAAGAGTGATGAAATAAGTGGAGAAAAAGATTT
TAATCACCCATTCATTAAAGAAAATATTAAGAGTGATGAAATAAGTGGAGAAAAAGATTT

AATATTTAGAAATCAAGGTGATAGTGGCAATGATTTGAGAGTAAAGTTTGCAACTGCTGA
AATATTTAGAAATCAAGGTGATAGTGGCAATGATTTGAGAGTAAAGTTTGCAACTGCTGA

TTTAGCTCAGAAGTTTAAAAATAAAAATGTAGATATATATGGGGCATCTTTTTATTATAA
TTTAGCTCAGAAGTTTAAAAATAAAAATGTAGATATATATGGGGCATCTTTTTATTATAA

GTGTGAAAAAATAAATGAAAATATTTCTGAATGTCTATATGGAGGTACAACACTAAATAA
GTGTGAAAAAATAAGTGAAAATATTTCTGAATGTCTATATGGAGGTACAACACTAAATAG

TGAAAAATTGGCACAGGAAAGGGTGATTGGTGCTAATGTTTGGGTAGATGGTATTCAAAA
TGAAAAATTGGCACAGGAAAGGGTGATTGGTGCTAATGTTTGGGTAGATGGTATTCAAAA

AGAAACAGAATTAATACGAACAAATAAGAAAAATGTGACATTGCAAGAATTAGATATAAA
AGAAACAGAATTAATACGAACAAATAAGAAAAATGTGACATTGCAAGAATTAGATATAAA

Enterotoxin H CNS GATCAGAAAAATATTGTCCGATAAATATAAAATTTATTATAAAGACAGCGAAATAAGGG-
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GATCAGAAAAATATTGTCCGATAAATATAAAATTTATTATAAAGACAGCGAAATAAGTAA

Enterotoxin N (seln) 
TGATTTAGCTTTAGCTAATGCATATGGTCAATAT-AATCACCCATTCATTAAAGAAAA--
---TAGATATTTATGGACTGTATTATGGAAATAAATGTGTAGGCTTAACTGAAGAAAAAA

TATTAAGAGTGATGAAATAAGTGGAGAAAAAGATTTAATATTTAGAAATCAAGGTGATAG
CATCATGCTTATACGGAGGAGTTAC------GA--TATATGATGGAAATCAATTAGATGA

TGGCAATGATTTGAGAGTAAAG--------------TTTGCAA-CTGCTGATTTAGCTCA
AGAGAGAGTTATAGGCGTTAATGTATTTAAAGATGGTATCCAACAAGAAGGTTTTGTTAT

GAAGTTTAAAAATAAAAATGTAGATATATATGGGGCATCTTTTTATTATAAGTGTGAAAA
AAAAACTAAAAAGGCTAAAGTAACAGTACAA------GAATTAGATACTAAAGTTCGATT

AATAAGTGAAAATATTTCTGAATGTCTATATGGAGGTACAACACTAAATAATGAAAAATT
------------TAAATTAGAAAATTTATATAAAATATACAATAAAGATACCGGTAACAT
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Figure 3: Continued.
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AATATTGTCCGATAAATATAAAATTTATTATAAAGACAGCGAAATAAGGTAAAAGG----
--TAGGAGCAGAGTTTTTTCAATTTTATAGTGATAATAGAACAGTTAGCTCATCTAATTA

Enterotoxin N CNS -TAAA---
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GGCACAGGAAAGGGTGATTGGTGCTAATGTTTGGGTAGATGGTATTCAAAAAGAAACAGA
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--------------AGTATGTTTAAATCCCCGCTCACAGTTATGTTTAACTCTTCCTTTC

tattatggta-gctatccaattgaagaccaccaaagtattaatcctgaaaataatcatct
TTTTCACACCGCCCCGTCGGGTGTTGCGCACGGGGTTGTTTAACCCCCCCGGAAAAAATT

ttcgcatcaattagttttttctatggataattcgacagtaacagctgaatttaagaacgt
Enterotoxin M CNS

Enterotoxin M CNS

TTCCCTCCCTCCTCCTTACTC---------------CCT----------------CCCCT

tgatgatgtaaaggaattcaaaaatcatgctgtagatgtatatggtctaagttatagtgg
Enterotoxin M CNS TTTTCCTACAAATCCTTTCTCCCCTCCCGGAGTAGAAGTAAA------------------

atattgtttgaaaaacaaatatatatacggtggagttacattagcaggtgat-tatttag
Enterotoxin M CNS -------------------TAAAACAATACCCCTACCACCTTAACAATTTTTTTATTGAG

agaaatctagacgtattcct-attaatctttgggttaatggagaacatcaaactatatct
Enterotoxin M CNS CCCCTCCCCCCCCTTCTCATTTTTTCTCTTTGAC-----------GTTCCCCCCATTTCT

actgacaaagtatcaactaataaaa-agttagtaacagctcaagaaattgatactaaatt
Enterotoxin M CNS GCCAATGCTTAACCCACCCTTAAAGGCCATCGGCACATATTAGACACTCC-----CCACC

aagaagatatctacaagaagaatataatatttatggctttaatgatac---aaataaagg
Enterotoxin M CNS CGCCCCCTCTTTTTATTAAGGACACAACTCTTTTTATTTTCCCCCAAGAACTAATTCTGA

a-agaaattatggtaataagtcaaaatttagttctgga---------tttaatgcaggaa
Enterotoxin M CNS AAAAAAACGTTCCGCTTAGTTCAGAATTTCCTTTGAGCCTTTTATCCTTTTGTACGCGAA

aaatattatttca--------tttgaatgatggttcatcattttcttatgacttatttga

Enterotoxin M CNS AAACCATCAGCCATTGAATCAGTTATCCCATTGCCCTAACTAACCCAATATCTAATCTAA

tactggaacaggacaagctgaaagtttctt-aaaaatatataatgacaacaaaactgtcg
Enterotoxin M CNS TTTTCGCCTACGAACGAATAATAGCTTGTGGCGAAAAATATCCAGGATTATCTACTGTAG

aaact--gaaaaattccatttagatgtagaaatatcttataaggacgaaagttgaagtat
Enterotoxin M CNS CGCCTCGCCAGACGTCCTTTGAATTGA--ATATGACTCCTACTCCCCCCCGCACCGTCAA

ttcaatcataacttagtaaaggaaatgccatgaaaaaatttaaatatagtttt---atat
Enterotoxin M CNS TTCAAACA---------------GGTGGAAGTTAATACTGAATAGTAGGTCTTCTTCCCG

tagtttttatattactttttaacattaaagatcttacgtatgct---caaggtgatattg
Enterotoxin M CNS TGCTATTCTTAGAACTTTTAAATTATGTAAACCCAATTTTTAGTGCACTCTTTCTCCCTC

gtg-taggtaacttaagaaatttctatacaaaacatgattatatagatttaaaaggcgtc
Enterotoxin M CNS GTTACTCTTAGATGGAGAAGCGTTAAGACAGAAGCTTTGTAT-------------TCCCA

acagataaaaa-cctacctattgcaaatcaacttgaattttcaac-----aggt----ac
Enterotoxin M CNS GCAGAGTGCAACCTTTCACAATGAAGTTTTTATCTAATTTACACGCCTTTAGGCTCCAAA

caatgatttgatctcagaatctaataattgggacgaaataagtaaatttaaaggaaagaa
Enterotoxin M CNS TACGTATTAAATCTCCTCCTGT--TTATCTGACCCTAAG-ATAAAACACGAAAAATTATG

actggatatttttggcattgattataatggtccttgtaaatctaaatacatgtatggagg
Enterotoxin M CNS CGTGCCCACTCATCCTAT-------TACTTTCATTATATCTATAAAA-------------

Figure 3: Alignment of the enterotoxin gene sequences found in coagulase-negative staphylococci (CNS) and in coagulase-positive
staphylococci (CPS).
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Figure 4: Phylogenetic tree generated from the multiple alignments of the enterotoxin sequences of CNS and CPS strains using the ClustalX
2.0 software package. The phylogenetic tree was constructed using the Mega 6.0 software and the unweighted pair group method (UPGMA).

MAR indices varying from 0.66 to 0.46, and the remaining
04 strains showed MAR indices ≤0.26 (Table 3).

The 14 MRCNS strains were resistant to 𝛽-lactams
(oxacillin, penicillin, and/or cefoxitin) and to vancomycin,
corresponding to 73% of the total CNS strains identified,
while 09 strains (64%) showed resistance to tetracycline and
gentamicin, 08 strains (57%) were resistant to neomycin,
erythromycin, and chloramphenicol, 07 strains (50%) were
resistant to sulfamethoprim, 05 strains (36%) were resistant
to linezolid, 03 strains (21%) were resistant to rifampicin, 02
strains (14%) were resistant to ciprofloxacin and cefepime,
and 01 strain (7%) was resistant to clindamycin (Table 3).

The multiresistance of CNS strains demonstrated herein
is consistent with previous studies on coagulase-negative
and coagulase-positive staphylococci that have found several
resistant and multiresistant Staphylococcus aureus strains in
raw milk, meat, and fermented meat products [43].

Surprisingly, the resistance to chloramphenicol is very
similar to that estimated for MRCNS strains isolated from
human clinical samples. Indeed, there is no direct correla-
tion between the researched features and the origin of the
staphylococci strains, since different virulence factors are
widespread, such as antibiotic resistance [44], reinforcing the
fact that the ability of foodmatrices strains to produce SE and
SEl and their multiresistance character must be considered
when evaluating the safety hazards of food poisoning.

S. epidermidis KF600589.1 and S. hominis JX519988.1
showed the highestMAR indexes (0.93 and 0.80, resp.).These
strains found in artisanal salami are homologous to strains
isolated from human skin microbiota and should be carefully
considered among the potential pathogenic staphylococci
found in food from animal origins, which can be caused by
contamination by poor hygienic conditions during salami
manufacturing.

Depending on the conditions, some species of coagulase-
negative staphylococci can present health risks, since they
have shown resistance to antibiotics of therapeutic impor-
tance, such as beta lactams [15]. However, multiresistant
strains like S. carnosusKJ1862002.1 and S. xylosusCP007208.1
and CP008724.1 were intentionally introduced in the food
matrix, since they are part of the culture starter used in
Italian-salami manufacturing. As previously discussed, food
can be a reservoir of multiresistant microorganisms that can
spread by the consumption of an apparently safe food. Due
to the intensive and indiscriminate use of antibiotics for
human and veterinarian therapeutic purposes, multiresistant
staphylococci strains are being selected and reproduced in
food matrices [45].

The cefoxitin and oxacillin disk diffusion tests are rec-
ommended for determining the resistance and susceptibility
breakpoint for MRSA surveillance cultures [46]. In this
study, there was a good correlation between the disc test
zone diameters for oxacillin and cefoxitin (Table 3). The
MICs for ampicillin andmethicillin/oxacillin/cefoxitin for all
susceptible CNS strainswere determined by the diffusion disc
test, using 0.03 to 2mgmL−1 of each antimicrobial agent.

S. saprophyticus HF937252.1 showed an MIC of
0.03mgmL−1 formethicillin, strain S. carnosusKJ862002.1, S.
xylosus strains CP008724.1 and CP007208.1, S. saprophyticus
JX490122.1, S. hominis JX519988.1, and S. succinus
KC329824.1 were resistant to 0.06mgmL−1 and two strains,
S. saprophyticus KJ699151.1 and S. saprophyticus KJ004623.1,
showed an MIC of 0.5mgmL−1 (Table 4). Two of the
methicillin-resistant strains, S. saprophyticus KJ004623.1 and
S. xylosus CP007208.1, harbor no enterotoxin gene.

Five strains, S. saprophyticus JX490122.1, S. carnosus
KJ862002.1, S. xylosusCP008724.1, S. xylosusKF198080.1, and
S. saprophyticus KJ004623.1, showed an MIC for ampicillin
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Table 3: Multiple resistance to antimicrobial as found in CNS strains from salami.

Salami origin CNS strains Antimicrobial agent resistance Multiple antimicrobial
resistance (MAR) index∗

Commercial Staphylococcus spp. KF135445.1 CIP, CLO, CPM, GEN, NEO, OXA, PEN,
SXT, TET, and VAN 0.66

Commercial S. carnosus KJ862002.1 CIP, GEN, LZD, NEO, OXA, SXT, and
TET 0.46

Commercial S. saprophyticus AB697717.1 CFO, CLO, ERI, PEN, OXA, TET, and
VAN 0.46

Commercial S. saprophyticus EU430992.1 CFO, CLO, ERI, GEN, LZD, NEO, OXA,
PEN, SXT, TET, and VAN 0.80

Commercial S. saprophyticus JX490122.1 CFO, CLO, ERI, GEN, NEO, PEN, OXA,
SXT, TET, and VAN 0.66

Commercial S. saprophyticus KJ004623.1 CFO, OXA, and PEN 0.20

Commercial S. sciuri JX966436.1 CFO, CLO, GEN, NEO, OXA, PEN, and
TET 0.46

Commercial S. xylosus CP007208.1 OXA, LZD, PEN, and VAN 0.26

Commercial S. xylosus CP008724.1 CFO, CLO, ERI, GEN, NEO, OXA, PEN,
TET, and VAN 0.60

Artisanal S. epidermidis KF600589.1 CFO, CLI, CLO, CPM, ERI, GEN, LZD,
NEO, OXA, PEN, RIF, SXT, and TET 0.93

Artisanal S. hominis JX519988.1 CIP, CPM, CPO, ERI, GEN, LZD, NEO,
OXA, PEN, RIF, SXT, and VAN 0.80

Artisanal S. saprophyticusHF937252.1 CFO, OXA, PEN, and SXT 0.26
Artisanal S. saprophyticus KJ699151.1 OXA, PEN, and VAN 0.20

Artisanal S. succinus KC329824.1 CFO, CLO, ERI, GEN, OXA, PEN, RIF,
SXT, TET, and VAN 0.66

Artisanal S. xylosus KF198080.1 CFO, CLO, ERI, GEN, NEO, OXA, PEN,
TET, and VAN 0.60

∗TheMAR index of an isolate is defined as 𝑎/𝑏, where 𝑎 represents the number of antimicrobials to which the isolate was resistant and 𝑏 represents the number
of antimicrobials to which the isolate was subjected.
S. aureus strains ATCC WB81 (sea), ATCC 13563 (sed), and ATCC 27664 (see) showing a MAR index of 0.5 and S. aureus strains ATCC14458 (seb) and
ATCCWB72 (sec) and S. xylosus ATCC 29971 showing a MAR index of 0.3 were used as reference strains.
CPM: cefepime, CFO: cefoxitin, CLO: chloramphenicol, CIP: ciprofloxacin, CLI: clindamycin, ERI: erythromycin, GEN: gentamycin, NEO: neomycin, LZD:
linezolid, RIF; rifampicin, TET: tetracycline, OXA; oxacillin, PEN: penicillin, SXT: sulfamethoprim, and VAN: vancomycin.

Table 4: Minimal inhibitory concentration (MIC) of compounds used in antimicrobial therapy against staphylococci infections.

Salami origin GenBank accession number and similarity (%) MIC mgmL−1

Methicillin Ampicillin Vancomycin Linezolid

Commercial

S. carnosus KJ862002.1 0.06 0.03 — —
S. xylosus CP008724.1 0.06 0.03 0.06 —

S. saprophyticus JX490122.1 0.06 0.03 0.5 —
S. saprophyticus AB697717.1 — — 0.5 —
S. saprophyticus EU430992.1 — — 0.25 0.125

S. succinus KC329824.1 0.06 0.25 0.03 —

Artisanal

S. hominis. JX519988.1 0.06 0.5 — —
S. saprophyticus HF937252.1 0.03 — — —

S. xylosus KF198080.1 0.03 0.5 —
S. saprophyticus KJ699151.1 0.5 0.25 0.03 —
S. saprophyticus KJ004623.1 0.5 0.03 0.03 —

S. xylosus CP007208.1 0.06 — — 0.25
Strains S. epidermidis KF600589.1 and Staphylococcus spp. KF135445.1 were not susceptible to the antimicrobial concentrations tested in the present study.
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of 0.03mgmL−1, two strains, S. succinus KC329824.1 and S.
saprophyticus KJ699151.1, showed an MIC of 0.25mgmL−1,
and S. hominis JX519988.1 showed an MIC of 0.5mgmL−1
(Table 4). S. saprophyticus KJ004623.1 also showed an MIC
of 0.03mgmL−1 but does not harbor enterotoxin genes. It is
important to note that most of the CNS strains that showed
resistance to ampicillin were also resistant to methicillin, as
highlighted by the MIC tests.

Five strains, S. saprophyticus HF937252.1, S. saprophyti-
cus KJ699151.1, S. saprophyticus JX490122.1, S. saprophyticus
KJ004623.1, and S. succinus KC329824.1, showed an MIC
for vancomycin of 0.03mgmL−1, one strain, S. xylosus
CP008724.1, showed an MIC of 0.06mgmL−1, one strain, S.
saprophyticus EU430992.1, showed an MIC of 0.25mgmL−1,
and two strains, S. xylosus KF198080.1 and S. saprophyticus
AB697717.1, showed an MIC of 0.5mgmL−1 (Table 4).

Additionally, five CNS strains, S. xylosus CP008724.1,
S. saprophyticus JX 490122.1, S. succinus KC329824.1, S.
saprophyticus KJ699151.1, and S. saprophyticus KJ004623.1,
showed resistance tomethicillin, as demonstrated by theMIC
determinations (Table 4).

Previous studies have demonstrated that linezolid is
active against Gram-positive bacteria, including methicillin-
resistant staphylococci [47]. In the present study, 05 strains
showed linezolid resistance in the disc diffusion test, but it
was impossible to establish MIC values for S. epidermidis
KF600589.1, Staphylococcus hominis JX519988.1, and Staphy-
lococcus carnosus KJ862002.1.The remaining strains S. sapro-
phyticus EU430992.1 and S. xylosus CP007208.1 presented
an MIC for linezolid of 0.125mgmL−1 and 0.25mgmL−1,
respectively.

The MIC of 0.03mgmL−1 for penicillin is in accordance
with the previous values estimated for resistant S. aureus
strains found in several food matrices, such as meat, dairy
products, and ready-to-eat food [48].

There is still a lack of information on the antimicro-
bial resistance of staphylococci strains from food matrices,
although they are the most worrisome vehicles of dissemi-
nation of antibiotic-resistant pathogens [49].

The high resistance found for salami staphylococci strains
can be ascribed to their inappropriate use as growth promot-
ers of antimicrobial agents like oxacillin, vancomycin, chlo-
ramphenicol, neomycin, and erythromycin, which are com-
monly used in veterinary medicine to treat infections [50].
Antimicrobial therapy of infections staphylococci is based
on results of susceptibility tests in vitro [51]. Methicillin-
resistant coagulase-negative Staphylococcus spp. found in
ready-to-eat products such as meats, fish, and dairy products
also offer risks and, although they are not classical food
poisoning bacteria, their presence in food offers significant
risks to public health due to the possible spread of antibiotic
resistance [52].

The standardization of salami quality should include
diagnostic methods to screen and quantify the presence of
classical and newly described enterotoxins directly in the
food matrices as a routine procedure to be conducted by the
meat product industry in Brazil.

The safety of salami consumption could also be enhanced
by the inclusion of amicrobial barrier such as the inclusion of
probiotic strains producing natural antibiotics or competitive
flora or even the addition of natural bioagents against spoilage
or pathogenic microorganisms.

Conflict of Interests

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

Acknowledgments

The authors acknowledge the financial support from
Fundação Carlos Chagas Filho de Amparo à Pesquisa do
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This paper describes an optimization of planetary mill pretreatment and saccharification processes for improving biosugar
production. Pitch pine (Pinus rigida) wood sawdust waste was used as biomass feedstock and the process parameters optimized in
this study were the buffering media, the milling time, the enzyme quantity, and the incubation time. Glucose yields were improved
when acetate buffer was used rather than citrate buffer. Initially, with each process variable tests, the optimal values were 100minutes
ofmilling, an enzyme concentration of 16 FPU/g-biomass, and a 12-hour enzymatic hydrolysis. Typically, interactions between these
experimental conditions and their effects on glucose production were next investigated using RSM. Glucose yields from the Pinus
rigida waste exceeded 80% with several of the conditions tested, demonstrating that milling can be used to obtain high levels of
glucose bioconversion from woody biomass for biorefinery purposes.

1. Introduction

Biofuel production is one of major emerging issues in envi-
ronmental biotechnologies. Producing biofuels from biomass
involve a series of processes: producing sugar from biomass
through saccharification and biofuels from the sugar through
fermentation in order of precedence. However, pretreatment
of biomass, typically lignocellulosic, is a currently essential
process to obtain high conversion of biomass prior to sac-
charification and fermentation because of the recalcitrance
of biomass. Lignocellulosic biomass consists of cellulose,
hemicelluloses, and lignin. Cellulose and hemicelluloses
can be hydrolyzed to glucose and xylose, respectively, and
subsequently converted to biofuels such as ethanol or butanol
through fermentation. The purpose of pretreatment is to

make the cellulose within the biomass more readily available
for hydrolysis.

Previous study showed the potential of using planetary
milling to pretreat biomass for downstream fermentation [1].
This method neither uses chemicals nor produces sacchar-
ification and fermentation inhibitors such as phenolics and
furans, both of which are known to elicit stress responses
within bacteria [2, 3]. Moreover, pretreatment with planetary
milling does not involve high temperatures or pressures,
making it more user friendly than many other pretreatment
processes.

For an improved sugar production using planetary
milling, several factors should be taken into consideration,
including the milling time, the amount of enzyme added,
and the time given for hydrolysis, as well as the type
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Table 1: Absolute compositional percentage of each component within the native pitch pine (Pinus rigida).

Cellulose
Glucan (%)

Hemicellulose Lignin Acetyl (%) Ash (%)
Xylan (%) Arabinan (%) Galactan (%) Mannan (%) Acid-insoluble (%) Acid-soluble (%)

41.54 ± 0.27 5.75 ± 0.66 2.66 ± 0.08 2.2 ± 0.02 9.52 ± 0.02 32.35 ± 0.11 0.78 ± 0.04 0.83 ± 0.04 0.37 ± 0.02

of buffer used during milling. Hence, we investigated the
optimal conditions of pretreatment and enzymatic hydrolysis
processes. Glucose yield is a result of combinational inter-
action between several experimental variables. Therefore,
we investigated interactional effects of variable parameters
during pretreatment and enzyme hydrolysis in this study, not
only single parameter effects. We employed a softwood, pitch
pine (Pinus rigida), as the feedstock for pretreatment and
glucose production. Softwoods are dominant in the northern
hemisphere but they have high lignin content and recalcitrant
nature to enzymatic hydrolysis [4, 5], making them a model
feedstock for this study.

2. Materials and Methods

2.1. Materials. The sawdust wood waste of pitch pine (Pinus
rigida) after forestry manufacturing process was obtained
from Suncheon Forestry Cooperative, Republic Korea. Com-
positional analysis of the sawdust wood waste was measured
according to National Renewable Energy Laboratory proto-
cols [6].

2.2. Planetary Mill Pretreatment. The planetary mill of saw-
dust wood waste of pitch pine (Pinus rigida) was carried
out using a Pulverisette 5 (Fritsch, Germany) in zirconia
jar container with 3mm diameter zirconia balls. The jar
was loaded with 7.2 g of biomass and 180mL of 50mM
sodium acetate (pH 4.8) or 100mM sodium citrate (pH
4.8). Planetary milling was performed at room temperature
by changing the conditions of experimental factors such as
milling time and types of buffer solution. The jar was rotated
at a velocity of 300 rpm.

2.3. EnzymaticHydrolysis. Thebuffer solutions used in planet-
ary milling were suitable for cellulase activity. Hence, enzy-
matic hydrolysis process was continually carried out after the
planetary milling without washing or exchanging buffer. A
cellulase cocktail (Worthington Biochemical Co., USA) was
added into the buffer containing milled biomass. Enzymatic
hydrolysis was performed at 50∘C in a shaking incubator
(JEIO TECH, Rep Korea) at 200 rpm. The glucose yield was
calculated using the following equation:

Glucose yield (%)

=
Glucose produced by enzyme hydrolysis
Glucan in sawdust wood waste × 1.11

× 100

(1)

which was used in a previous study [7].

2.4. Characterization of the Samples. For investigating the
morphology, pretreated pitch pine samples were incubated in

dry oven. The samples were coated with Pt on a Cressington
Scientific Instruments 108 Auto Sputter Coater (Cranberry
Tep., USA). A scanning electron microscope (JSM-6700F,
JEOL, Japan) was used to obtain microscopic images.

X-ray diffraction (Rigaku D/max-RB powder diffrac-
tometer, Japan) with Cu 𝜅𝛼 radiation (𝜆 = 1.542 Å) was used
for investigating the crystallinity of the samples. Sampleswere
scanned at rate of 2∘/min.

The quantities of glucose produced weremeasured by test
strips (Glucose Test Method, Merck, Germany). The color
changes were analyzed using a Reflectometer (RQflex plus 10,
Merck, Germany). Test strips (Glucose Test Method, Merck,
Germany) were sufficiently immersed into test solutions and
placed in strip adapter to measure colorimetric changes.
Finally, the software installed in the Reflectometer calculated
the quantities of glucose contained in the sample by using
colorimetric change.

2.5. Data Analysis. All experiments were performed in trip-
licate for error analysis. Minitab 14 (Minitab Inc., USA) was
used for 3D surface plots.

3. Results and Discussion

Table 1 presents the composition of pitch pine sawdust used
in this study.We used this softwood as a feed stockmaterial to
clearly investigate the effect of various conditions during pre-
treatment and saccharification since it is regarded as a high
lignin-containing biomass having a strong structure [4, 5].
When compared with the previously reported composition
for untreated Pinus rigida [8], some slight variations were
seen. For example, the lignin content was somewhat higher
in our samples, 33.13% as compared with 29%, while the
hemicellulose portion was lower, that is, 20.13% versus 23.7%.
The cellulose content of P. rigida, however, was similar in
both studies with values slightly higher than 40%. The pitch
pine sawdust waste used in study had a crystallinity index of
52.5% (Table 2). As this is higher than rice straw, which had a
crystallinity index of 48% in our previous study [1], it suggests
that the cellulose within P. rigida is more recalcitrant to treat-
ment and hydrolysis than that of rice straw. Consequently,
effects of the experimental conditions during pretreatment or
saccharification can be more distinctly investigated with this
biomass sample to improve glucose yield.

Acetate and citrate buffers are commonly employed
during the saccharification of plant-based cellulose using
enzymes to produce glucose [1, 8, 9]. Tominimize the number
of procedural steps required and their impact on glucose
yields, including the loss of biomass, we chose to evaluate
these two buffers and their effects within planetary milling
processes. Pretreatment of plant biomass by planetarymilling
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Table 2: Comparison of the pitch pine sawdust waste crystallinity
after 20minutes of planetarymilling in an acetate or citrate solution.

Untreated Acetate Citrate
Crystallinity index (%) 52.5 ± 0.9 31.7 ± 0.3 36.5 ± 5.1
Relative crystallinity index1 1.00 ± 0.02 0.60 ± 0.01 0.70 ± 0.10
1Relative crystallinity index: crystallinity index after planetary milling/
crystallinity index of untreated sample.

10 20 30 40
2𝜃

Acetate buffer

Citrate buffer

Untreated

Figure 1: XRD patterns obtained for untreated pitch pine sawdust
waste without planetary milling and for the milled samples using
either an acetate or citrate buffer.

was shown previously to reduce the crystallinity of the sample
[1]. Figure 1 shows the X-ray diffraction (XRD) patterns for
the untreated pitch pine sample and after planetary milling
in either sodium citrate or sodium acetate solution.There are
two important peaks on XRD spectrums of lignocellulosic
biomass: the peak at 18.7∘, which represents only amorphous
cellulose, and that at 22.5∘, which corresponds to both
crystalline and amorphous cellulose. As shown in Figure 1,
the intensities of the 22.5∘ peaks were drastically reduced in
the pretreated samples after only 20 minutes of milling when
either the acetate or citrate buffer was used. According to
“crystallinity index,” which is a ratio of crystalline cellulose
to amorphous cellulose content and is defined as (𝐼

2𝜃=22.5

∘ −

𝐼
2𝜃=18.7

∘)/(𝐼
2𝜃=22.5

∘) × 100, planetary milling was very effective
in reducing the crystallinity of the P. rigida cellulose. The
crystallinity index of the untreated pitch pine sawdust was
52.5% butwas reduced to 36.5 and 31.7% only after 20minutes
of planetary milling when citrate or acetate buffers were
used, respectively (Table 2). This represents a reduction of
30% and 40% for the two buffers, respectively, indicating
that acetate buffer leads to a greater level of decrystallization.
This finding was further supported by the glucose yields
that resulted after enzymatic treatment of the milled biomass
within the respective buffers (Figure 2). As shown in this
figure, glucose yields improved as the concentration of each
treated biomass increased but treatment of the biomass
milled in the acetate buffer consistently gave better yields.
Hence, we found that acetate buffer was more effective to
be employed in both planetary milling pretreatment and
enzymatic saccharification.
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Figure 2: Comparison of the glucose yields obtained from the
acetate and citrate buffers. Glucose was produced under the fol-
lowing conditions: 6 hr milling and 24 hr incubation.The quantities
of the enzymes used are listed and were 8, 15, 38, and 77 FPU/g,
respectively.

The effects of experimental conditions on the glucose
yield are combinational through the interactions between
experimental variables. Initially, we investigated the effects
three single variable parameters, that is, milling time, enzyme
quantity, and reaction time, had on the glucose yields and
found optimal values at 100 minutes, 16 FPU/g-biomass, and
12 hours, respectively (see Supplementary Material available
online at http://dx.doi.org/10.1155/2015/267538). To investi-
gate interactional effects of variable parameters, a combina-
torial chart was prepared using the conditions listed above
as base values along with higher and lower parameter values
for analysis (Table 3). When the enzyme reaction time was
set for 24 hours, it is clear that the enzyme quantity is a
more dominant factor controlling the glucose yields than
themilling time (Figure 3(a)). Moreover, the improvement in
the glucose yields as greater amounts of enzyme were added
was consistent, regardless of the milling time. This is clearly
presented in Table 3 where the percent yields under these
conditions increased by 35.2% to 37% for the 2-hour and 4-
hour milling times, respectively, when the enzyme concen-
trations were increased from 5 FPU/g-biomass to 16 FPU/g-
biomass. Likewise, the use of 27 FPU/g-biomass with a 24-
hour reaction time led to average increase in glucose yields of
43.8% when compared to the same experiments performed
with 5 FPU/g-biomass. This consistent improvement in the
glucose yields suggests that the cellulose is readily available
for hydrolysis by the enzymes and that the bottleneck limiting
the yields lies more with the enzyme availability. Another
factor that should be considered, when trying to explain why
the greater addition of enzyme leads to better yields, is the
accessibility of cellulose during the saccharification process.
During this process, cellulase tends to irreversibly bind to the
hydrophobic surface of biomass and loses it activity [10]. Also
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Figure 3: Combined impacts of the parameters on the resulting glucose concentrations. In each case, one of the variables was locked and the
other two were varied. The plots show the relationship between and effects of the (a) milling time and enzyme quantity, (b) milling time and
enzyme reaction time, and (c) enzyme reaction time and enzyme quantity. The standard values for the locked parameters were milling for 4
hours, 27 FPU/g-biomass, and an enzymatic hydrolysis time of 24 hours.

cellulase could be buried within the fibrillar architecture of
the cellulose microfibrils [11]. Both of these processes work
to reduce the effective activity of the enzymes but can be
overcome by larger enzyme additions.

Performing similar experiments but with the cellulase
enzyme concentration locked at 27 FPU/g-biomass, we once
more found that the milling time did not influence the glu-
cose yields as much as the hydrolytic treatment times, since
longer reaction times give significantly better glucose yields.
Interestingly, the yields did not increase linearly but rather in
an exponential fashion with longer treatments (Figure 3(b)).
As shown in Table 3, a comparison between the different
reaction times used found that12 hours improved the yields
on average by about 1.23-fold over a 3-hour treatment while
the yields after a 24-hour treatment were 2-fold higher than
the 12-hour treatment. This enhanced productivity over time
was initially thought to be due to the early stage hydrolysis of
the cellulose by the enzymes as this would improve access to
the cellulose.However, as shown in Figure 3(c), this trendwas
only seen when a high concentration of enzyme was used.

It is clear from this figure that both of these parameters
are influential, as noted above, but the reaction time had

a greater effect on the glucose yield. The loss in yield with
higher enzyme additions is also a fortuitous finding as the cost
of the enzyme used is one of themajor contributors to biofuel
production costs. One recent study stated that the costs
incurred by the use of these enzymes have been significantly
underestimated by a large number of groups and their studies
[12]. As such, the finding that less enzyme gives more glucose
is encouraging, even though this study shows that with longer
reaction times this benefit is lost. Table 3 shows that three of
the parameter groupings lead to glucose yields that exceed
80% of the expected maximum yield. All three required a
24-hour enzymatic treatment time but varied with respect
to the milling time and the enzyme concentration. While an
enzyme addition of 27 FPU/g-biomass is used within two of
these, the percent yieldwith 16 FPU/g-biomass is comparable,
implying that longer milling times can partially off-set the
costs associated with the enzymes. One additional cost-
related benefit offered by planetarymilling is that this process
does not involve any washing steps. Hence, we can obtain a
100% recovery of the biomass solids and sugars, which is very
useful to the biorefinery industry [13, 14].
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Table 3: Experimental parameters used in the response surface
methodology and their effects on the glucose yield. The parameter
values that led to greater than yield that exceeded 80% are shown in
bold.

Enzyme quantity
(FPU/g-biomass)

Enzyme reaction
time (hr)

Milling time
(hr)

Glucose yield
(%)

5 3 1 12.7 ± 1.2
5 3 2 14.3 ± 0.2
5 3 4 16.4 ± 0.6
5 12 1 16.8 ± 0.5
5 12 2 20.2 ± 3.0
5 12 4 25.7 ± 0.8
5 24 1 23.5 ± 0.8
5 24 2 36.7 ± 3.2
5 24 4 44.7 ± 1.4
16 3 1 22.1 ± 0.8
16 3 2 26.2 ± 0.3
16 3 4 26.9 ± 0.3
16 12 1 36.3 ± 1.4
16 12 2 40.0 ± 2.4
16 12 4 48.3 ± 0.5
16 24 1 59.6 ± 1.1
16 24 2 71.9 ± 7.2
16 24 4 81.7 ± 4.1
27 3 1 27.5 ± 1.3
27 3 2 33.8 ± 2.4
27 3 4 35.4 ± 1.9
27 12 1 35.4 ± 2.7
27 12 2 42.5 ± 1.4
27 12 4 40.5 ± 9.2
27 24 1 66.2 ± 4.7
27 24 2 82.8 ± 0.6
27 24 4 87.5 ± 1.2

4. Conclusions

We have investigated the improvement way of glucose yield
by optimizing the planetary milling pretreatment and enzy-
matic saccharification processes for P. rigida waste. Although
milling effectively reduced the cellulose crystallinity in both
acetate and citrate buffers, the results with acetate were
slightly better and this presumably contributed to the higher
glucose yields resulting with this buffer. By evaluating com-
binatorial parameter effects with RSM, we obtained glucose
yields that surpassed 80% from P. rigida waste. Moreover,
we demonstrated that the costs associated with the cellulase
enzymes can potentially be mitigated by increasing the
milling or enzymatic hydrolysis times.
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We aim to develop an in situmicrofluidic biosensor based on laccase fromTrametes pubescenswith flow-injection and amperometry
as the transducer method. The enzyme was directly immobilized by potential step chronoamperometry, and the immobilization
was studied using cyclic voltammetry and electrochemical impedance spectroscopy. The electrode response by amperometry was
probed using ABTS and syringaldazine. A shift of interfacial electron transfer resistance and the electron transfer rate constant from
18.1 kΩ to 3.9MΩ and 4.6 × 10−2 cm s−1 to 2.1 × 10−4 cm s−1, respectively, evidenced that laccase was immobilized on the electrode
by the proposed method. We established the optimum operating conditions of temperature (55∘C), pH (4.5), injection flow rate
(200 𝜇Lmin−1), and applied potential (0.4V). Finally, the microfluidic biosensor showed better lower limit of detection (0.149 𝜇M)
and sensitivity (0.2341 nA𝜇M−1) for ABTS than previous laccase-based biosensors and the in situ operation capacity.

1. Introduction

Phenols are employed in several industries in the manu-
facture of plastics and plasticizers, resins, explosives, drugs,
detergents, paper, fungicides, preservatives, dyes, and lubri-
cants [1, 2].Most phenolic compounds are toxic, noxious, and
mutagenic and have carcinogenic activity [2] that accumulate
in the environment and are found in food, potable water,
sediments, and soil.

Currently, many organizations have established proce-
dures using colorimetry, gas chromatography, liquid chro-
matography, capillary electrophoresis, and their variations
[3]. Even though these methods attain accurate results for a
wide range of phenolic compounds, conventional approaches
are time-consuming and cost-intensive and require large
volumes of organic solvents. Consequently, a market demand
exists for a reliable, portable, simple, and cost-effective
detection method of phenolic compounds.

Both enzymatic-based biosensors and microfluidic
biosensors have attracted increasing among the different
configurations of biosensors [4–8]. Microfluidic biosensors

combine the advantages of fluidic microsystems, such as low
cost, short analysis time, less consumption of sample and
reagents, and portability, with the advantages of biosensors
such as selectivity, moderate operational potentials, high
sensitivity, specificity, and easiness to be miniaturized and
integrated [3, 6, 9, 10]. Therefore they have potential in
environmental safety, food, and clinic analysis.

The immobilization method is a key parameter for the
design and fabrication of microfluidic biosensors [11]. The
bioreceptor and the sensor elements can be coupled together
with several methods, such as physical adsorption, entrap-
ment, cross-linking, and covalent bonding [12, 13]. However,
enzyme degradation and surface inaccessibility arise with
the enzyme immobilization inside a microchannel. Thus, we
propose the direct electrochemical immobilization of laccase
after the sensor sealing since this technique enables an easier
immobilization than traditional techniques.

Amperometry is the most common transducer tech-
nique in biosensors because it offers detection in real time
[14, 15]. When this technique is coupled with convec-
tive mass transport, the resulting technique—hydrodynamic
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amperometry—offers additional assets such as increased
current and sensitivity, quicker steady state, and smaller
random contribution from natural convection [16]. Besides,
the amount of analyte can be regulated directly by adjusting
the flow rate of the flow injection system.

We aim to develop an amperometric flow-injection
microfluidic biosensor based on laccase from Trametes
pubescens. We studied the electrochemical immobiliza-
tion of laccase by cyclic voltammetry and electrochemical
impedance spectroscopy. The microfluidic biosensor electric
response was evaluated with ABTS and syringaldazine, both
well-known laccase substrates. The characterization of the
biosensor included temperature, pH, flow injection, and
applied potential effects on the signal response.

2. Materials and Methods

2.1. Reagents and Instrumentation. Glass slides of 76.2mm
in length and 25.4mm in width were purchased at a
local store. ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6)
sulphonic acid), syringaldazine, anhydrous ethanol, potas-
sium ferricyanide, and potassium ferrocyanide were pur-
chased from Sigma-Aldrich (USA). The developer (Microp-
osit MF319) and positive photoresist (Microposit SC 1827)
were purchased from Shipley (USA). Gold wire (Au, 99.99%)
and chromium pieces (Cr, 99.95%) were purchased from
Kurt J. Lesker (USA). PRS-100 positive photoresist stripper,
dipotassiumphosphate, sulfuric acid 97.8%, and hydrochloric
acid 37.2% were purchased from J. T. Baker (USA). Potassium
phosphatemonobasic was purchased fromAppliChem, (Ger-
many); and nitric acid and hydrofluoric acid 40% were pur-
chased from Panreac (Spain). PDMS was prepared according
to product information from a Sylgard 184 silicone elastomer
kit (Dow Corning, USA). All other chemicals used were of
analytical degree.

Gold and chrome were deposited on microscopic slides
using an Edwards Auto 306 thermal evaporation system
at vacuum. The electrode pattern was transferred by an
optical lithography maskless exposure system (model SF-
100, Intelligent Micro Patterning, USA). The electrochemi-
cal procedures were measured using an Autolab Potensio-
stat/Galvanostat PGSTAT128N (Metrohm, USA) computer-
controlled. Data were acquired and analyzed by the software
Nova version 1.9. All assays were performed in a Faraday cage
at room temperature.

2.2. Laccase Production. T. pubescens (CBS 696.94) was
cultured on malt extract agar (MEA) plates during 10 days at
30∘C. Cultures were carried out in 1000mL shake flasks with
50mLof basalmediumand 15 g sterilized dry coffee husk [17].
Culturemediumwas inoculated with three 13mmplugs from
active fungus cultured inMEA. In brief, laccasewas produced
in 1 l shake flask with 50mL of basal medium and 15 g
sterilized coffee husk. Cultured medium was inoculated and
incubated during 21 days at 30∘C under static condition. The
enzymatic crude extract was removed by filtration through
10 𝜇m filter paper (Boeco, Germany) and then centrifuged at
4∘C and 4500 rpm for 15min. Finally, the crude extract was
filtered through 0.22 𝜇mMillex filter unit (Millipore, USA).

2.3. Free Laccase Activity Assay and Protein Measurement.
The activity of free laccase was determined spectrophoto-
metrically by measuring the absorbance change for 10min
using ABTS (𝜀

420

= 36mM−1 cm−1) as a substrate at room
temperature. To perform the assay, 950𝜇L of 0.5mMofABTS
in acetate buffer (0.1M, pH 5.0) was mixed with 50𝜇L of
laccase crude extract. The enzyme activity was expressed as
units per liter (U l−1), where U was defined as the amount
of enzyme required to oxidized 1𝜇mol ABTS per minute.
Protein concentration was determined by Lowry assay [18].

2.4. Microfluidic Biosensor Fabrication. The device is com-
posed of an upper glass slide with a fluidic microsystem
and a lower glass slide with an integrated three-electrode
arrangement made of gold (Figure 1(a)). Both pieces were
fabricated through separate steps and assembled forward
electrode modification with laccase. An in-channel configu-
ration for themicrofluidic biosensor was selected because it is
themost preferred choice of amperometricmicrochip sensors
[19]. The final device has a length of 35mm and a width of
25mm.

2.4.1. Fabrication of the Gold Electrodes. The arrangement
of gold electrodes was fabricated using first a chrome and
latter a gold thin film deposition on glass slides by physical
vapor deposition using a thermal evaporator Edwards E306
(Moorfield, UK) at 2.8 Awith themetals on a tungsten slide at
a vacuumpressure of 4× 10−5mbar and an evaporation rate of
0.3 nm/min [20]. The chrome/gold deposition presented an
overall thickness of 50 nm. The working electrode (WE) and
reference electrode (RE) were fabricated with a diameter of
200 and 300𝜇m, respectively.The counter electrode (CE) was
fabricated with a transverse diameter of 1mm and a conjugate
diameter of 500 𝜇m.

Before the deposition of the gold layer, a chrome interme-
diate layer of 5 nm was evaporated to enhance the adhesion
between the glass and gold. The electrode pattern was
transferred over the metallic film by using mask-free optical
lithography equipment with a resolution of 5 𝜇m. Positive
photoresist was spin-coated onto the gold film at 3600 rpm
for 60 s. Then, the photoresist was baked during 60 s at 115∘C
and patterned for 16 s. Finally, the soluble photoresist was
removed submerging the substrate in the developer for 120 s
with constant agitation.

The exposed gold areas were etched using aqua regia
(HCl + HNO

3

3 : 1 v/v) for 5 s, and then the chrome was
removed submerging the substrate for 30 s in HF 40% v/v.
The residual baked photoresist was removed using stripper
for 60 s leaving the three electrodes created on top of the glass
slide (Figure 1(b) bottom).

2.4.2. Fabrication of the Fluidic Microsystem. Copper foil
tape was stuck on a glass slide, and the fluidic microsystem
mask was transferred to the substrate by mask-free technol-
ogy optical lithography, as was described for the electrode
fabrication. Next, the copper pattern—obtained after the
development—was exposed to FeCl

3

52% (w/v) with the aim
to remove the unprotected copper and fabricate a physical
mask for glass etching. Then, this slide with the pasted mask
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Figure 1: Masks and dimensions of the microfluidic biosensor (a); dismantled schematic diagram (b); and experimental set-up (c).

was submerged into an HF 40% solution for 4min for glass
etching. Therefore, a microchannel of 600 𝜇m of width and
250𝜇m of depth was obtained in the glass slide. Finally,
the copper mask was removed with FeCl

3

52% (w/v) leaving
the glass fluidic microsystem clean of any sacrificial layers
(Figure 1(b) middle).

The fluidic microsystem inlets and outlet were perforated
in the glass fluidic microsystems using a commercial moto-
tool (Figure 1(b) top). The holes were drilled—immersed in
water—at 17,000 rpm using a diamond coated tip.

2.4.3. Microfluidic Sensor Assembly. The fluidic microsystem
and electrodes slideswere assembled usingUVcurable epoxy.
Previous to coating the fluidic microsystem slide with a
glue layer, the microchannel was protected by filling it with
positive photoresist to prevent channel clogging. After sealing
both slides (Figure 1(b) bottom andmiddle) with UV curable
epoxy, stripper was used to remove the positive photoresist
from the microchannels.

Micropipette tips (0.2–10𝜇L) were cut and used as
connections between reservoirs and tubes. These tips were
coupled in the inlets and outlet reservoirs of the fluidic
microsystem using a layer of PDMS with a thickness of 2mm
(Figure 1(c)).The connectorswere joined toNelaton catheters
that were coupled to the syringes.

2.4.4. Laccase Immobilization. Laccase with an enzymatic
activity of 2.13Umg−1 of protein was selectively deposited on
the working electrode inside the sealed fluidic microsystem
by potential step chronoamperometry. To attain this process,
a stream of crude extract of laccase (with a protein con-
centration of 0.178mgmL−1) in 0.1M phosphate buffer (pH
7.0) purged with high purity nitrogen was driven into the
fluidic microsystem. Initial potential was set at the open-
circuit potential. After 10 s of initial holding, laccase was

immobilized by applying 1.2 V between the counter electrode
and the working electrode for 3min.

Prior to use, the electrodes were electrochemically
cleaned using a 0.1MH

2

SO
4

solution by successive cycling
between −0.2 and 1.5 V at 500mV s−1 until reproducible
voltammograms were achieved (Figure 2(b)).

After laccase immobilization, 25 𝜇M ABTS in acetate
buffer 0.1M (pH 5.0.) was introduced in the sealed fluidic
microsystems to test possible undesirable adsorption of
laccase on the glass surface. No undesired laccase adsorption
was detected through high magnification optical (> ×1000)
after several hours of ABTS exposure.

2.5. Electrochemical Study of Laccase Immobilization. Cyclic
voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) were performed in 0.1M phosphate buffer
(pH 7.0) containing 1mM Fe(CN)

6

3−/4−, due to the reason-
ably fast electron transfer. Voltammograms were scanned at
100mV s−1 between −0.2 and 0.6V.The frequency scan range
for the EIS was from 0.1Hz to 100 kHz and a sinusoidal
potential modulation of ±5mVwas superimposed on the DC
potential of 0.2 V. Before each experiment, fresh solution was
purged for 10min using high purity nitrogen. We selected
the Randles circuit to fit the experimental data obtained by
EIS; this circuit is comprised by a solution resistance (𝑅

𝑠

), a
charge transfer resistance (𝑅ct), a Warburg impedance (𝑊),
and a double layer capacitance (𝐶dl). The diameter of the
semicircle corresponds to the interfacial electron transfer
resistance (𝑅ct).

2.6. Characterization of theMicrofluidic Biosensor Experimen-
tal Conditions. Temperature and pH effect on the immo-
bilized laccase activity were studied by CV using ABTS
as a substrate. Acetate buffer 0.1M (pH 5.0) with ABTS
25 𝜇M was injected into the fluidic microsystem, and five
voltammograms were scanned at 100mV s−1 between −0.2
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Figure 2: Nyquist plots (a) and cyclic voltammograms (b) at bare electrode (gray) and laccase modified Au electrode sealed in the fluidic
microsystem (black). Continuous lines represent results from data fitting. Inset is the equivalent circuit. Solution: 1mM K

4

[Fe(CN)
6

] +
K
3

[Fe(CN)
6

] + 0.1M phosphate buffer (pH. 7.0). For EIS, a sinusoidal potential modulation of ±5mV was superimposed on the DC potential
of 0.2 V versus Ag/AgCl/KCl

3𝑀

. Applied frequency was from 106 to 0.1 Hz. For CV the scan rate was 100mV s−1.

and 1 V. For each experiment the anodic peak height of the
second voltammogram was plotted against the independent
variable. Temperature effect was evaluated in the range from
20∘C to 75∘C at pH 5.0. Similarly, the buffer pH was varied
from 4.0 to 7.5 at room temperature.

Injection flow rate effect on the immobilized laccase
activity was evaluated by amperometry using acetate buffer
0.1M (pH 5.0) as the running solution. The amperometry
experiments with flow injection were conducted using the
following procedure. The fluidic microsystem was treated
with the running solution for 5min. This solution was deliv-
ered into the fluidic microsystem using a syringe pump at a
fixed flow rate.Then, ABTS 25𝜇M in acetate buffer 0.1M (pH
5.0.) was injected into the fluidic microsystem—through the
inlet 2—using another syringe pump at the same rate of the
running solution.The injection flow rate effect was evaluated
at 100, 120, 140, 160, 180, 240, and 320 𝜇Lmin−1 applying
0.4V. The current signal obtained was plotted against the
independent variable. Each experiment was performed by
triplicate. Data was plotted as relative current, which was
defined regarding the maximum value of each experiment.

2.7. ABTS and Syringaldazine Detection Determination.
ABTS and syringaldazine detection experiments were mea-
sured by amperometry with flow injection.The injection flow
rate, buffer pH, and potential applied were chosen based
on the results of the characterization of the experimental
conditions. ABTS probes were performed with 0.1M acetate
buffer as the running buffer, and syringaldazine probes with
0.1M acetate buffer-ethanolmixture prepared in a proportion
1 : 1 (v/v). Probes were made injecting continuously running
buffer and the analyte was injected periodically each 120 s for
20 s increasing its concentration periodically. Experiments
were conducted in triplicate and at room temperature unless
specified.

We calculated theMichaelis-Menten parameters from the
Lineweaver-Burk equation:

1

𝐼
=
𝐾

app
𝑀

𝐼max [𝑆]
+
1

𝐼max
, (1)

where 𝐼 is the current response, 𝐾app
𝑀

is the apparent
Michaelis-Menten constant and 𝐼max is themaximum current
measured under saturated substrate condition.

2.8. Stability of the Microfluidic Biosensor. The stability test
followed the previous procedure for ABTS detection by
amperometry with flow injection. Measurements were made
each 24 h for 10 days (in triplicate at room temperature) using
0.1M acetate buffer as the running buffer and 50 𝜇M ABTS
in acetate buffer 0.1M (pH 5.0) as the analyte solution for
detection under the same conditions as for ABTS detection
determination. The microfluidic biosensor was stored at 4∘C
after the measurements.

3. Results and Discussion

3.1. Laccase Immobilization. We determined the immobi-
lization of laccase studying the electrochemical behavior
of the working electrode. Previous the immobilization, the
Nyquist profile shows a small semicircular profile at high
frequencies, followed by a linear profile at low frequencies
(Figure 2(a)). After the immobilization, the electrode only
shows a semicircular profile within the frequency range
evaluated. The estimated values of the interfacial electron
transfer resistance (𝑅ct) from the Randles model were 18.1 kΩ
and 3.9MΩ for the bare electrode and laccase-modified
electrode, respectively.

We calculated the electron transfer rate constant (𝑘0, an
indicator of the kinetic facility of the redox system) by EIS
[21]. The following equations were applied for the 1-electron,
first order reaction of the Fe(CN)

6

3−/4− couple, assuming that
𝐶ox = 𝐶red = 𝐶, in order to determine 𝑘0 [22]:

𝑅ct =
𝑅𝑇

𝐹𝑖
0

𝑖
0

= 𝐹𝐴𝑘
0

𝐶,

(2)

where 𝑅 is the gas constant, 𝑇 is the temperature, 𝐹 is the
Faraday constant, and 𝐴 is the area of gold electrode. The 𝑘0
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Figure 3: Effect of temperature (a), pH (b), and injection flow rate (c) on the current response of the microfluidic biosensor. Error bars
describe the standard deviation of the three replicates. Solution: acetate buffer 0.1M (pH 5.0.) as the running solution and ABTS 25 𝜇M in
acetate buffer 0.1M (pH 5.0.) as the analyte.

measured were 4.6 × 10−2 cm s−1 and 2.1 × 10−4 cm s−1 for the
bare and laccase-modified electrode, respectively.

Figure 2(b) shows theCVprofiles obtained from the reac-
tion of Fe(CN)

6

3−/4− at the electrode interface before and after
the immobilization of laccase. Fe(CN)

6

3−/4− was used due to
the reasonably fast electron transfer; however, bymeans of the
modification of the charge transfer resistance and the electron
transfer rate constant, the electrochemical immobilization of
laccase on the electrode surface was evidenced. Previous the
immobilization, the anodic and cathodic peak heights were
181.1 and 170.4 nA, respectively, and the peak separation was
54mV. After the immobilization, the anodic and cathodic
peak heights were 13.0 and 12.7 nA respectively, while the
peak separation was 117mV.

We induced the electrolysis of water applying a potential
between the working and counter electrode in a buffer (pH
7.0) containing laccase. A decrease of the local pH in the
vicinity of the working electrode produced the neutralization
of laccase net charge (pI 2.6 for laccase from Trametes
pubescens [23]). This process caused the precipitation of the
enzyme on the surface of the working electrode [24, 25].

We found that laccase was immobilized on the electrode
sealed inside the fluidic microsystem by this electrochemical
technique without exposing laccase to denaturing condi-
tions. The change of the Nyquist profiles showed that the
Fe(CN)

6

3−/4− reaction was initially limited by the mass
transfer of the active specie from the bulk solution to the
electrode interface, but the reaction shifted to kinetic-limited
after the immobilization [16].This change is evidenced by the
decrease of two orders of magnitude of 𝑘0 and the increase of
𝑅ct. This behavior means that the Fe(CN)

6

3−/4− reaction was
harder to accomplish due to the presence of a layer of laccase

on the surface of the working electrode, which decreased
the active area of the electrode. After the immobilization,
we also observed a decrease of an order of magnitude in
the current response and an increase of 54% in the potential
separation of the peaks byCV.These observations proved that
the reaction—initially reversible—became irreversible with
the functionalization of the electrode. These observations
proved the hypothesis that laccase was immobilized by the
electrochemical technique performed in this work.

3.2. Characterization of Experimental Conditions of the
Microfluidic Biosensor. Figure 3 shows the resulting relative
current from the ABTS oxidation by the working electrode
modified with laccase when we evaluated the effect of
temperature, pH, injection flow rate, and potential applied
on the current response. The temperature profile achieved
a maximum around 55∘C, while the pH profile showed a
maximum around 4.5 (Figures 3(a) and 3(b)). We found
previously using free laccase from Trametes pubescens and
ABTS as a substrate that the temperature profile behaved like
a bell-shapewith amaximumaround 55∘C, and the pHprofile
decreased as the pH increased, with a maximum in a range
from 2 to 3 [26]. These profiles behaved similarly compared
to the profiles from the present work, which may indicate
that the electrochemical immobilization proceeded without
modify the structure of the enzyme.

The maximum current was achieved at a temperature
higher than previous laccase-based biosensors using nano-
material composites and polymers [27–29] and similar to
laccase immobilized on magnetic chitosan microparticles
(55∘C) [30]. Also, the behavior of pH profile is consistent with
previous biosensors characterizations [31, 32].



6 BioMed Research International

0

5

10

15

20

25

30

35

0 500 1000 1500 2000

Cu
rr

en
t (

nA
)

0.0

0.5

1.0

1.5

0 250 500 750 1000

Cu
rr

en
t (

nA
)

Time (s)

Time (s)

200𝜇M

0.5 𝜇M

(a)

0

10

20

30

40

0 50 100 150 200 250

Cu
rr

en
t (

nA
)

ABTS concentration (𝜇M)

y = 0.2341x + 0.1378

R2 = 0.9971

(b)

Figure 4: Current-time response curve with background signal subtracted (a) and calibration curve (b) of the microfluidic biosensor.
Increasing concentrations of ABTS (from 0.5𝜇m to 200𝜇M) in 0.1M acetate buffer (pH 4.5) were injected at 200𝜇Lmin−1. Potential applied
of 0.4V at room temperature. Error bars describe the standard deviation of the three replicates.

Figure 3(c) shows that the current increases with the
flow rate from 100 to 180 𝜇Lmin−1, and after the turning
point around 180 𝜇Lmin−1 the current became constant.
Before the turning point, heterogeneousmass transfer kinetic
is higher than the rates of mass transfer; therefore the
reaction is kinetic controlled. After the turning point, the
convective contribution to mass transfer became larger to
increase the mass transfer rates turning to a mass-transfer
controlled reaction. Based on these results, we selected a
temperature of 55∘C, a buffer pH of 4.5, an injection flow
rate of 200𝜇Lmin−1, and a potential applied of 0.4V as the
optimal conditions for phenolic determination.

3.3. Detection of ABTS. Figure 4 shows the current response
achieved at different concentrations of ABTS. We achieved
a linear relationship within 0.5 and 100 𝜇M with a relative
standard deviation (RSD) lower than 5%. The ABTS sensi-
tivity and the detection limit (signal-to-noise ratio (S/N) =
3) calculated were 0.2341 nA 𝜇M−1 (741 nA𝜇M−1 cm−2) and
0.149 𝜇M, respectively. The apparent Michaelis-Menten con-
stant (𝐾app

𝑀

) and the maximum current (𝐼max) were 386.5 𝜇M
and 105 nA, respectively.The sampling rate of themicrofluidic
biosensor calculated was 24 to 60 samples per min.

The substrate sensitivitywas improved comparedwith the
laccase electrode covalently immobilized on platinum and
platinum oxide (75 nA𝜇M−1) [31, 33] and laccase on glassy
carbon electrodes (358.3 ± 18.8 nA𝜇M−1 cm−2) [34]. The
detection limit was also lower than those reported in previous
results for amperometric laccase biosensors on platinum
(0.2 𝜇M) and platinum oxide (0.5 𝜇M) [31, 33], as well as the
laccase biosensor based on a matrix of carbon nanotubes-
chitosan composite (0.23𝜇M) [32].

Figure 5 shows the stability of the microfluidic biosensor.
This test showed a linear decrease with a coefficient of
determination (𝑅2) of 0.9924, and a half-life time of 10 days.
The relative standard deviation was lower than 10%.
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Figure 5: Stability of the microfluidic biosensor. Measurements
made each 24 h for 10 days using 0.1M acetate buffer as the running
buffer and 50 𝜇M ABTS in acetate buffer 0.1M (pH 5.0.) as the
analyte solution for detection. Error bars describe the standard
deviation of the three replicates.

3.4. Detection of Syringaldazine. Figure 6 shows the current
response achieved at different concentrations of syringal-
dazine; we achieved a linear relationship within 10 and
200𝜇M with a relative standard deviation (RSD) lower than
10%. The syringaldazine sensitivity and the lowest detectable
concentration were 0.0012 nA𝜇M−1 and 10 𝜇M, respectively.
The apparent Michaelis-Menten constant (𝐾app

𝑀

) and the
maximum current (𝐼max) were 540 𝜇M and 0.9 nA, respec-
tively. Also, the microfluidic biosensor is capable of measure
60 syringaldazine samples per min.

We found that the sensitivity and the repeatability for
syringaldazine decreased compared with ABTS values. This
biosensor has a ABTS limit of detection comparable to the
biosensor of laccase covalently immobilized on a composite
of silver nanoparticles, carboxylated multiwalled carbon
nanotubes and polyaniline on a gold surface [35], a laccase
biosensor based on platinum nanoparticles dispersed in 1-
butyl-3-methylimidazolium hexafluorophosphate [36], and a
laccase based biosensor immobilized on magnetic core-shell
nanoparticles, but lower for the detection of syringaldazine
[37]. Apparently ethanol, which has a lower polarity than



BioMed Research International 7

0.00

0.05

0.10

0.15

0.20

0.25

0.30

200 300 400 500 600 700

Cu
rr

en
t (

nA
)

Time (s)

(a)

0

0.1

0.2

0.3

0 100 200 300

Cu
rr

en
t (

nA
)

Syringaldazine concentration (𝜇M)

y = 0.0012x + 0.0142

R2 = 0.993

(b)

Figure 6: Current-time response curve with background signal subtracted (a) and calibration curve (b) of the microfluidic biosensor.
Increasing concentrations of syringaldazine (from 10 𝜇m to 200 𝜇M) in 0.1M acetate buffer (pH 4.5) : ethanol 1 : 1 (v/v) solution were injected
at 200 𝜇Lmin−1. Potential applied of 0.4V at room temperature. Error bars describe the standard deviation of the three replicates.

water (relative permittivity: 𝜀
𝑟H2O = 78.5; 𝜀𝑟C2H6O = 24.5

at 25∘C), affected the performance of the biosensor; as
polarity promotes the dissociation of dissolved electrolytes
and hydration of the ions, the ion mobility was much harder
[38]. However, this should not be a problem in real sample
since ethanol has a high volatility, and phenolic compounds
can be found in aqueous solutions.

4. Conclusions

The complete process of fabrication, assembling, and enzy-
matic immobilization of a microfluidics biosensor for the
detection of phenol is described. This microfluidics system
can be functionalized after themicrofabrication process takes
place and the microdevice is sealed and operates in both
stationary and continuous flow conditions. The material of
the substrate and the confinement of the electrodes allow
this microdevice to be operated in situ without any risk of
deterioration or contamination of the sample. In addition,
a small volume is needed to detect phenol in aqueous
solutions thanks to themicrochannel structure.Themicroflu-
idic biosensor showed better analytic characteristics than
previous biosensors, such as the lower limit of detection and
sensitivity. Moreover, the optimum operational conditions
of temperature, pH, injection flow rate, and potential were
established and can be directly applied to in situ operation
as well as its fabrication procedure introduced for industrial
applications.

Abbreviation

ABTS: 2,2-Azino-bis(3-ethylbenzothiazoline-6)
sulphonic acid

ASTM: International Association of Testing
Materials

CE: Counter electrode
CV: Cyclic voltammetry
EIS: Electrochemical impedance spectroscopy
EPA: Environmental Protection Agency
ISO: International Organization for

Standardization
RE: Reference electrode
RSD: Relative standard deviation
WE: Working electrode.
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Objective of this study was the selection and adaptation of mixed microbial cultures (MMCs), able to ferment crude glycerol
generated from animal fat-based biodiesel and produce building-blocks and green chemicals. Various adaptation strategies have
been investigated for the enrichment of suitable and stable MMC, trying to overcome inhibition problems and enhance substrate
degradation efficiency, as well as generation of soluble fermentation products. Repeated transfers in small batches and fed-batch
conditions have been applied, comparing the use of different inoculum, growth media, and Kinetic Control. The adaptation of
activated sludge inoculum was performed successfully and continued unhindered for several months. The best results showed a
substrate degradation efficiency of almost 100% (about 10 g/L glycerol in 21 h) and different dominant metabolic products were
obtained, depending on the selection strategy (mainly 1,3-propanediol, ethanol, or butyrate). On the other hand, anaerobic sludge
exhibited inactivation after a few transfers. To circumvent this problem, fed-batch mode was used as an alternative adaptation
strategy, which led to effective substrate degradation and high 1,3-propanediol and butyrate production. Changes in microbial
composition were monitored by means of Next Generation Sequencing, revealing a dominance of glycerol consuming species,
such as Clostridium, Klebsiella, and Escherichia.

1. Introduction

The exponential growth of biodiesel production in the last
decade has led to a concomitant increase in crude glycerol
[1, 2]. Hence, new uses of crude glycerol are required in
order to overcome the problem of glycerol glut. Meth-
ods for glycerol utilization or disposal include combustion,
composting, anaerobic digestion, animal feed, and thermo-
chemical or biological conversion to value-added products
[3]. New methods for the valorization of glycerol involve
the bioconversion into biofuels and green chemicals, which
might provide several advantages, compared to some of the
above-mentioned methods. Environmental biotechnologies
are thus going to provide a significant contribution to tackle
the challenge of a more efficient use of by-products and

waste streams. In this frame, a so-called “ecobiotechnological
approach” has been recently proposed as an interesting tool
for a more effective exploitation of wastes and wastewaters
[4].

As stated by Johnson and colleagues [5], ecobiotechnol-
ogy aims at applying “processes based on openmixed cultures
and ecological selection principles (rather than genetic or
metabolic engineering), thus combining the methodology
of environmental biotechnology with the goals of industrial
biotechnology.” Some recent studies have started to apply
such principles also to the valorization of crude glycerol,
showing interesting results, in terms of conversion efficien-
cies and decreased substrate and operating costs (no substrate
pretreatment, no sterilization, etc.) mainly due to lower
energy consumption [2, 4, 6, 7]. Glycerol fermentation can
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lead to the production of several useful metabolites, such as
alcohols (i.e., ethanol and butanol), 1,3-propanediol (1,3 PD),
2,3-butanediol (2,3 BD), hydrogen, polyhydroxyalkanoates
(PHA), and volatile fatty acids (VFAs) [8–13]. The latter rep-
resent important bulk chemicals and preferred substrates for
many bioprocesses [14]. Interestingly, they are also known to
be preferred substrates for enhanced polyhydroxyalkanoates
(PHA) production [15] and in principle they might be used
for a 2-stage process for the bioconversion of glycerol into
VFAs, followed by PHA production.

Thus, in recent years, the glycerol glut problem has
led to several studies on the conversion of crude glycerol.
However, valorization of crude glycerol derived from second-
generation (2G) biodiesel has been scarcely investigated and,
to our knowledge, bioconversion of crude glycerol from the
processing of animal fat derived biodiesel has been reported
only by Sarma and colleagues [16] so far. On the other hand,
production of 2G biodiesel is expected to increase in the near
future, due to incentives. Europe, for instance, has proposed
subsidies for the production of biofuels produced from
waste feedstocks (i.e., “multiple accounting mechanism,”
Renewable Energy Directive 2009/28/EC), thus leading to
an enhanced production of crude glycerol derived from 2G
biodiesel.

Nevertheless, the use of such a substrate, containing
high amounts of contaminants such as soaps and long chain
fatty acids (LCFA), salts, ashes, and methanol, can strongly
interfere with, or even inhibit, the microbial growth and
conversion efficiency, especially in the case of pure strains
[17, 18]. In fact, crude glycerol derived from complex waste
materials, such as meat processing and restaurant waste,
is considered to have even more impurities (very high
amount of sulfur and LCFA, very low pH, etc.) than the
crude glycerol derived from pure substrates [16]. For this
reason, most studies working with pure strains focus on
the use of purified glycerol. This allows for higher substrate
conversion efficiency but significantly increases processing
costs [19]. A very important step to reduce costs related
to the conversion of glycerol would therefore be to use
crude glycerol directly, without previous pretreatment. This
might be achieved by using selectedmixedmicrobial cultures
(MMCs). Since sterile cultivation enables an easy way of
controlling microbial growth and product formation, most
industrial biotechnological processes today are based on a
single microbial strain. Nonetheless, there are many cases
where the utilization of mixed cultures and/or cocultures
appears to be advantageous over a singlemicroorganism [20].

The ability of the selected MMC to create synergistic
effects can help degrading complex substrates with different
grades of impurities, also in nonsterile conditions. MMC
can thus utilize a wide variety of complex substrates, rich
in nutrients, but also potentially inhibiting effluents. This is
particularly advantageous if industrial waste feedstock, con-
taining compounds of undefined composition, are used [21].
In fact, unlike monocultures, MMCs show a complementary
metabolism and are able to utilize different carbon sources.
For this reason, they are considered by several authors to be
of special interest in the fermentative processes [5, 22, 23],
representing a promising alternative approach [5], in some

Table 1: Crude glycerol characteristics.

Content Typical values
Raw glycerine 75%
Fat 10%
Methanol <1%
Sulphur 1-2%
Moisture 10%
Ash 5%
Density 1.2–1.3 Kg/L
pH 1.5

cases even showing better performances than pure strains
[24]. Therefore, a new promising direction in environmental
biotechnology is to apply the principles of ecobiotechnology
and adaptive laboratory evolution to develop a mixed micro-
bial population, selected to achieve a higher production yield
and which would have unique metabolic capacities [25], at
lower operational costs [6, 26].

The objective of this study is the selection and adaptation
of MMC, able to ferment crude glycerol generated from
animal fat derived biodiesel and produce building-blocks
and green chemicals. Various adaptation strategies have
been investigated for the enrichment of suitable and stable
MMCs, trying to overcome inhibition problems and enhance
substrate degradation efficiency, as well as production of
soluble fermentation products.

2. Material and Methods

2.1. Choice of Crude Glycerol. Unless differently stated, non-
pretreated crude glycerol provided by Daka Biodiesel (Den-
mark), obtained from the transesterification of butchery
waste (based on animal fat categories 1 and 2 according to
the EU regulation number 1069/2009 and 142/2011), was used.
The main characteristics of this type of crude glycerol are
reported in Table 1.

2.2. Experimental Plan. The enrichment and selection were
performed in small batches through repeated transfers of dif-
ferent inocula, in order to compare their performances. Each
experiment was performed in triplicate. Activated sludge
and anaerobic sludge were used as inoculum source. The
latter underwent heat-shock treatment and the fermentation
performance was compared to the nonpretreated sludge.
Heat-shock allows selecting for spore forming bacteria (typ-
ically Gram-positive bacteria, such as Clostridia, which are
abundant in anaerobic sludge and are well-known in dark
fermentation processes), while getting rid of methanogens.
Activated sludge instead is mainly made of enterobacteria,
typically nonspore forming bacteria, which would be inhib-
ited by the heat-shock. Enterobacteria are considered to be
an important component in dark fermentation processes
and the heat shock would lead to a reduction of additional
fermentation pathways [27]. Moreover the activated sludge is
not anaerobic and does not favor the growth ofmethanogens,
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Fed-batch

Starting inoculum Anaerobic
sludge sludge

Activated

Heat
shockPretreatment No No

Medium BA MM BA MM BA MM

Transfer KC EF KC EF KC EF KC EF KC EF KC EF

Figure 1: Transfer scheme for the selection and enrichment in batch
conditions. KC = Kinetic Control; EF = End of Fermentation; MM
=Minimal Medium; BA = BA medium.

and thus the heat-shock treatment would not be necessary or
beneficial.

Two different growth media were used for the enrich-
ment, containing 10 g/L glycerol: a medium rich in trace
metals, vitamins, and growth factors (BA) and a Minimal
Medium (MM), which does not include yeast extract, tryp-
tone, vitamin, or mineral solutions.

Transfers. 10% inoculum was used in 125mL vials of 40mL
working volume. The experiments were performed to com-
pare the efficiency of two enrichment strategies: (a) Kinetic
Control (KC) and (b) non-Kinetic Control, in which the
inoculum was transferred only at the End of Fermentation
(EF).

Kinetic Control. Transfers occurred during the (late) expo-
nential growth phase, in rapid successions (after 21 h fermen-
tation).

End of Fermentation. The transfers occurred after 72 h, when
no more fermentation gases were produced. A scheme of
the experimental inoculum transfers is presented in Figure 1.
In addition, fed-batch experiments (400mL working volume
in 1 L serum bottle) and enrichment on hexane-pretreated
crude glycerol were also performed, using anaerobic sludge
as starting inoculum.

Liquid and gas samples were collected on a regular basis.

2.2.1. Microorganisms Storage and Activation. MMCs ob-
tained during the exponential growth phase were stored in
the freezer at −18∘C and periodically refreshed. Prior to use,
the frozen mixed culture was transferred to the refrigerator
at 4∘C, for 2 hours and then for an additional hour at room
temperature, before being inoculated. Activation was per-
formed in the same conditions as the respective enrichment
and 10% v/v inoculum was transferred into fresh medium

after 21 hours (in case of Kinetic Control experiments) or 72
hours (in case of End of Fermentation experiments).

2.2.2. Batch Experiments. 125mL serum vials were used for
batch experimentation, to enrich the (activated or anaero-
bic) sludge through repeated transfers into fresh medium,
according to the transfer scheme shown in Figure 1. 36mL
growth medium (either MM or BA medium), containing
around 10 g/L glycerol, was flushed for 5 minutes with a
mixture of 80%N

2
and 20%CO

2
, in order to obtain anaerobic

conditions, prior to inoculation, and incubated at 37∘C, using
an orbital shaker at 150 rpm. Gas and liquid samples were
collected before transferring 10% v/v of fermentation broth
(representing the new inoculum) into fresh medium. All
transfer steps were performed in triplicate.

2.2.3. Hexane Pretreatment of Crude Glycerol. Enrichment
of (heat-shock treated) anaerobic sludge was also performed
(in the same batch conditions described in Section 2.2.2)
using hexane-pretreated crude glycerol. The extraction step
was applied in order to reduce the concentration of lipids
and (long chain) fatty acids present in the crude glycerol
(coming from fat derived biodiesel) and evaluate its potential
inhibitory effect on the microbial growth. Hexane pretreat-
ment was performed as described by Anand and Saxena [28]
and the batch transfers were performed with Kinetic Control
(every 21 h).

2.2.4. Fed-Batch Experiments. Repeated fed-batch culture
was used for the enrichment of heat-shock treated anaerobic
sludge, in a 1 L serum vial with 300mL work solution,
containing 90% anaerobic sludge and 10% BA medium, with
around 10 g/L (nonpretreated) glycerol. The serum vial was
flushed for 15 minutes with a mixture of 80% N

2
and 20%

CO
2
, in order to obtain anaerobic conditions, and incubated

at 37∘C and 150 rpm. Every day, an aliquot of around 30mL
was collected and substituted with an equivalent amount of
fresh BA medium, containing 10 g/L glycerol. Gas and liquid
samples were collected prior to this operation.

2.3. Media Composition

2.3.1. Minimal Medium. Minimal Medium (MM) is a very
simple growth medium, containing, per litre of distilled
water: 10 g glycerol, 3.4 g K

2
HPO
4
⋅3H
2
O, 1.3 g KH

2
PO
4
, 2 g

(NH
4
)
2
SO
4
, 0.2 g MgSO

4
⋅7H
2
O, 20mg CaCl

2
⋅2H
2
O, and

5mg FeSO
4
⋅7H
2
O [29].

For cultivation, 36mL of medium was dispensed into
125mL serum bottles and sealed with butyl rubber stoppers.
Subsequently the medium was flushed with a mixture of
nitrogen and CO

2
(80 : 20 v/v) for 5 minutes and inoculated

with 4mL inoculum (10% v/v inoculum), before being incu-
bated at 37∘C with continuous stirring (150 rpm). Initial pH
was 7.

2.3.2. Rich Medium. A complete synthetic medium for an-
aerobes (referred to as BA medium [30]), which con-
tains salts, vitamins, and trace elements beside pH buffers
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and reducing agents was also used. The medium was
prepared from the following stock solutions (contain-
ing, per litre of distilled water): (A) 100 g NH

4
Cl, 10 g

NaCl, 10 g MgCl
2
⋅6H
2
O, and 5 g CaCl

2
⋅2H
2
O; (B) 200 g

K
2
HPO
4
⋅3H
2
O; (C) trace metal and selenite solution: 2 g

FeCl
2
⋅4H
2
O, 0.05 g H

3
BO
3
, 0.05 g ZnCl

2
, 0.038 g CuCl

2
⋅2

H
2
O, 0.05 g MnCl

2
⋅4H
2
O, 0.05 g (NH

4
)
6
Mo
7
O
24
⋅4H
2
O,

0.05 g AlCl
3
, 0.05 g CoCl

2
⋅6H
2
O, 0.092 g NiCl

2
⋅6H
2
O, 0.5 g

ethylenediaminetetraacetate, 1mL concentrated HCl, and
0.1 g Na

2
SeO
3
⋅5H
2
O; (D) 52 g NaHCO

3
; and (E) vitamin

mixture according to Wolin et al. [31].
974mL of redistilled water was added to the following

stock solutions: A, 10mL; B, 2mL; C, 1mL; D, 50mL; and E,
1mL [30].

2.4. Inocula. Activated sludgewas collected from thewastew-
ater treatment plant of Daka Biodiesel, Denmark, as it was
anticipated that it should be already enriched inmicrobes able
to use glycerol and lipid substances as carbon source.

Anaerobic sludge was obtained from the Lundtofte
Wastewater Treatment plant (Denmark) and supplemented
with the effluent of a lab-scale anaerobic digester (50/50 v/v),
treating swine manure.

The heat-shock pretreatment was obtained by heating
the anaerobic sludge mixture for 15 minutes at 90∘C, while
flushing with the N

2
-CO
2
mixture.

2.5. Analytical Methods. Detection and quantification of
glycerol, ethanol, 1,3-propanediol, and lactic acid were
obtained with a HPLC equipped with a refractive index and
Aminex HPX-87H column (BioRad) at 60∘C. A solution
of 4mM H

2
SO
4
was used as an eluent at a flow rate of

0.6mL/min.
Samples for HPLC analysis were centrifuged at

10,000 rpm for 10min, filtered through a 0.45 𝜇mmembrane
filter, and finally acidified with a 10% w/w solution of H

2
SO
4
.

For the quantification of volatile fatty acids (VFAs),
filtered samples were acidified with H

3
PO
4
(30 𝜇L of 17%

H
3
PO
4
was added in 1mL of sample) and analyzed on a gas

chromatograph (PerkinElmer, Clarus 400), equipped with a
flame ionization detector and a capillary column (AgilentHP-
FFAP, 30m long, 0.53mm inner diameter). The oven was
programmed to start with 105∘C (for 3minutes), followed by a
ramp that reaches 130∘Cat a rate of 8∘C/min and subsequently
230∘C (held for 3min) at a rate of 45∘C/min. Nitrogen was
used as the carrier gas at 13mL/min; the injector temperature
was set at 240∘C and the detector at 230∘C.

The total volume of gas production was measured using a
water displacement system [32].

Hydrogen content in the produced gas was measured
with a gas chromatograph (SRI GC model 310) equipped
with a thermal conductivity detector and a packed column
(Porapak-Q, length 6 ft and inner diameter 2.1mm). The
volume of H

2
produced in sealed vials during glycerol fer-

mentation tests was calculated by the mass balance equation
[33].

Multivariate data analysis was performed usingUnscram-
bler X 10.1 software (by Camo). A Principal Component

Analysis (PCA) [34] was chosen as a tool to explore the big
datamatrix obtained from themain fermentation parameters
monitored during the enrichments.

2.6. Next Generation Sequencing. DNA was extracted from
the pellets of 5mL crude samples using the PowerSoil DNA
Isolation Kit (MoBio) according to the standard procedure.
Sequencing amplicon librarieswere generated byPCR follow-
ing the “16S Metagenomic Sequencing Library Preparation,
Preparing 16S Ribosomal RNA Gene Amplicons for the
Illumina MiSeq System” protocol (Illumina part number
15044223 rev. B). Internal parts of the 16S ribosomal RNA
(rRNA) gene, covering variable regions V3 and V4, were
PCR-amplified with the KAPA HiFi HotStart ReadyMix
(KAPA Biosystems) and the primers 5-TCGTCGGCAGC-
GTCAGATGTGTATAAGAGACAGCCTACGGGNGG-
CWGCAG-3 and 5-GTCTCGTGGGCTCGGAGATG-
TGTATAAGAGACAGGACTACHVGGGTATCTAATCC-
3 and purifiedwith theAgencourt AMPure XP kit (Beckman
Coulter Genomics). The Nextera XT Index Kit was used to
add sequencing adapters and multiplexing indices. Pooled
DNA libraries were sequenced on a MiSeq sequencer (Illu-
mina) using theMiSeq Reagent Kit v3 in the 2⋅300 bp paired-
end mode.

Sequencing reads were demultiplexed, trimmed, and
OTU-classified using the Metagenomics Workflow of the
MiSeq Reporter Software v.2.3 (Illumina). This workflow
uses an Illumina proprietary classification algorithm and
an Illumina-curated version of the Greengenes 13.5 (May
2013) taxonomy database, which covers 3 kingdoms, 33 phyla,
74 classes, 148 orders, 321 families, 1086 genera, and 6466
species.

Due to the relatively high number of unclassified reads
found at the species level, comparisons between samples are
presented at the genus level, while comparisons at the species,
family, order, class, and phylum level are available as supp-
lementary information (in Supplementary Material available
online at http://dx.doi.org/10.1155/2015/932934). Sequencing
reads have been deposited to the sequence read archive of
NCBI under the Bioprojects PRJNA285034 (http://www.ncbi
.nlm.nih.gov/bioproject/285034) and PRJNA284929 (http://
www.ncbi.nlm.nih.gov/bioproject/284929).

3. Results and Discussion

3.1. Enrichment in Batch Conditions

3.1.1. Activated Sludge. Based on the experimental scheme
(Figure 1), 12 different selection conditionswere tested in trip-
licate. The enrichment using activated sludge showed good
results in terms of substrate degradation, and it continued
unhindered for several transfers, with no evident inhibition
(due to the use of crude glycerol). This actually indicated
the possibility to increase the substrate concentration in
future studies.The best results obtained, in terms of substrate
degradation efficiency (practically reaching 100%) and biogas
production, were observed with MM-KC. This experimental
condition led to the highest ethanol production, converting
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about 10 g/L glycerol in 21 h (maximum yield = 4.6 g/g), with
a concomitant 1,3 PD yield of approximately 3 g/g. After 16
transfers, however, the distribution of the main metabolites
changed, with 1,3 PD becoming the dominant one, and
showing an increase in butyrate during the last transfers.

MM-EF also showed a high substrate degradation effi-
ciency and (with exception of transfers 5–7) the main
metabolites were represented by 1,3 PD and butyrate. This
condition performed the best butyrate production, with a
maximum yield of 3.3 g/g (from 8.5 g/L glycerol in 72 h
fermentation), together with 1,3 PD yield of 4.7 g/g.

The use of BAmedium (experiments 3 and 4) seemed not
to favor solventogenesis pathway (almost no ethanol produc-
tion was observed), while 1,3 PD was still by far the main
metabolite (with an average production of 3.67±0.56 g/L and
3.99±0.74 g/L for KC and EF, resp.), followed by butyrate and
acetate. Also in this case, the End of Fermentation seemed to
favor butyrate production, with a yield reaching up to 2.99 g/g
(from 7.7 g/L glycerol in 72 h fermentation) in BA-EF.

Hydrogen % in the biogas was rather modest in all
experiments, reaching in most cases around 20%.

The distribution ofmainmetabolites and substrate degra-
dation (%) observed during the enrichment process with
activated sludge are shown in Figures 2(a) and 2(b).

Principal Component Analysis, based on the complete
datamatrix of 240 samples with 11 variables, showed clear dif-
ferences between the tested enrichment strategies (Figure 3),
with EF closer related to butyrate (especially MM-EF) and
BA-KC closer related to acetate. In general, the first Principal
Component (PC) showed an increase of ethanol and hydro-
gen, moving towards the right, while the second PC showed
an increase of butyrate productionmoving upwards.The first
PC roughly separated EF and KC (with the exception ofMM-
EF), while the second PC separated MM from BA.

Furthermore, a comparison of the correlation loadings
obtained with the data of the four enrichment conditions
(MM-KC, MM-EF, BA-KC, and BA-EF) separately, showed
that, only in the case of BA, butyric acid was related to H

2

production (Figure 4), as would be expected from a direct
glycerol conversion into butyrate. In fact, glycerol conversion
to butyric acid has a theoretically yield of 2mol/mol [35].

Interestingly, in the case of MM, butyrate production was
negatively correlated with lactic and acetic acid, and also
with hydrogen in MM-EF, while it was positively correlated
with hydrogen production when using BA medium, thus
implying a secondary fermentation (sensu Agler et al. [21])
(a butyrate production which does not come directly from
glycerol conversion).

There might be several possible pathways, leading to
butyrate production through the conversion of lactate and
acetate [36], besides the above-mentioned conversion of
glycerol. Some examples are provided in

Lactate+ 0.4Acetate+ 0.7H+

→ 0.7Butyrate+ 0.6H2 +CO2 + 0.4H2O

ΔG = −183.9

(1)

Lactate+Acetate+H+

→ Butyrate+ 0.8H2 + 1.4CO2 + 0.6H2O

ΔG = −59.4

(2)

2Lactate+H+ → Butyrate+ 2H
2
+ 2CO2

ΔG = −64.1
(3)

It is also worth noting that Zhu and Yang [37] observed a
metabolic shift from butyrate formation to lactate and acetate
at pH < 6.3, associated with decreased activities of phos-
photransbutyrylase and NAD-independent lactate dehydro-
genase, and increased activities of phosphotransacetylase and
lactate dehydrogenase. Our batch experiments were operated
without pH control, starting at pH 7 and typically ending
at around 4.8, due to glycerol acidification. Therefore it is
likely that such a metabolic shift was also involved in our
fermentation tests.

3.1.2. Anaerobic Sludge. Differently from activated sludge, the
enrichment of anaerobic sludge in batch conditions showed a
clear inhibition, regardless of the selection strategy (BA and
MMgrowthmedium, EF or KC transfers).The inhibitionwas
presumably related to the high concentration of LCFA and
the negative interaction with the cell membranes of Gram-
positive anaerobic bacteria of the anaerobic sludge, rather
than product inhibition. In fact, even after centrifuging the
inoculum, washing away the supernatant and resuspending
the pellet into freshmedium (thus washing away extracellular
soluble metabolites), no recovery of the fermentation was
achieved. Addition of specific elements such as yeast extract
or vitamin andmineral solution did not have any effect either.

The distribution of main metabolites and fraction of H
2

(in the headspace) detected during the enrichment process
with anaerobic sludge are shown in Figure 5. The use of
MM (without nutrient supplements) led to inactivation after
only 1 transfer, while BA reached 6-7 transfers before being
inhibited (Figure 5(a)). Nonpretreated sludge (Figure 5(b))
showed a high production of propionic acid, while, with
heat-shock treated sludge (Figure 5(c)), butyric acid was the
dominant metabolite. The latter condition was chosen for an
alternative selection strategy, using fed-batch conditions.

3.1.3. Hexane-Pretreated Glycerol Tests. As mentioned above,
heat-shock treated (HS) inoculum was chosen for further
experimentation. The possible inhibiting effect of LCFA and
“lipidic compounds” was evaluated in the following test. The
hypothesis was that the animal fat derived crude glycerol
would contain inhibiting amounts of LCFA, which might
negatively interfere with the membrane of Gram-positive
bacteria of the anaerobic sludge. Activated sludge was not
included in this test, since it did not show any inhibition.

Nonextracted crude glycerol showed an organic carbon
content, expressed as chemical oxygen demand (COD), of
1309 ± 32 g COD/L, while the extracted crude glycerol was
1172 ± 12 g COD/L, thus suggesting that approximately 137 g
COD/L of “lipidic compounds” was removed (which would
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Figure 2: Fermentation products monitored during the enrichment of activated sludge in batch conditions, through repeated transfers using
MM (a) and BA (b) medium. (1) MM-KC = Minimal Medium with Kinetic Control (21 h); (2) MM-EF = Minimal Medium with End of
Fermentation (72 h); (3) BA-KC = Basal Medium with Kinetic Control (21 h); (4) BA-EF = Basal Medium with End of Fermentation (72 h).
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Figure 3: Principal Component Analysis showing the distribution of the main fermentation parameters (correlation loading plot) and the
distribution of the samples (score plot) during the experiments with activated sludge: MM-EF (in red), MM-KC (in blue), BA-EF (in grey),
and BA-KC (in green). The first two components explain together about 67% of the total variability.
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Figure 5: Continued.
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approximately correspond to 34.7 g/L of oleic acid, a typical
LCFA known for its inhibiting effect).

As can be seen in Figure 6, repeated transfers in batch
conditions with the hexane-treated crude glycerol led to high
substrate degradation efficiency and the MMC was never
inactivated, showing glycerol fermentation performances
comparable with those obtained with activated sludge. This
implied that, indeed, the inactivation of anaerobic sludge
depended on the high LCFA content of the 2G crude glycerol.

However, since the aim of this study was the selection
of MMC that can grow on nonpretreated crude glycerol,
the possibility to achieve enrichment and adaptation tests of
anaerobic sludge using fed-batch conditionswas investigated.

3.2. Enrichment in Fed-Batch Conditions. As can be seen in
Figure 7, the fed-batch operations allowed effective overcom-
ing of crude glycerol inhibitionwith anaerobic sludge, leading
to a good substrate conversion into mainly 1,3 PD, ethanol,
and butyrate (after about 14 feedings). However, the reactor
started to develop a community of sulfate reducing bacteria
(SRB) that inhibited fermentation after roughly 7 feedings.
For this reason, the sludge underwent a second heat-shock
treatment (at 10 feedings) to allow further glycerol fermen-
tation. Nonetheless, H

2
S production occurred again after

21 feedings. Probably, continuous mode fermentation with
short hydraulic retention time (HRT) would thus represent
a suitable approach for successful adaptation/enrichment of
anaerobic sludge to untreated crude glycerol (possibly help-
ing to rinse out slower growing SRB). For this reason, ongoing
work is now focusing on identification of the operating
parameters for maintaining a stable MMC in continuous
mode and statistical optimization of key parameters for green
chemicals production. Since activated sludgewas successfully
enriched in batch conditions, there was no need to perform
fed-batch tests with this inoculum.

3.3. Molecular Characterization of the MMC during the
Enrichment Process. The development of the MMC was
monitored by sequencing amplicons of the V3 and V4 vari-
able regions of the 16S rRNA gene. Operational taxonomic
units (OTUs) were then assigned from each sequencing read
and used as a measure of the microbial diversity of each
sample. The copy number of the 16S rRNA gene varies from
1 to 15, depending on the species, and the OTUs are therefore
only providing an estimate of the true microbial diversity.
The copy number is varying but is relatively high in the
taxa Firmicutes and Gammaproteobacteria, with a mean of
5.8 ± 2.8 copies, while it is lower for Bacteroidetes (3.5 ± 1.5),
Betaproteobacteria (3.3 ± 1.6), Actinobacteria (3.1 ± 1.7),
and Spirochaetes (2.4 ± 1.0) [38]. Overall, the Firmicutes and
Gammaproteobacteria are overestimated in the analysis and
the cell-count may for some genera be ∼5–10-fold lower than
the OTU count.

3.3.1. Activated Sludge Experiments. In all these samples
there was a dominance of bacteria belonging to the phylum
Firmicutes, in particular from the classes Clostridia and

Bacilli and of the classGammaproteobacteria (Figures S1–S6).

MM-KC. The enrichment was characterized by a strong
decrease of the genera Clostridium and Lactobacillus, both
Firmicutes, and an increase ofKlebsiella andEscherichia, both
Gammaproteobacteria (Table 2; Figure S2). In particular, the
joint increase of the latter two probably favored an enhanced
ethanol production (T10 and T13), while the dominance
of Klebsiella alone (T18) was associated with a metabolic
shift towards 1,3 PD (see Figure 2(a)). These results are in
good agreement with previous observations with enriched
activated sludge, selected with Kinetic Control [39].

MM-EF.The distribution of themain genera observed during
these tests showed a sequence of dominance shifts, going
from Escherichia to Klebsiella, and finally to Clostridium and
Escherichia. The ethanol peak observed in T6 is associated
with the dominance of Escherichia (around 55%), while
the subsequent increase of Klebsiella (reaching almost 70%)
shifted towards 1,3 PD production (T8: 5.2 g/L 1,3 PD and no
ethanol production). Moreover, the stability of the commu-
nity from T8 to T15 is also reflected in the distribution of the
main metabolites (see Figure 2(a)). The higher butyric acid
production observed after T7might be related to the increase
of the genus Clostridium, which includes several butyric acid
producing species.

BA-KC. Interestingly, a clear increase in biodiversity could be
observed during the enrichment of BA-KC, with an initial
dominance of Clostridium (86%) and a sharp decrease over
time, leading to less than 8%.This decrease is associated with
a concomitant increase of other genera, such as Escherichia
(reaching 34%), Lactobacillus (13%), and a number of unclas-
sified genera (approximately 14% in total, primarily from
the classes Gammaproteobacteria and Clostridia; Figure S5),
followed by Serratia andKlebsiella (10%). Higher butyric acid
was observed in T1 and T12 in the presence of at least 70%
of Clostridium, while an increased acetic acid production was
observed in T18.

BA-EF. In general, this enrichment was characterized by
a dominance of Clostridium, with a decrease towards the
last transfers. A decrease of acetic acid, and concomitant
increase in butyric acid, could be observed comparing the
samples T7 and T11, which were associated with a decrease
of the genus Slackia (typically producing acetic acid and
lactic and formic acid [40]) and an increase in Clostridium.
A very sharp decrease of butyric acid (together with an
increase in acetic acid and ethanol) could be observed in
T15, which was associated with a decrease in Clostridium
and a concomitant increase of unclassified genera, primarily
belonging to the phylum Proteobacteria and in particular the
class Gammaproteobacteria (Figures S5 and S6).

3.3.2. Anaerobic Sludge Experiments. This subparagraph
reports the results of MMC taxonomical characterization for
the anaerobic sludge enriched on hexane-pretreated crude
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Table 3: Metagenomic classification of the MMC at the genus
level, for the anaerobic sludge enriched on hexane-pretreated crude
glycerol in batch tests (HT) and with the untreated crude glycerol
in fed-batch, expressed as fraction (%). T0–T11 = transfer numbers.
ND =Not detected. Genera appearing at frequencies below 1% in all
samples were omitted.

Genera
HT FED-BATCH

T0 T9 T11
% % %

Blautia 0.24 0.04 50.8
Clostridium 30.1 46.6 16.2
Unclassified 31.5 6.45 9.89
Klebsiella 0.01 28.8 0.02
Escherichia 0.06 10.3 <0.01
Enterococcus 0.02 0.27 6.19
Alkaliphilus 5.64 0.06 0.88
Soehngenia <0.01 ND 3.52
Serratia 0.01 2.67 0.04
Pedobacter 2.38 0.02 0.08
Enterobacter 0.02 2.21 0.01
Propionispora 1.99 0.01 0.03
Treponema 1.42 0.01 0.03
Peptoniphilus 0.07 0.02 1.35
Flavobacterium 1.33 0.03 0.54
Sedimentibacter 0.33 <0.01 1.26

glycerol in batch tests (HT) and with the untreated crude
glycerol in fed-batch (Figures S7–S12). Anaerobic sludge
grown on untreated glycerol underwent quick inhibition and
was thus not analyzed.

The main difference that can be observed between the
batch and fed-batch conditions was the dominant presence
of Blautia (up to 50%) in the latter (Table 3). The fed-batch
community was also characterized by the genus Clostridium,
in addition to a number of unclassified genera, primarily of
the phylumFirmicutes. Dominant genera in batch conditions
(HT) at T0 were Clostridium and unclassified genera (both
around 30%), with an increase of Clostridium (reaching
more than 45%) and Klebsiella (almost 30%) in T9. It is
worth noting that T0 was a highly diverse sample, with
multiple genera having abundances in the range of 0.1–0.9%,
explaining why the total fraction only reached about 75%
(see Figure S8). The unclassified genera found in T0 mainly
belonged to the phyla Proteobacteria (in particular to the
class Deltaproteobacteria) and Firmicutes (especially to the
class Clostridia) (Figures S11 and S12).

A total of 19 genera belonging to SRB were retrieved
in the different anaerobic sludge samples, even though
always at a very low % (far below the cut-off set at 1%).
Initial sludge (HS T0) contained 18 different genera (mainly
Desulfovibrio andDesulfofrigus), accounting for 1.19%, which
decreased to 10 genera (0.0023%) in T9. This suggests that
the Kinetic Control was effective in enriching faster grow-
ing (glycerol consuming) bacteria, such as Clostridium and
Klebsiella species over SRB. In fed-batch conditions, instead,

the absence of a Kinetic Control allowed the growth of SRB.
Thus, even though a second heat-shock treatment (T11) was
able to decrease SRB from initial 19 genera to 16 (accounting
for 0.59%), this was probably sufficient to allow SRB to
grow in the following weeks of fed-batch experimentation, as
witnessed by the H

2
S production observed in the fed-batch

reactor (which turned black and was characterized by the
typical strong H

2
S smell). The most abundant genus found

in T11 was Desulfotomaculum (mainly with the species D.
halophilum). Desulfotomaculum comprises endospore form-
ing, Gram-positive bacteria. Desulfotomaculum spp. are able
to grow autotrophically (using H

2
/CO
2
) and produce sulfide

and acetate. Besides H
2
as electron donor, they are able

to utilize alcohols and organic acids, which were likely to
accumulate in the fed-batch system. Besides sulfate reduction
they may also use various other sulfur compounds [41].

4. Conclusions

The selection and adaptation of activated sludge inoculum
through successive transfers in batch conditions were per-
formed successfully and continued unhindered for several
months. The best results showed a substrate degradation
efficiency of almost 100% (about 10 g/L) and different dom-
inant metabolic products were obtained, depending on the
selection strategy (mainly 1,3 PD, ethanol, or butyrate). In
particular, the strategy of Kinetic Control coupled with
MinimalMedium (MM-KC) led to a maximum ethanol yield
of 4.6 g/L, together with a 1,3 PD yield of around 3 g/g,
with complete substrate degradation within 21 h. The End
of Fermentation coupled with Minimal Medium (MM-EF)
showed a degradation efficiency of around 90–95%, with a
maximum butyric acid yield of 3.3 g/g (from 8.5 g/L glycerol
in 72 h fermentation), together with a 1,3 PD yield of 4.7 g/g.
Tests with the rich BA medium showed a general lower sub-
strate degradation efficiency but were also characterized by
a high 1,3 PD and butyric acid production. Multivariate data
analysis showed clear differences between different strategies
and further suggested that only in the case of BAmedium the
butyric acid was directly produced from glycerol. In addition,
End of Fermentation enrichment seemed to favor butyric
acid production. On the other hand, anaerobic sludge (both,
heat pretreated and not) exhibited inactivation after a few
transfers in batch conditions, probably due to the presence
of high concentration of lipidic compounds. Fed-batch mode
turned out to be a valid alternative adaptation strategy,
overcoming inhibition problems related to crude glycerol
composition but was also associated with H

2
S production,

thus implying the use of continuousmode to better select and
adapt anaerobic sludge to the conversion of animal fat derived
crude glycerol. After overcoming inhibition problems, main
metabolites produced were comparable with those obtained
with activated sludge, with a high 1,3 PD and butyric acid
production.

Next Generation Sequencing represented a useful tool
to monitor the changes in microbial composition of MMCs,
highlighting the development of a glycerol consuming com-
munity (with numerous strains belonging to the genera
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Clostridium,Klebsiella, and Escherichia), thus confirming the
effectiveness of the enrichment strategy.
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Aquaponics is the combined production of aquaculture and hydroponics, connected by a water recirculation system. In this
productive system, the microbial community is responsible for carrying out the nutrient dynamics between the components.
The nutrimental transformations mainly consist in the transformation of chemical species from toxic compounds into available
nutrients. In this particular field, the microbial research, the “Omic” technologies will allow a broader scope of studies about a
current microbial profile inside aquaponics community, even in those species that currently are unculturable. This approach can
also be useful to understand complex interactions of living components in the system. Until now, the analog studies were made
to set up the microbial characterization on recirculation aquaculture systems (RAS). However, microbial community composition
of aquaponics is still unknown. “Omic” technologies like metagenomic can help to reveal taxonomic diversity. The perspectives
are also to begin the first attempts to sketch the functional diversity inside aquaponic systems and its ecological relationships. The
knowledge of the emergent properties inside the microbial community, as well as the understanding of the biosynthesis pathways,
can derive in future biotechnological applications. Thus, the aim of this review is to show potential applications of current “Omic”
tools to characterize the microbial community in aquaponic systems.

1. Introduction

The continuous rise in global human population makes the
expansion and intensification of our current food production
systems necessary. In addition, in order to mitigate negative
environmental impacts, it is also desirable to design new
productive models with the capability to save energy cost,
to reduce greenhouse gas emissions, to minimize waste
disposals, and, even more, to recycle nutrients inside the
system. From this approach, traditional food production
systems have been under public eyes being questioned about
its sustainability [1, 2]. One example is the case of aquaculture
industry. Like other human activities, its problems concern
the scientific community in many ways, but principally for its
large waste discharges into environment and its accelerative
growing rate [3]. However, as a result of the continuous

innovations in the field, it has been possible to develop
economically feasible systems capable to cultivate species at
high densities, even with unfavorable climatic regime and
limited water availability [3, 4]. These kinds of proposals are
nowadays considered as culture models for sustainable food
production systems [5].

Recirculation aquaculture systems (RAS) have been
developed due to environmental restrictions in many coun-
tries with land and water limitations. RAS allows a reduction
of water consumption due to wastemanagement and nutrient
recycling [3]. Historically, the concept of practical and effi-
cient food production systems is not new. Cultures of China,
Perú, and México had integrative systems which produce
aquatic species and vegetables near to region of consumption
[6]. In the XX century, the first attempts to create practical,
efficient, and integrative fish production systems alongside
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vegetables were made in the 70s with the work of Lewis
and Naegel [7–9]. These systems are known with the term
“aquaponics.”

Aquaponics are a type of RAS in which water filtration
technologies allow reuse of water for fish aquatic species
production with integration of hydroponics [10]. The final
byproduct of fish protein metabolism is ammonia (NH

3
)

[11]. Ammonia accumulates in aquaculture ponds and it can
be dangerous to fish at specific temperature and pH levels
(above 30∘, pH > 8.5) [12]. Wastes of ammoniacal nitrogen
are transformed into less harmful compounds like nitrate by
biological filtration [13, 14]. Accumulation of nitrate in water
is less toxic for fish, but in RAS it is common to add make-up
water in order to dissolve this compound (10%of total volume
per day are make-up water) [15]. In contrast, aquaponics do
not require water replacement; addition of make-up water is
for losses because evaporation or replacement volume is less
than 2% per day [16, 17].

The water is the common media that contain enough
nitrogen compounds like ammonia, nitrate, nitrite, and
other dissolved nutrients like phosphorus, potassium, and
some other elements [18, 19]. These nutrients are enough
for vegetable consumption [20]. Then, dissolved nutrients
in the media are absorbed by root plants, optimizing the
use of nutrients and water, and reduce wastes for fish and
environmental impact [19]. On this way, the system allows
minimizing resources as land, water, and energy [15].

One challenge of these systems is maintenance of water
quality for both aquatic species and plants. For maintaince
of water quality RAS have been utilized for solid removal
and biological filtration. For this purpose, there are two or
more components before the water returns to aquaculture
pond [21]. In aquaponics, both solids removal and biolog-
ical filtration are in the same component. Accumulation
of uneaten food, fecal matter, and organic and nitrogen
compounds in biofilter provide the adequate environment for
microbial development [22]. However, the need of different
physicochemical conditions in water for living components
makes the management of the system very complex. The
recommended pH for aquaculture systems is 6.5–8.5, for
hydroponics is 5.5–6.5, and for nitrification process is 8.5.The
pH is a parameter that can limit the development for plants,
fish, or bacteria [14, 23]. Populations of microorganisms
or microbial community in biofilter of aquaponics have
an essential role in aquaponic systems development [21].
Biofiltration takes advantage of bacterial metabolic process.
This process, the nitrification, is carried out in two steps,
ammonia oxidizing and nitrate oxidizing. Each reaction
involved different species of bacteria: Nitrosomonas and
Nitrobacter [10, 24].

Probably best studied group of environmental impor-
tance in this type of ecosystems are nitrifying prokaryotes
including both the ammonium oxidizing and the nitrite
oxidizing prokaryotes [25]. However, microbial community
in aquaponic system is not characterized. Due to biological
interactions in biofilter of aquaponic system, microbial com-
munities are very interesting to analyze.

The most important revolution in microbial ecology was
the use of molecular techniques and DNA sequencing in

phylogenetic studies and their applications to uncultured
organisms [26]. These strategies can help to understand
the interaction of microbial populations with each other
and their environment as a consequence of nutrient input
(from fish wastes) [16]. Moreover, using these tools, the
vast prokaryotic diversity must be more revealed than with
traditional techniques. Metagenomic techniques combined
with next generations sequencing (NGS) and bioinformatic
tools have boosted microbial ecology. The use of meta-
genomics approaches has allowed the discovery of large array
of genes [26].This modern approach allows knowledge of the
diversity of metabolic functionality in order to understand
in more detail the response of community at internal and
external perturbations in relation to environmental dynamics
and emergent properties [27].With these studies it is possible
to evaluate the potential of aquaponic microbial community
for future biotechnological uses. The aim of this review
is to show potential applications of current “Omic” and
bioinformatic tools to characterize the microbial community
of aquaponic systems.

2. Microbial Community in RAS

In RAS environment, aquaponic system is very important
microbial community in the same order of magnitude as
fish because they are directly involved into fish activities and
their effect on water quality. The system provides different
microniches for the microbial populations according to a dif-
ferential gradient of oxygen and nutrients. Every microniche
supports development of specific microbial populations [28].
Additionally freshwater, brackish, or marine RAS presented
differences on microbial diversity [24, 29]. Biofilter compo-
nent presents the most abundant content of microbes [22].

Microbial populations contribute to the processing of
particulate and dissolved wastes of aquatic species (ammonia
excreted by fish, and carbon and nitrogen accumulated from
uneaten food and fecal matter). One of the most important
conversions is carried out by nitrifying bacteria; they are
involved in nitrification, ammonification, nitrate reduction,
and denitrification processes [16, 22, 30]. Other microbial
metabolisms are involved in proteolysis and sulfate reduction
[30].The populations are distributed according to respiratory
metabolism determined in strict aerobic or microaerophilic
and facultative anaerobes/aerobes, according to type of
growth in fixed film bacteria or suspended bacterial, and
according to the component of the system [22]. In general,
the most common approach for nitrogen removal fromwater
is based on the processes of aerobic autotrophic nitrification
and anaerobic heterotrophic nitrification [31].

Autotrophic and heterotrophic microorganisms are
present in RAS. Autotrophic organisms use CO

2
as carbon

source and inorganic nitrogen, sulphur, or iron compounds as
energy source. Plants, algae, and some bacteria in aquaponic
systems present this metabolism. Heterotrophic organisms
use carbohydrates, amino acids, peptides, and lipids as
carbon and energy source. In the system, organic matter
from uneaten feeds, excreta of aquatic species, and detritus
are mineralized by this type of microorganisms [22, 32].
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Autotrophic nitrification removes ammonia at sufficient
rate to maintain water quality at a level to prevent ammonia
toxicity to the fish [33]. However, autotrophs are vulnerable
to high loads of ammonium and organicmatter. To overcome
this latter situation, ammonia removal is in a very low level of
removal, then making more components on the system for
optimal ammonium removal necessary and then creating the
need of additional steps in nitrogen oxidizing [34].

On the other hand, heterotrophic bacteria constitute an
important factor in terms of O

2
consumption and com-

pete with autotrophic bacteria, diseases in fish and later in
human. Some populations of these bacteria are suspected
of having a positive effect against pathogenic bacteria [33].
Heterotrophic microorganisms exhibit higher growth rates
than autotrophs and can use organic substrates as source of
carbon and energy to convert ammonium into nitrogenous
gas under aerobic conditions (heterotrophic nitrification) [31,
34]. The main source of heterotrophic bacteria is within the
biofilter. Bacteria of heterotrophic nitrification are probably
ideal prokaryotes for coupled nitrification-denitrification in
wastewater treatment and, probably, the most abundant
microorganisms in aquaponic systems [25]. The dissolved
organic carbon (C) accumulated is the main source of C for
heterotrophic bacteria. High concentration of organic carbon
affects negatively nitrate production; it means concentration
of nitrite was always very low [28, 35]. Some strains of
heterotrophic nitrifiers had the capability to use nitrite (NO

2
)

and nitrate (NO
3
) as the source for nitrogen for growth and

as an energy source for denitrification [36].
Ammonia Oxidizer Bacteria (AOB), like Nitrosococcus,

Nitrosospira, and Nitrosomonas oxidized ammonia to nitrite.
The general microdistribution of nitrifiers is that AOB live
in dense clusters and their occurrence is reasonably well-
correlated with oxygen content. These bacteria depend on
availability of ammonia as their sole source of energy. On the
other hand, Nitrite Oxidizer Bacteria (NOB) oxidized nitrite
to nitrate by some Nitrospira sp. and Nitrobacter. These bac-
teria integrate more open aggregations but may also be found
distributed in the biofilm systems. Another general obser-
vation is that Nitrospira spp., the dominant NOB in most
systems, can still be detected below the oxic-anoxic interface,
although in lower numbers and using small amounts of
nitrite, and, in comparisonwithNitrobacter, use oxygenmore
efficiently [22, 25]. The aforementioned theoretical distribu-
tion of autotrophic and heterotrophic bacteria in aquaponic
systems is showed in Figure 1.The heterotrophic bacteria will
be distributed near to outlet of flux water pumped from fish
pond due to higher concentration of nutrients and inside
the pond culture near to sediment. Autotrophic bacteria
like strains of AOB-Nitrosomonas sp. will be in clusters in
the middle of biofilter (here nutrient concentrations like
ammonium and organic matter are lower) but in a portion of
high O

2
concentration; meanwhile NOB-Nitrobacter sp. and

-Nitrospira will be in open aggregations in a portion of the
oxic-anoxic interface in the middle of biofilter.

During oxidation of NH+
4
, pH increased from 7.1 to 8.45

under high ammonium loads. Ammonia Oxidizers Bacteria
(AOB) and Nitrite Oxidizers Bacteria (NOB) are inhibited by
free ammonia in range from 10 to 150mg/L and from 0.1 to

Biofilter

Plant culture

Autotrophic
nitrifiers

AOB-Nitrosomonas sp.
NOB-Nitrospira sp.
and -Nitrobacter sp.

Heterotrophic
bacteria

Fish culture

Pump

Heterotrophic
bacteria

Figure 1: General distribution of microbial populations in
aquaponic systems.

1.0mg/L, respectively. Free ammonia is NH
3
, the toxic form

of ammoniacal N. High free ammonia (NH
3
) might inhibit

the heterotrophic nitrification activity but not the growth.
Heterotrophic nitrification and cellular growth differ accord-
ing to pH conditions.Highest removal of ammonium (54.7%)
and oxygen demand was presented at 7.5 pH (±0.5). At lower
pH values or at more alkalinity, the growth of heterotrophic
bacteria of group Acinetobacter increased. Efficient removal
of ammonium at the slightly alkaline environment may be
caused by more free ammonia contained in medium, which
is preferentially by ammonia monooxygenase (amoA) [34].

High ratio of C/N helps to maintain safety values of toxic
ammonium inside the system, mainly by its utilization on
prokaryotic cell synthesis processes. There is evidence that
intracellular nitrogen concentration removed from NH+

4
-N

has close values from 52% to 56%. It means that bacterial
growth was preferentially proceeding at high C/N ratios [28,
34].

2.1. Microbial Diversity Characterization. In 2000 decade,
some species have been characterized in diverse components
of RAS and mainly on biofilters [30, 37–39]. Considering
studies of microbial populations that can be cultured, most
of fixed bacteria were found in biofilter. Average CFU in
biological filter was 7.3 × 106 ± 7.25 × 106 g−1 of media.
Bacterial density in the inlet of biofilterwas in lower level than
in the outlet. Concentration of bacteria on the biofilter media
was 5.1 ± 3.43 × 106 to 1.1 × 108 ± 3.41 × 107. Thus, bacterial
concentration does not depend of fish stocking density [28].

Several studies have been done in order to characterize
microbial communities in RASwith freshwater.These studies
revealed that the main bacterial groups presented in fresh-
water RAS biofilter were Actinobacteria, 𝛼-proteobacteria,
𝛽-proteobacteria, 𝛾-proteobacteria, Bacilli, Bacteroidetes,
Nitrospirae, Planctomycetes, and Sphingobacteria and the
genus Nitrosomonas (Table 1). From these bacterial groups
only Hyphomicrobium facilis, Rhizobium sp., Flavobacterium
sp., Sphingobacterium sp., Comamonas sp., Rhodobacter sp.,
Acinetobacter sp., Aeromonas sp., Pseudomonas sp., Flex-
ibacter sp., Pirellula staleyi, Nitrospira moscoviensis, and
Nitrosomonas oligotropha are commongenera in systemswith
high richness and diversity.
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Table 1: Microorganisms identified in RAS biofilter component related with freshwater.

Group Microorganism Process References
Actinobacteria Microbacterium imperiale [30]

Mycobacterium chitae [30]
Corynebacterium tuberculostearicum Pathogen in humans [39]
Propionibacterium acnes [39]

Acidobacteria Acidobacteria bacterium [39]
Bacteroidetes Chryseobacterium sp. Some strains pathogen in humans [37]

Flavobacteriales bacterium Sulfate reduction [37]
Flavobacterium columnare Pathogen in fish [39]
Flavobacterium sp. Heterotrophic denitrification [38, 39]
Bacteroides plebeius Sulfate reduction [39]
Myroides sp. Pathogen in humans [37]
Sphingobacterium sp. Pathogen in fish [30, 37, 39]
Flectobacillus Heterotrophic bacteria [39]

𝛼-Proteobacteria Agrobacterium tumefaciens Pathogen in superior plants/nitrogen fixation [30]
Filomicrobium fusiforme [30]
Hyphomicrobium facilis [30, 39]
Hyphomicrobium denitrificans sp. Heterotrophic denitrification [30]
Nitrobacter winogradskyi Nitrite oxidation [30, 40]
Nordella oligomobilis [30]
Ochrobactrum anthropi [30]
Rhizobium sp. Nitrogen fixation [30, 37, 39]
Rhodopseudomonas acidophila [30]
Rhodovulum euryhalinum Denitrification [30]
Bradyrhizobium japonicum [39]
Woodsholea maritima [39]
Rhodobacter sp. Autotrophic denitrification/nitrogen fixation [22, 30]

𝛽-Proteobacteria Aquaspirillum sp. Pathogen in fish [37]
Comamonas Heterotrophic denitrification/pathogen in fish [22, 37, 39]
Azovibrio restrictus [30]
Thiobacillus thioparus Ammonia oxidation [30]
Herbaspirillum sp. [39]
Ideonella dechloratans Heterotrophic bacteria [39]
Rhodoferax fermentans Autotrophic denitrification [30]
Nitrosomonas aestuarii Anammox [38]
Nitrosomonas marina Anammox [16]
Nitrosomonas oligotropha Anammox [38]

𝛾-Proteobacteria Gemmatimonas aurantiaca [39]
Acinetobacter sp. Heterotrophic bacteria [37, 39]
Aeromonas sp. Heterotrophic denitrification/pathogen in fish and humans [37, 39]
Pseudomonas sp. Heterotrophic denitrification/pathogen in fish and humans [16, 22, 37, 39]
Marinobacter sp. [39]
Vibrio sp. [39]
Edwardsiella sp. Pathogen in fish [37]

𝜖-Proteobacteria Arcobacter nitrofigilis Nitrogen fixation [39]
Firmicutes Bacillus sp. Pathogen in fish [37]

Lactobacillus paraplantarum [30]
Lactococcus lactis [39]
Macrococcus brunensis [30]
Macrococcus lamae [30]
Sarcina sp. Dissimilatory nitrate reduction to ammonium (DNRA) [37]
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Table 1: Continued.

Group Microorganism Process References
Sphingobacteria Flexibacter sp. [30, 39]

Runella slithyformis [39]
Verrucomicrobia Verrucomicrobia spinosum [39]
Planctomycetes Pirellula staleyi Anammox [30, 41]

Planctomycetales sp. Anammox [38]
Planctomyces maris Anammox [38]
Planctomicetes sp. Nitrite oxidation [38]

Nitrospirae Nitrospira moscoviensis Nitrite oxidation [30, 38, 39]
All microorganisms of this table were analysed with 16S rRNA clone library method, denaturing gradient gel electrophoresis (DGGE), and few cases with
biochemical procedures.

PCR-based molecular techniques have mainly been used
to describe microbial diversity using denaturing gradient gel
electrophoresis (DGGE), microscopy using FISH (fluores-
cence in situ hybridization), and/or cloning 16S rRNA gene
fragments [25, 30, 39, 42].The last molecular technique is the
most common for study of microbial communities in RAS
with freshwater. For AOB, comparison between phylogenies
based on 16S rRNA genes was donewith amoA (gene of active
subunit ofmonooxygenase), nirK (nitrite reductase gen), and
norB (nitric oxide reductase) [25, 43].

The analysis using 16S rRNA genes as a phylogenetic
marker was a revolutionary strategy for microbial ecol-
ogy with cultured-independent method being developed
since 90s, after the work of Lane and collaborators [44].
The 16S rRNA gene in bacteria contains highly conserved
and variable interspersed regions that allow a reliable and
detailedmicrobial classification. For thismolecular technique
the correct selection of primers is critical. Some pairs of
primers can overestimate or underestimate species richness;
it implied uncertain biological conclusions. This happened
when primers selected do not anneal equally toDNA target in
all members of community and the amplification was carried
out on certain taxonomic group [45]. Some particular regions
are recommended to obtain representational characterization
in complex microbial community [45, 46].

Differences in microbial communities represent their
unique and complex environments [16]. Microbial commu-
nities in aquatic system or in RAS are as complex as changes
in environmental variables according to period of time [30,
39, 47]. Besides, every aquatic species in a RAS introduces
its own unique microbial flora [30]. Aquaponic RAS system
introduces additional living component compared to other
RAS analyzed. Plants can introduce their ownmicrobial flora
to the system, thusmaking the study of the changes onmicro-
bial diversity very interesting. Ammonia Oxidizing Bacteria
(AOB) Nitrosomonas communis introduced in rhizoplane
of aquaponic plants has been isolated and identified [48].
Other processes of reduction/uptake of nitrogen compounds
are carried out by eukaryotic microorganisms like diatoms,
algae, and fungi [49]. Less well-studied is the heterotrophic
nitrification carried out by fungi. These organisms have
been associated with assimilatory nitrate reduction in RAS,
removed ammonium, and nitrite and protein [49, 50]. These
eukaryotic microorganisms have an important pathogen

relationship with higher plants in humidity environments.
Nowadays, there are no works reported about an analysis
of bacterial or eukaryotic community in aquaponic systems.
The microbial characterization on this field has been done in
order to determine the presence of bacterial pathogens for
human and for aquatic species [5, 51, 52].

3. Pathogens in Aquaponic Systems

Aquaponic systems have been used as sustainable agricultural
systems [5, 51]. With the same volume of water for fish
production can be produced edible vegetables.These systems
are discussed as regards their utilization in improving sus-
tainability through management and integration of the living
components [10]. Many species of bacteria and coliforms
are inherently present in aquaponic recirculating biofilter
carrying out transformations of organic matter and wastes
of fishes. This implies the presence of many microorganisms
that can be pathogens for plants, fishes, and, mostly, human.

One of the most important considerations for this food
production system is food safety. In agricultural systems,
the evaluation of food safety is emerging as a critical
procedure in harvesting and management operations. For
this purpose, some microorganisms have been considered
as safety-indicators for products and water quality in the
system [5]. Some of these safety-indicators are Escherichia
coli and Salmonella spp. These microorganisms are typi-
cally found in the intestines of warm-blooded animals like
birds, mice, cattle, and others. They are common indicators
of fecal contamination and microbial water quality. These
bacteria are zoonotic enteric bacteria transient in fish gut
microflora from contaminatedwater in open systems because
of animals like birds [29]. Research on aquaponic fields has
been carried out recently in order to ascertain microbial
safety of its by-products [5, 51]. The microbial profile of
lettuce produced under soil-free (aquaponics) versus in-soil
has been evaluated. Comparative analysis showed significant
differences between aquaponic and conventional lettuce in
aerobic plate counts (APC), coliform, E. coli, and yeast
count. Aquaponics had significantly lower concentration of
coliform (no detectable E. coli were observed), spoilage and
fecal microorganisms (lettuce from market contained 2–
3.5 log CFU E. coli/g), and yeast counts (2-3 log CFU yeast/g
for aquaponic and 5.5–5 logCFU yeast/g for conventional
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and organic lettuce). The later work suggests postharvest
contamination due to packaging process and transport that
conventional and organic lettuce suffered from in contrast
to aquaponic one, in which the postharvest process was
minimum [51].

Other works evaluated microbial water quality related
to food safety in aquaponic system. This report analyzed
plant and fish tissue, water, and supplement aquaponic input
samples (that can be a contamination vector) from 11 different
farms in Hawaii for approximately one year. Methodology
used for food safety determination was the traditional micro-
bial isolation of E. coli O157:H7 and Salmonella. The results
showed very low levels of E. coli during initial sampling
period according to EPA standards for recreational use of
water. Plant and fish tissue analyzed and supplement inputs
were shown to have very low levels of generic E. coli or
undetectable E. coli O157:H7 and Salmonella [5]. Aforemen-
tioned works analyzed microbial profile of only two bacteria
related with pathogenicity in humans. However microbial
determinationwas carried outwith conventionalmethods for
microbial detection. This can be likely conducted to analyze
a short range of microbial pathogens, because fish and plants
pathogens were not considered in the study. For a deep
microbial profile the use ofmodernmetagenomic approaches
is necessary.

On the other hand, some pathogens in biofilter compo-
nent in RAS have been identified by 16S RNA clone library
and DGGE (Table 1). Some strains of Bacillus sp. (like B.
mycoides), Aeromonas sp., Acinetobacter sp., Pseudomonas
sp., Edwardsiella sp., Comamonas sp., and Flavobacterium sp.
are related with pathogenicity in fish [37]. Other pathogens
found in biofilters are related to fish and humanpathogenicity
like Vibrio, Erwinia, Coxiella, and Aeromonas [16]. Species
of Vibrio have been isolated from freshwater, estuarine, and
seawater environments, although most of them are probably
saprophytic [28].

Biosafety of aquaponic RAS will depend on correct man-
agement and control of opportunist microbial proliferation
in the system [22]. Metagenomic and metatranscriptomic
profile can be a powerful tool for determining the diversity of
pathogens and functional activity that can help to understand
their relationshipwith othermicrobes and possibly its regula-
tion in the system.Metagenomics approaches allow themeta-
analysis of diversity in microorganisms of the aquaponic
environment [53–56].

4. (Omic) Tools for Future Analysis of
the System

The development of sequencing and high-throughput meth-
ods for cloning microbial genes directly from environ-
ment has opened the possibilities for ecological microbiol-
ogy, mostly considering that microbes possess the highest
potential of producing bioactive metabolites, enzymes, and
polymers and other tools with biotechnological application.
The study of larger fragments of environmental DNA of
whole community is known as environmental genomics,
ecogenomics, or metagenomics [57]. The genetic, enzymatic,

and metabolic pool is the result of a vast interaction cell-
to-cell and/or synergistic or antagonistic relationships that
could make the community perform as metaorganism with
emergent properties [27].

4.1. Metagenomics for Microbial Diversity Description. PCR
amplification of genes has allowed the study of microbial
diversity. Throughout all the research done in this field
the conclusion is that majority of prokaryotic diversity still
remains unknown, mainly because these cells cannot be
grown under laboratory conditions [58, 59]. Several works
PCR-based molecular techniques for study of microbial
diversity since about three decades ago have been carried out
[60]. These tools has allowed to have a look of general scene
of microbial diversity in environmental samples. However,
techniques derived from PCR, like 16S rRNA, hybridization,
and DGGE/TGGE, among others, have their limitations and
only can give some information about communities [61].
The amplification of 16S rRNA gene technique is based on
amplification of hypervariable regions of the gene anchoring
to conserved sequences. There are nine (9) hypervariable
regions named V1–V9 that spanned between 50 and 100 bp
in length depending on region. Hypervariable regions are
the key for universal microbial identification. Primers have
been designed to amplify 16S rRNA hypervariable regions
from large number of different bacteria species [26]. Primers
that targeted regions V1–V3 and V7–V9 are recommended
for obtaining representational characterization in complex
microbial community [46].The information of this technique
indicates the taxonomic composition of the environmental
sample [62]. There are several semiquantitative assays like
FISH, MAR-FISH, and CARD-FISH in situ that identify
prokaryotic cells without cultivation by applying fluorescence
in situ hybridization (FISH) with ribosomal RNA (rRNA)
targeted oligonucleotide probes. These oligonucleotides have
an extention from 15 to 25 nucleotides in length and are
labelled covalently at the 50’ end with a fluorescent dye. After
stringent washing, specifically stained cells are detected via
epifluorescence microscopy or flow cytometry [63]. Quanti-
tative analyses of the composition and dynamics of micro-
bial communities are an integral component of microbial
ecology. These techniques in combination with 16S rRNA
have allowed real progress in some cases, especially in very
simple ecosystems such as endosymbionts or extreme envi-
ronments. The contribution of these techniques to a better
understanding of functionality of ecosystems like microbial
communities in ocean environment is discussed [56, 64].
On the other hand, NGS technologies have more throughput
because they have 100 times more capacity of sequencing
than Sanger method. These technologies sequenced DNA
molecules massively in parallel in a flow cell. The sequencing
is carried out in two forms, in a continuous real time or in
a stepwise iterative process. In both types of processes each
clonal template or single DNA molecule is sequenced and
can be quantified among the total sequences generated [26].
Moreover, these modern technologies focus on sequencing
of large fragments of DNA as entire genomes or plasmids
instead of gene(s) or operons. For this process is necessary
to fragment the total DNA in pieces up to 700 bp, in the case
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of shotgun the fragments are of 3 kb, 8 kb, and 40 kb [26, 65].
After this step further bioinformatical analysis is necessary
in which these fragments are assembled in linear sequences
that conform part of genome or total genome [65, 66]. The
assembling overlaps the different fragments and thus rebuilds
complete linear sequences of the genome, known as contigs.
Thebuild of entire genome is a little difficult but possible if the
sequenced fragments cover the entire genome.The challenge
of this strategy lies on computational effort that requires fur-
thermore huge analysis and computational capacity [65, 67].
Metagenomics analysis comprises environmental single-gene
surveys and random shotgun studies of all environmental
genes. The former analysis focuses on metagenomic study
by single targets amplified with PCR and, then, the products
are sequenced. On the other hand, shotgun metagenomics
is targeted in total DNA isolated from an environmental
sample and then sequenced, resulting in a profile of all genes
within the community.The basic definition of metagenomics
is the analysis of genomic DNA from a whole community;
this separates it from genomics, which is the analysis of
genomic DNA from an individual organism or cell [68,
69]. Metagenomic studies combined with NGS technologies
promise to be a tool that helps the evolution of microbial
ecology at very fast step. Nowadays, there is a discussion on
this topic because metagenomics allow microbial analysis on
a low or medium complex ecosystem but in highly complex
environment it has not been successful due to effort in
heterogeneity assembly [26, 70].

4.2. Metatranscriptomics, Proteomics, and Metabolomics for
Microbial Functionality Description. Metatranscriptomics,
proteomics, and metabolomics can provide information of
functional analyses in microbial community at different
levels, gene expression, protein translation, andmore recently
the metabolite network, respectively.

Metatranscriptomic data are a set of cDNA derived from
community RNA. This information can help to infer what
are microorganisms doing in a precise moment, how is their
reaction to the environment, and what are they saying to the
neighboring cell and the community [71].

For transcriptomic approach the gene(s) is required
isolated in precise time of expression. It shows that tran-
scriptome was very different every time. The functional
“Omic” study has two main objectives: determine differences
in functionality and metabolic pool from each member of
a community that produce different effects on the system
and identify the variations within functional compositions of
different communities [71].

The integration of metagenomic and metatranscriptomic
data revealed many unassignable transcripts that make evi-
dent the gap in knowledge for gene-protein that enables
the ecophysiology of microorganisms in the ecosystem [72].
The mRNA concentration has been used to approximate the
concentration and activities of their corresponding proteins;
however with recent technologies it has been demonstrated
that concentration of transcripts helps to predict partially the
protein abundance. The latter assumption suggests that there
are other mechanisms of regulations influencing the level of
proteins in cells [73].

On the other hand, proteomics is the analysis of pro-
teome, the full complement of proteins expressed by an
organism.The number of proteins in the proteome organism
exceeds by far the number of genes [74]. Every fragment of
DNA is biochemically similar to one another. However, every
type of protein is very different to the others. This protein
diversity represents one of the greatest challenges of “Omic”
technologies because to define its own identity, quantity,
structure, and functionality of complete complements of
proteins and, moreover, to characterize how these properties
change through every cellular context are very complex [75].

In contrast, metabolites are the end products of cellular
regulatory processes that can be chemically transformed
during metabolism and provide a functional state of cellular
biochemistry. The level of these chemical entities can be
regarded as the ultimate response of biological systems to
genetic (posttranslational modifications) or environmental
changes (epigenetic regulation). Metabolites serve as direct
signatures of biochemical activity and therefore they are easy
to correlate with phenotype making it a powerful tool in
order to explode in different fields of science. In parallel
with the terms “transcriptome” and “proteome,” the set of
metabolites synthesized by a biological system constitute its
“metabolome” [76]. This can be defined on all levels of com-
plexity, such as organisms, tissue, cells, or cell compartments.
For this reason in a biological experiment it is necessary to
be specific about the environmental conditions as exactly as
possible [77].

Inmetabolome analysis themost functional characteriza-
tions of genes involved in a metabolism are not based upon
rigid biochemical testing. Many of putative function assign-
ments of proteins do not describe biochemical function or
biological role. It can be the result of gene duplication that is
responsible for many enzyme isoforms and exhibits different
characteristics. In contrast with transcriptome analysis (but
in common with proteome analysis) methods are not avail-
able for amplification ofmetabolites and, therefore, sensitivity
is a major issue. Metabolite products can be labile species and
by their nature are chemically very diverse. For this reason,
they are present in a wide dynamic range. On the other
hand, in contrast with transcript or protein identification,
metabolites are not organism specific and are not sequenced-
dependent; thus when how to measure the metabolite once
has been identified, the analytical protocol is equally applica-
ble to prokaryotes, fungi, plants, and animals [78].

Biotechnology development is based on a very small
diversity of species like E. coli and recent “Omic” tools offer
high potential for discovery and exploitation of novel species,
enzymes, and process that before were inaccessible [79, 80].
However, the data generated with these technologies have
a small role on biotechnological research; most of novel
developments occur on heterologous expression of enzymes.
Other constrains with these approaches have been detected,
that is, “under- or overestimation of the complexity of micro-
bial diversity, limited data with the source of each sample,
the identification of many genes, difficulties in integrating
and comparing results obtained with different technologies,
mismatched expectations between researchers who sought to
generate understanding of ecological patterns with those who
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were excited to test the limits of new technology, and the lack
of agreed upon data standards” [65, 79].

The experimental design and the adoption of minimum
standards to generate an adequate number of samples that
allows the significant statistical analysis are highly desirable
for future “Omic” studies. This step can be the key for
determining their patterns of cooccurrence on gene(s) with
taxa that are difficult to characterize and dominant factors
structuring the community across time and space [79].

There aremany factors to take into account in experimen-
tal design: replicates that can consume time and cost, but it
must be sufficient for biosystem description, the definition of
the most significant source of variations in a given biosystem
being difficult, choosing of sequencing platform (each one
has differences in length of sequences needed and advantages
and disadvantages), and interpretation of sequence data and
metadata collection [79, 81].

The “Omic” technologies challenges for characterized
microbial diversity are the experiment itself, the statistical
analysis of results, and the biological interpretation, which is
the most complex and time-consuming part.

5. Conclusions

“Omic” approaches as metagenomics and metatranscrip-
tomics must be crucial in future studies of microbial diver-
sity in aquaponic biosystems. In addition, other “Omic”
approaches as proteomics and metabolomics, together with
respective bioinformatic analysis, should increase the knowl-
edge of the ecological role and functionality of microbial
components in these study models.
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M. Soto-Zarazúa, Aquaculture Water Quality for Small-Scale
Producers, InTech, 2011.

[13] R. M. Durborow, D. M. Crosby, and M. W. Brunson, Nitrite in
Fish Ponds, Southern Regional Aquaculture Center, 1997.

[14] R. V. Tyson, E. H. Simonne, J. M. White, and E. M. Lamb,
“Reconciling water quality parameters impacting nitrification
in aquaponics: the pH levels,” Proceedings of the Florida State
Horticultural Society, vol. 117, pp. 79–83, 2004.

[15] M. B. Timmons, J. M. Ebeling, F.W.Wheaton, S. T. Summerfelt,
and J. B. Vinci, Recirculating Aquaculture Systems, NRAC
Publication, 2nd edition, 2002.

[16] H. J. Schreier, N. Mirzoyan, and K. Saito, “Microbial diversity of
biological filters in recirculating aquaculture systems,” Current
Opinion in Biotechnology, vol. 21, no. 3, pp. 318–325, 2010.

[17] J. E. Rakocy, M. P. Masser, and T. M. Losordo, “Recirculating
aquaculture tank production systems: aquaponics-integrating
fish and plant culture,” SRAC Publication No. 454, 2006.

[18] T. M. Losordo, M. P. Michael, and J. Rakocy, “Recirculating
aquaculture tank production systems. an overview of critical
considerations,” Publication 451, Southern Regional Aquacul-
ture Center, 1998.

[19] S. Diver,Aquaponics—Integration of Hydroponics with Aquacul-
ture, National Sustainable Agriculture Information Service, pp.
1, 2006.

[20] S. E. Yeo, F. P. Binkowski, and J. E. Morris,Aquaculture Effluents
and Waste by-Products: Characteristics, Potential Recovery, and
Beneficial Reuse, NCRAC Publications Office, North Central
Regional Aquaculture Center, Iowa State University, 2004.

[21] Y. Bai, J. Zhang, Y.-F. Li, Y.-N. Gao, and Y. Li, “Biomass and
microbial activity in a biofilter during backwashing,” Journal of
Zhejiang University: Science B, vol. 6, no. 5, pp. 427–432, 2005.

[22] E. Rurangwa andM. C. Verdegem, “Microorganisms in recircu-
lating aquaculture systems and their management,” Reviews in
Aquaculture, vol. 7, no. 2, pp. 117–130, 2015.



BioMed Research International 9

[23] R. V. Tyson, E. H. Simonne, D. D. Treadwell, J. M. White, and
A. Simonne, “Reconciling pH for ammonia biofiltration and
cucumber yield in a recirculating aquaponic systemwith perlite
biofilters,” HortScience, vol. 43, no. 3, pp. 719–724, 2008.

[24] Y. Tal, J. E. M. Watts, S. B. Schreier, K. R. Sowers, and
H. J. Schreier, “Characterization of the microbial community
and nitrogen transformation processes associated with moving
bed bioreactors in a closed recirculated mariculture system,”
Aquaculture, vol. 15, pp. 187–687, 2003.

[25] N. P. Revsbech, N. Risgaard-Petersen, A. Schramm, and L. P.
Nielsen, “Nitrogen transformations in stratified aquatic micro-
bial ecosystems,” Antonie van Leeuwenhoek, vol. 90, no. 4, pp.
361–375, 2006.

[26] S. Nikolaki and G. Tsiamis, “Microbial diversity in the era of
omic technologies,” BioMed Research International, vol. 2013,
Article ID 958719, 15 pages, 2013.

[27] A. Konopka, “What is microbial community ecology?” The
ISME Journal, vol. 3, no. 11, pp. 1223–1230, 2009.

[28] N. Leonard, J. P. Blancheton, and J. P. Guiraud, “Populations
of heterotrophic bacteria in an experimental recirculating
aquaculture system,” Aquacultural Engineering, vol. 22, no. 1-2,
pp. 109–120, 2000.

[29] H. Sugita, K. Shibuya, H. Shimooka, and Y. Deguchi, “Antibac-
terial abilities of intestinal bacteria in freshwater cultured fish,”
Aquaculture, vol. 145, no. 1–4, pp. 195–203, 1996.

[30] H. Sugita, H. Nakamura, and T. Shimada, “Microbial communi-
ties associated with filter materials in recirculating aquaculture
systems of freshwater fish,” Aquaculture, vol. 243, no. 1–4, pp.
403–409, 2005.

[31] H.-S. Joo, M. Hirai, and M. Shoda, “Characteristics of ammo-
nium removal by heterotrophic nitrification-aerobic denitrifi-
cation by Alcaligenes faecalis no. 4,” Journal of Bioscience and
Bioengineering, vol. 100, no. 2, pp. 184–191, 2005.

[32] P. A. Del Giorgio and J. J. Cole, “Bacterial growth efficiency
in natural aquatic systems,” Annual Review of Ecology and
Systematics, vol. 29, pp. 503–541, 1998.

[33] L. Michaud, J. P. Blancheton, V. Bruni, and R. Piedrahita,
“Effect of particulate organic carbon on heterotrophic bacterial
populations and nitrification efficiency in biological filters,”
Aquacultural Engineering, vol. 34, no. 3, pp. 224–233, 2006.

[34] Y.-X. Ren, L. Yang, and X. Liang, “The characteristics of a novel
heterotrophic nitrifying and aerobic denitrifying bacterium,
Acinetobacter junii YB,” Bioresource Technology, vol. 171, pp. 1–9,
2014.

[35] N. Leonard, J. P. Guiraud, E. Gasset, J. P. Cailleres, and J. P.
Blancheton, “Bacteria and nutrients—nitrogen and carbon—in
a recirculating system for sea bass production,” Aquacultural
Engineering, vol. 26, no. 2, pp. 111–127, 2002.

[36] S. K. Padhi, S. Tripathy, R. Sen, A. S. Mahapatra, S. Mohanty,
and N. K. Maiti, “Characterisation of heterotrophic nitrifying
and aerobic denitrifyingKlebsiella pneumoniaeCF-S9 strain for
bioremediation of wastewater,” International Biodeterioration&
Biodegradation, vol. 78, pp. 67–73, 2013.

[37] O. Schneider,M. Chabrillon-Popelka, H. Smidt et al., “HRT and
nutrients affect bacterial communities grown on recirculation
aquaculture system effluents,” FEMS Microbiology Ecology, vol.
60, no. 2, pp. 207–219, 2007.

[38] S. Itoi, A. Niki, and H. Sugita, “Changes in microbial com-
munities associated with the conditioning of filter material in
recirculating aquaculture systems of the pufferfish Takifugu
rubripes,” Aquaculture, vol. 256, no. 1–4, pp. 287–295, 2006.

[39] S. Itoi, N. Ebihara, S. Washio, and H. Sugita, “Nitrite-oxidizing
bacteria,Nitrospira, distribution in the outer layer of the biofilm
from filter materials of a recirculating water system for the
goldfish Carassius auratus,” Aquaculture, vol. 264, no. 1–4, pp.
297–308, 2007.

[40] T. A. Hovanec and E. F. DeLong, “Comparative analysis of nitri-
fying bacteria associated with freshwater and marine aquaria,”
Applied and Environmental Microbiology, vol. 62, no. 8, pp.
2888–2896, 1996.

[41] Y. Tal, J. E.M.Watts, andH. J. Schreier, “Anaerobic ammonium-
oxidizing (Anammox) bacteria and associated activity in fixed-
film biofilters of a marine recirculating aquaculture system,”
Applied and Environmental Microbiology, vol. 72, no. 4, pp.
2896–2904, 2006.

[42] G. A. Kowalchuk and J. R. Stephen, “Ammonia-oxidizing
bacteria: a model for molecular microbial ecology,” Annual
Review of Microbiology, vol. 55, no. 1, pp. 485–529, 2001.
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genómica y ecologı́a molecular: La nueva ecologı́a en el
bicentenario de darwin,” TIP Revista Especializada en Ciencias
Quı́mico-Biológicas, vol. 11, no. 1, pp. 41–51, 2008.

[66] A. K. Bansal, “Bioinformatics in microbial biotechnology—a
mini review,”Microbial Cell Factories, vol. 4, article 19, 2005.

[67] J. C. Venter, K. Remington, J. F. Heidelberg et al., “Environmen-
tal genome shotgun sequencing of the sargasso sea,” Science, vol.
304, no. 5667, pp. 66–74, 2004.

[68] C. S. Riesenfeld, P. D. Schloss, and J. Handelsman, “Metage-
nomics: genomic analysis of microbial communities,” Annual
Review of Genetics, vol. 38, no. 1, pp. 525–552, 2004.

[69] J. Kennedy, B. Flemer, S. A. Jackson et al., “Marine metage-
nomics: new tools for the study and exploitation of marine
microbialmetabolism,”MarineDrugs, vol. 8, no. 3, pp. 608–628,
2010.

[70] P. D. Schloss and J. Handelsman, “Biotechnological prospects
frommetagenomics,” Current Opinion in Biotechnology, vol. 14,
no. 3, pp. 303–310, 2003.

[71] T. Prakash and T. D. Taylor, “Functional assignment of metage-
nomic data: challenges and applications,” Briefings in Bioinfor-
matics, vol. 13, no. 6, Article ID bbs033, pp. 711–727, 2012.

[72] J. A. Gilbert andH.Margaret, “Gene expression profiling: meta-
transcriptomics,” inHigh-Throughput next Generation Sequenc-
ing, Y. M. Kwon and S. R. Ricke, Eds., Springer, Humana Press,
2011.

[73] C. Vogel and E. M. Marcotte, “Insights into the regulation of
protein abundance from proteomic and transcriptomic analy-
ses,” Nature Reviews Genetics, vol. 13, no. 4, pp. 227–232, 2012.

[74] B. R. Graveley, “Alternative splicing: increasing diversity in the
proteomic world,” Trends in Genetics, vol. 17, no. 2, pp. 100–107,
2001.

[75] E. Phizicky, P. I. H. Bastiaens, H. Zhu, M. Snyder, and S. Fields,
“Protein analysis on a proteomic scale,” Nature, vol. 422, no.
6928, pp. 208–215, 2003.

[76] G. J. Patti, O. Yanes, and G. Siuzdak, “Innovation: metabolo-
mics: the apogee of the omics trilogy,”Nature ReviewsMolecular
Cell Biology, vol. 13, no. 4, pp. 263–269, 2012.

[77] O. Fiehn, “Metabolomics—the link between genotypes and
phenotypes,” Plant Molecular Biology, vol. 48, no. 1-2, pp. 155–
171, 2002.

[78] K. Hollywood, D. R. Brison, and R. Goodacre, “Metabolomics:
current technologies and future trends,” Proteomics, vol. 6, no.
17, pp. 4716–4723, 2006.

[79] R. Knight, J. Jansson, D. Field et al., “Unlocking the potential of
metagenomics through replicated experimental design,”Nature
Biotechnology, vol. 30, no. 6, pp. 513–520, 2012.

[80] J. Xu, “Microbial ecology in the age of genomics and metage-
nomics: concepts, tools, and recent advances,” Molecular Ecol-
ogy, vol. 15, no. 7, pp. 1713–1731, 2006.

[81] K. G. Frey, J. E. Herrera-Galeano, C. L. Redden et al., “Com-
parison of three next-generation sequencing platforms for
metagenomic sequencing and identification of pathogens in
blood,” BMC Genomics, vol. 15, no. 1, article 96, 2014.



Research Article
Magnet-Facilitated Selection of Electrogenic
Bacteria from Marine Sediment

Larisa Kiseleva,1 Justina Briliute,1 Irina V. Khilyas,1,2 David J. W. Simpson,1

Viacheslav Fedorovich,1 M. Cohen,1 and Igor Goryanin1,3

1Biological Systems Unit, Okinawa Institute of Science and Technology, 1919-1 Tancha, Onna-son, Okinawa 904-045, Japan
2Institute of Fundamental Medicine and Biology, Kazan (Volga Region) Federal University, Ulitsa, Kremlyovskaya 18, Kazan,
Republic of Tatarstan 420008, Russia
3School of Informatics, University of Edinburgh, 10 Crichton Street, Edinburgh EH8 9AB, UK

Correspondence should be addressed to Igor Goryanin; goryanin@oist.jp

Received 8 April 2015; Revised 3 July 2015; Accepted 13 July 2015

Academic Editor: Yu Zhang

Copyright © 2015 Larisa Kiseleva 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.

Some bacteria can carry out anaerobic respiration by depositing electrons on external materials, such as electrodes, thereby
creating an electrical current. Into the anode chamber of microbial fuel cells (MFCs) having abiotic air-cathodes we inoculated
microorganisms cultured from amagnetic particle-enriched portion of a marine tidal sediment, reasoning that since some external
electron acceptors are ferromagnetic, electrogenic bacteria should be found in their vicinity. Two MFCs, one inoculated with a
mixed bacterial culture and the other with an axenic culture of a helical bacterium isolated from the magnetic particle enrichment,
termed strain HJ, were operated for 65 d. Both MFCs produced power, with production from the mixed culture MFC exceeding
that of strain HJ. Strain HJ was identified as aThalassospira sp. by transmission electron microscopic analysis and 16S rRNA gene
comparisons. An MFC inoculated with strain HJ and operated in open circuit produced 47% and 57% of the maximal power
produced from MFCs inoculated with the known electrogen Geobacter daltonii and the magnetotactic bacterium Desulfamplus
magnetomortis, respectively. Further investigation will be needed to determine whether bacterial populations associated with
magnetic particles within marine sediments are enriched for electrogens.

1. Introduction

As a group, bacteria obtain electrons for respiratory
metabolism from a vast range of sources and, likewise, deliver
these electrons to an equally impressive array of acceptor
molecules. A growing list of bacteria have been found to be
electrogenic, that is, capable of reducing external solid elec-
tron acceptors. From a biotechnological standpoint electro-
genic bacteria are of interest because they can efficiently oxi-
dize compounds within the anaerobic environment of micro-
bial fuel cells (MFCs) while creating an electrical current [1].

Among the electrogenic bacteria a variety of mechanisms
are employed for reducing external electron acceptors [2].
Two types of “nanowires” have been identified by which
cells can deliver electrons from cell membrane respira-
tory proteins: type IV pili, found in Geobacter spp., and
cytochrome-containing outermembrane extensions found in

Shewanella spp. [3, 4]. Bacteria may stably associate with a
solid electron acceptor surface as attached biofilms [5] or
transiently by electrokinesis, a dynamic process in which
bacteria cycle between depositing electrons and swimming
in the vicinity of the acceptor [6]. Some bacteria are also
capable of transferring electrons to external solid electron
acceptors via diffusible electron carrying shuttle molecules,
some of which can be exchanged between species [7].
Other unidentifiedmechanisms for external electron delivery
almost certainly exist. Development of means to screen for
and isolate electrogens would aid in the discovery of such
mechanisms.

Conductive minerals (e.g., magnetite Fe
3
O
4
) confer

centimeter-long conductivity to anaerobic marine sediments
[8], promoting the activity of electrogens in these envi-
ronments, and enabling applications such as powering of
remote devices and reductive dechlorination of contaminants
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[9]. Magnetite can facilitate electron transfer from bacteria
to external receptors [10], including transfer to nitrate-
reducing bacteria [11], and under acidic conditionsmagnetite
it can be an external electron acceptor [12]. Recently, it was
demonstrated that magnetite, owing to its mixed valency, can
behave as a battery, being oxidized by phototrophic bacteria
in the light and reduced by electrogenic bacteria in the dark
[13]. We reasoned, therefore, that electrogenic bacteria may
be found in preferential associationwithmagnetic particles of
marine sediments. Here we describe the isolation and partial
characterization of an electrogenic bacterium Thalassospira
sp. strain HJ from a magnetic particle-enriched portion of a
marine tidal sediment.

2. Materials and Methods

2.1. Sediment Sampling and Preparation. Sandy sediment
from Kaichu-Doro Beach (26∘ 19 56.1N, 127∘ 54 0 E;
October, 2013) Okinawa Japan, was sampled to 25 cm
depth and placed into 500mL bottles to approximately half
capacity, filling the remainder of the bottle with seawater.
At the laboratory, the sample was vigorously mixed and
allowed to settle with a magnet pressed against the outside
of the container positioned above the height of the sediment
surface before mixing. After the sediment had settled, 4mL
of liquid and adherent magnetic particles from the region
closest to the magnet was sampled with a sterile Pasteur
pipette. The “capillary racetrack method” was then used
to enrich for magnet-associated bacteria from the sample
[14]. Fluid from the capillary was inoculated into a test tube
containing 10mL culture medium (Difco Marine Broth
2216) supplemented with 50mg L−1 FeCl

3
(Marine-Fe broth)

and grown overnight at 23∘C without shaking. A sample
was streaked to Marine-Fe Agar, incubated for 2 d, and a
resulting colony of a spiral bacterium (termed strain HJ) was
subcultured intoMarine-Fe broth. 50mL subcultures of both
the original capillary racetrack-derived mixed community
and strain HJ were poured into separate MFCs that were
topped off with ∼125mL 0.1M sodium/potassium phosphate
buffer (pH 5.9) and 1mL 2% sodium acetate.

2.2. Operation of Sediment-Derived Culture-InoculatedMicro-
bial Fuel Cells. Two single-chamber, air-cathode MFCs (𝐻,
10 cm; 𝐿, 12 cm; 𝑊, 10 cm) were prepared to have internal
working volume of 175mL. The internal MFC chamber
contained two anodes (approximately 6 × 8 cm), suspended
2-3mm off the bottom of the chamber, composed of a layer
of 0.4mm proprietary conductive carbon cloth to which
2mmaverage size activated carbon granules were boundwith
conducted glue to provide more surface area. The granules
had been prepared from birch precursor and pretreated with
a neutral red catalyst to facilitate electron transfer. The two
cathodes (6 × 8 cm) were graphite plates (3mm thick; 60%
porosity) sprayed on the liquid-facing side with an aqueous
5% Fumion membrane polymer (FuMA-Tech, Bietigheim-
Bissingen,Germany)while activated carbon granules (treated
with iron(II) phthalocyanine) were mechanically pressed
to the air-facing side using netting frame. Unit cathode

Capillary racetrack

S N

MFC

MFC

Figure 1: A flow scheme indicating the procedure for enrichment of
magnetic particles from sediment and inoculation of marine broth
medium and microbial fuel cells.

section (including membrane) was cleaned by immersion
in concentrated HCl before module assembly for 20min
to remove any organics and was then soaked in sterile
distilled water, with water changes every 1 h until the pH was
neutralized. The reactor cell PVC surfaces were cleaned by
washing with soap and water, drying, and then wiping down
with acetone solvent. Anode and internal reactor areas were
sprayedwith 70% ethanol solution just prior to final assembly.
The cathode extended into a bath containing an electrolyte
solutionmaintained at pH 2with regular additions of 1 NHCl
to provide a source of protons for the abiotic reduction of
oxygen to water. The MFCs were maintained on a 24 h open
circuit/24 h closed circuit cycle, using an external resistance
of 40Ω. The anode and cathode electrodes were connected
with a multichannel logger (Graphtec midi LOGGERGL820,
Japan) for daily voltage measurements. The corresponding
electric current was calculated using Ohm’s law (𝑉 = 𝐼𝑅).
Power density was obtained according to the equation 𝑃 =
𝐼𝑉/𝐴, where 𝐼 is the current, 𝑉 is the voltage, and 𝐴 is the
projected surface area of the cathode.

Once weekly, after removal of 1mL mixed contents for
chemical oxygen demand (COD) analysis, the MFCs were
fed with approximately 5mL phosphate buffer containing
1 g L−1 sodiumacetatewhenCODanalysis indicated substrate
depletion.The extra volume of the feed was needed to replace
losses due to evaporation through the cathode membrane.
Upon completion of the monitoring period on the 65th day
of operation, due to declining power production, the MFCs
were disassembled. Anodematerial was sampled and bacteria
were isolated from the strain HJ-inoculated MFC to confirm
the presence of strain HJ.

2.3. Bacterial Isolation and Initial Characterization. DNA
from strain HJ was isolated and subject to genomic sequenc-
ing [15]. Phylogenetic analyses of the 16S rRNA gene (Gen-
Bank accession number KP704219) were performed using
the Phylogeny.fr platform [16]. Minimum and maximum
temperatures for growth were determined by culturing on
Marine Agar plates. Catalase and oxidase activities were
tested and Gram staining was carried out using standard
microbiological methods.

2.4. Transmission Electron Microscopy. Transmission elec-
tron microscope (TEM) imaging was performed on a JEOL
JEM-1230R ElectronMicroscope at an accelerating voltage of
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Figure 2: Electrical output frommicrobial fuel cells inoculated with cultures derived from tidal beach sediment obtained from Kaichu-Doro
Beach, Okinawa, Japan. Total anode surface area, 151 cm2 (75.5 cm2 per anode); 175mL volume. Plotted lines indicate activity from the mixed
culture-inoculated MFC and the strain HJ-inoculated MFC; R, right, and L, left anode-cathode couple.

100KV. Strain HJ cells were prepared from cultures grown
at room temperature (23∘C) in 50mL of Marine-Fe broth
to an OD

600
of 1.0. The pelleted cells were fixed with 1%

osmium tetroxide in 0.1M cacodylate buffer (pH = 7.2) for
30min and washed with water three times for 5min. A drop
of fixed bacterial cells was deposited onto a carbon-coated
HF34 200mesh copper grid, washed oncewith distilledwater,
and stained for 3 to 5 sec with 1% uranyl acetate.

2.5. Inoculation and Monitoring of Microbial Fuel Cells Inoc-
ulated with Axenic Bacterial Cultures. A micro-MFC array
was developed from two parts of Plexiglas with three 4 cm
microchambers to test for current generation by three axenic
bacterial cultures. Each chamber consisted of an anode and
a cathode compartment (8mm deep) separated by a cation-
exchange membrane Nafion 117 (19.6 cm2; DuPont Co.,
Delaware USA). The anode and cathode electrodes (3mm
thick graphite plates; 45–50% porosity, Xinghe County Muzi
Carbon Co., Ltd, China) were connected with a multichannel
logger (Graphtec midi LOGGER GL820, Japan) for daily
voltage measurements. 1mm thick rubber gaskets were used
for sealing between the anode and cathode compartments.
A titanium screw held the electrode against the membrane
and acted as electrical connector. Each micro-MFC cham-
ber was equipped with a 2.5 ID mm polyurethane inlet
tube (FESTO, Germany) on the bottom for medium and
electrolyte feeding and one on the top for biogas output
and replacement of exhausted electrolyte. For disinfection
the plexiglas microchambers were soaked in a 10% bleach
solution, rinsed with deionized water, and then exposed to

UV light for 12 h. Graphite plates were washed with 100%
isopropanol in an ultrasonic bath and then heated in an oven
for 2 h at 200C. Micro-MFCs were operated in the open
circuit mode and current measurements were performed
every 24 hours starting from time of inoculation. 50mM
iron(II) phthalocyanine, withoutN

2
sparging, was used as the

cathode electrolyte solution.
Axenic bacterial cultures (Thalassospira sp.HJ, the known

electrogen Geobacter daltonii, and the magnetotactic Desul-
famplus magnetomortis) were pregrown with shaking at 37∘C
for 12 h in 5mL of modified PBS medium containing (per
liter) 4.58 g Na

2
HPO
4
, 2.45 g NaH

2
PO
4
⋅H
2
O, 0.31 g NH

4
Cl,

0.13 g KCl, 5 g glucose, 5 g yeast extract, and 5 g peptone.
Bacterial cells were harvested, washed with 16mMphosphate
buffer (pH 7.0), and resuspended into 50mL fresh modified
PBS medium. The initial cell concentration was adjusted
to an optical density at 600 nm of 0.3 as measured by
a Spectronic GENESYS 5 spectrophotometer (Milton Roy
Company, Rochester, NY, USA) with filtered cell-free culture
medium as reference.

The micro-MFCs were inoculated initially with 15mL
medium containing bacterial cells (exceeding the ∼10mL
volume of the anode chamber since the porous graphite
absorbed some liquid). Bacteria-free modified PBS medium
containing 0.1% NaN

3
was used for control experiments.

All experiments were set up in two technical replications
and two biological replications. The axenicity of the anolytes
for the strain HJ-containing MFCs was determined at
the end of the experiments by plating serial dilutions to
Marine Agar medium. Experiments were performed at room
temperature.
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(a) (b)

(c) (d)

Figure 3: Transmission electron micrographs of Thalassospira sp. strain HJ showing various features. (a) A single polar flagellum; (b)
intracellular electron-dense regions; (c) symmetric cell division; and (d) asymmetric cell division. Representative images are shown.

3. Results and Discussion

To obtain magnetic particle-associated bacteria, some of
which should be electrogenic [12], we subjected tidal beach
sediment to the enrichment procedure depicted in Figure 1.
One MFC was inoculated with a mixed culture derived from
the magnetic particle-enriched sediment and the other with
an axenic culture of a helical bacterium, strain HJ, isolated
from the enriched sediment. Both MFCs were found to
produce power, with the current and voltage generated from
the mixed culture MFC being substantially higher (Figure 2).
The comparatively low power density observed of strain HJ
is typical of axenic bacterial cultures relative to that of the
communities from which they are derived [5]. At the end
of the experiment strain HJ was reisolated from the MFC to
confirm its retention.

Strain HJ was identified by means of microscopic anal-
ysis (Figure 3) and 16S rRNA gene sequence comparisons
(Figure 4) to be of the genusThalassospira. TEM images show
cells of 0.5–0.7𝜇mwidth and 1.5–5.7𝜇m length having single

polar flagella typical of the genus Thalassospira [17], with
evidence of both symmetric and asymmetric cell division
(Figure 3). One or more electron-dense staining regions can
be seenwithinmost cells (Figure 3). Cells weremotile, stained
Gram negative, and tested positive for catalase and oxidase
activity. Growth occurred on Marine Agar at temperatures
ranging from 12∘C to 39∘C and pH values ranging from 5.5
to 10.5. The closest matching 16S rRNA gene sequence to
a named species within the GenBank database was that of
Thalassospira profundimaris strainWP0211 (1449/1453, 99.7%
identity), which notably differs from strain HJ in its lack of
flagella [18].

Micro-MFC chambers inoculated with axenic cultures of
Thalassospira sp. strain HJ and, for comparison, Geobacter
daltonii and Desulfamplus magnetomortis showed electrical
current production immediately after inoculation but dif-
fered in the intensity and shape of the subsequent production
curve (Figure 5). Thalassospira sp. strain HJ and D. magne-
tomortis displayed gradual increases in current after initia-
tion whereas current production from G. daltonii decreased
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Thalassospira alkalitolerans (AB786710)
Thalassospira xiamenensis M-5 (CP004388)

Thalassospira lucentensis QMT2 (AF358664)

Magnetospira thiophila MMS1 (EU861390)
Magnetovibrio blakemorei MV1 (L06455)

0.1

Rhodospirillum oryzae JA318T (AM901295)
Roseospira marina CE2105 (AJ298879)

Azospirillum brasilense DSM1690 (GU256438)
Magnetospirillum magneticum AMB-1 (D17514)

Sphingomonas azotifigens NBRC15497 (AB217471)
Rhodobacter blasticus ATCC33485 (D16429)

Caulobacter vibrioides FMC1 (JX968034)

Thalassospira profundimaris WP0211 (AY186195)

Thalassospira mesophila (AB786711)

Thalassospira sp. HJ (KP704219)

Figure 4: Phylogenetic tree of strain HJ and selected alphaproteobacteria based on 16S rRNA gene sequences. The tree was constructed
from sequences aligned by MUSCLE using maximum-likelihood method of PhyML 3.0 [16, 21]. The scale bar reflects evolutionary distance,
measured in units of substitution per nucleotide site.
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with time. After 172 h, the current for all axenic cultures
decreased to 5–8mA, which was attributed with C-source
depletion. Voltage drop was observed after 144 h from the
strain HJ-inoculated micro-MFC, whereas G. daltonii and
D. magnetomortis MFCs demonstrated voltage loss after
48 h. As a control, to determine the contribution of growth
medium components to current and voltage production, a
micro-MFC was filled with sterile medium. Although there
was no observable current generation background voltage
was observed (Figure 5). The maximal single-value power
readings from the micro-MFCs were of 2.6Wm−2 (at 96 h)

for Thalassospira sp. strain HJ, 5.5Wm−2 (at 144 h) for D.
magnetomortis, and 4.6Wm−2 (at 24 h) for G. daltonii.

Geobacter is a well-characterized genus of electrogenic
bacteria and although we are not aware of prior reports
of electrogenicity by the magnetotactic bacterium D. mag-
netomortis members of sulfate-reducing members of the
Deltaproteobacteria, to which D. magnetomortis belongs,
were found to display transcriptomic responses to changes in
MFC electrode potential indicative of electrogenic behavior
[19].We hypothesize thatmagnetosomes could confer a selec-
tive benefit by enabling bacteria to hone in on ferromagnetic
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external electron acceptors. A wider survey of magnetotactic
bacteria for electrogenicity would be warranted.

Recently, two marine sediment-derived Thalassospira sp.
isolates were reported to exhibit electrotrophic behavior,
accepting electrons from insoluble sulfur [20] but the capacity
of these strains to transfer electrons to an anode as we have
found here of Thalassospira sp. strain HJ was not examined.
Examination of the strain HJ genome does not reveal any
homologs for the pili or outer membrane extension-type
external electron transfer systems found in Geobacter or She-
wanella species [15], andmicroscopic imaging of anodes from
strain HJ-colonized MFCs implies that biofilm formation
is not necessary for electrogenicity (data not shown). Thus,
we hypothesize that external electron transfer occurs via an
electron shuttle-type mechanism.

4. Conclusions

A microbial community derived from magnetic particle-
enriched marine sediment displayed electrogenic behavior
and yielded an electrogenic bacterium identified to be a
Thalassospira species. This is the first report of electrogenic
behavior within the genus Thalassospira. A more extensive
study would be needed to determine whether the propor-
tion of electrogenic bacteria obtained from this magnetic
particle enrichment procedure exceeds that found in the
environment. With their diurnal patterns of flooding and
diversity of mineral components tidal sediments should be
rich environments to bioprospect for electrogenic bacteria.
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The objective of this study was to assess antagonism of nematophagous fungi and species producers metabolites and their
effectiveness onHaemonchus contortus infective larvae (L

3
). Assay A assesses the synergistic, additive, or antagonistic effect on the

production of spores of fungal isolates of the speciesDuddingtonia flagrans,Clonostachys rosea, Trichoderma esau, andArthrobotrys
musiformis; Assay B evaluates in vitro the effect of intercropping of these isolates grown in 2% water-agar (2% WA) on L

3
of

H. contortus. D. flagrans (Assay A) produced 5.3 × 106 spores and associated with T. esau, A. musiformis, or C. rosea reduced
its production by 60.37, 45.28, and 49.05%, respectively. T. esau produced 7.9 × 107 conidia and associated with D. flagrans, A.
musiformis, or C. rosea reduced its production by 39.24, 82.27, and 96.96%, respectively. A. musiformis produced 7.3 × 109 spores
and associated with D. flagrans, T. esau, or C. rosea reduced its production by 99.98, 99.99, and 99.98%, respectively. C. rosea
produced 7.3 × 108 conidia and associated with D. flagrans, T. esau, or A. musiformis reduced its production by 95.20, 96.84, and
93.56%, respectively. These results show evidence of antagonism in the production of spores between predators fungi.

1. Introduction

Brazil has a herd of 212 million head of cattle and 171 million
hectares of pastures that produce approximately 96% of
Brazilian beef. On the other hand, gastrointestinal nematodes
are a serious problem in ruminant production; once the
animals have been exposed to high parasite loads they may
succumb, especially younger individuals, which are more
susceptible [1, 2].

The parasite-host relationship is characterized as a bal-
anced relationship, being controlled by the intraspecified
variability of host and parasite, allied to environmental
factors. Epidemiologically whole herd raised under grazing
conditions has some degree of gastrointestinal nematode
infection, which results in a complex series of pathological
events ranging between subclinical effects, production losses,
and even death of the animal [3]. In this context, nematodes,
especially the genus Haemonchus, are responsible for large
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economic losses in livestock. The conventional method for
controlling such gastrointestinal parasites is to use synthetic
anthelmintic drugs but they leave residues of the products
in the treated animal, affect nontarget organisms, and select
resistant strains of the parasites. Thus, use of nematophagous
fungi, as an alternative control, has been constantly tested,
with interesting results both in the field and under laboratory
conditions [4].

A heterogeneous group of microfungi experts in cap-
turing and using intestinal parasitic nematodes of domestic
animals and phytonematodes as a source of nutrients are
considered highly feasible and promising in environmental
reduction of infective larvae [5, 6].Duddingtonia flagrans and
Arthrobotrys spp. are fungi predators and the most studied
and effective in the control of parasites of animals [4, 7].
Clonostachys spp. and Trichoderma spp. are primarily used
as biological controls of phytonematodes, but the diversity
of the produced metabolites and adaptability to different
environmental conditions give them the opportunity to be
used in the biotechnology industry [7–10].

Although competition between microorganisms is very
intense and severe making the introduction of new fungal
species as biocontrol agents in certain environments prac-
tically impossible, it is necessary to evaluate the effect of
combinations of fungi predators, opportunists, and ovicidal
and metabolites producers and also abiotic factors, raising
the possibility of establishment of fungi and potentiating the
nematodes control [11–14]. Commercial spore production is
usually performed in organic substrates or inert carriers, but
several attempts to select substrates more productively and
with low cost production have been carried out, especially
with byproducts of agroindustry [15].

For use in biocontrol program as for survival and dis-
semination in environment condition of fungal spores is
necessary [13] and when it comes to parasites animal control
is important to select species and/or isolates capable of
crossing the digestive tract and maintain the viability and
predatory ability [16]. Thus, the objective of this study was
to assess antagonism of nematophagous fungi and species
producers metabolites and their effectiveness on L

3
of H.

contortus.

2. Materials and Methods

2.1. Organisms. Organisms were used as fungal isolates of
D. flagrans (strain FTHO-8) [17], Clonostachys rosea (strain
Yucatán, CICY-CONACYT), Arthrobotrys musiformis, and
Trichoderma esau maintained on agar-water 2% (AA 2%) of
mycology library of the National Institute for Forestry, Agri-
cultural and Livestock, INIFAP, and H. contortus infective
larvae (L

3
) (isolated Hueytamalco, Puebla) maintained by

artificial infection in Pelibuey sheep in INIFAP facilities.

2.2. Spore Production. Two fragments of a previous crop
in 2% WA of D. flagrans, A. musiformis, C. rosea, and T.
esau, with approximately 4mm2 being transferred alone or
in association with other fungi to Petri dishes of 100 × 15mm
(06 replicates) containing 20mLof 2%WhAculturemedium,
were maintained at room temperature and protected from

light. The initial inoculum present in each fragment isolated
from D. flagrans, A. musiformis, C. rosea, and T. esau was,
respectively, 1.1 × 103, 1.9 × 106, 4.2 × 104, and 7.1 × 105 conidia
and/or chlamydospores. After 7 days of cultivation 5mL of
distilled water was added on the plate surface and the spores
were scraped with a spatula and stored in a sterile Falcon
tubes. The volume was completed to 45mL and 10 replicates
were evaluated in a Neubauer chamber. Counting averages
were extrapolated to the final volume of spores produced per
plate.

2.3. “In Vitro” Test. Two fragments of a previous crop in
2% WA of D. flagrans, A. musiformis, C. rosea, and T.
esau, with approximately 4mm2 being transferred alone or
associated with other fungi to Petri dishes of 600 × 15mm (08
replicates) containing 10mL of 2%WA culture medium, were
maintained at room temperature and protected from light for
7 days. After cultivation, each Petri dish was inoculated with
approximately 300 L

3
of H. contortus obtained by the Baer-

mann method from coprocultures of sheep faeces artificially
infected. The Petri dishes were kept at room temperature
and protected from light; in the seventh day of interaction
between fungal isolates and nematodes, Baermann was taken
from the agar contained in Petri plates for recovery of larvae
not preyed upon.

2.4. Statistical Analysis. Assay A was designed in a factorial
combination of fungal isolates × association of the same
isolates (4 isolates, 6 associations, and 6 replicates) and
Assay B was designed in a factorial combination of fungal
isolates × nematode parasites (4 isolates, 6 associations, and
8 replicates) and one control group. The average number of
produced spores or recovered larvae was subjected to analysis
of variance and compared by Tukey test in 1% significance
level using BioEstat 5.3 software.

3. Results and Discussion

The results observed in Table 1 show that, in the culture
conditions described, the D. flagrans alone produced 5.3
× 106 conidia/chlamydospores by Petri dish and when it
was associated with T. esau, A. musiformis, or C. rosea the
structure production was 2.1 × 106, 2.9 × 106, and 2.7 ×
106, respectively, showing a reduction of 60.37, 45.28, and
49.05%, respectively, in the spores production (Table 1 and
Figure 1(a)).

The production of spores of T. esau alone, in the same
conditions described, was 7.9 × 107 conidia per plate and in
association with D. flagrans, A. musiformis, or C. rosea was
4.8 × 107, 1.4 × 107, and 2.4 × 106 structures, reducing at 39.24,
82.27, and 96.96%, respectively (Table 1 and Figure 1(b)).

A. musiformis alone produced 7.3 × 109 conidia/chlamy-
dospores per plate and in association with D. flagrans, T.
esau, or C. rosea the reproductive structure production
was 1.4 × 106, 1.7 × 105, and 1.4 × 106, respectively, being
reduced at 99.98, 99.99, and 99.98%, respectively (Table 1 and
Figure 1(c)).

C. rosea alone reached a production of 2.8 × 108 conidia
per plate and in association with D. flagrans, T. esau, or A.
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Table 1: Mean, standard deviation, and % of reduction of spores produced by different fungal isolates after 7 days on medium 2% wheat-agar
(2%WhA).

Duddingtonia flagrans
Isolate D. flagrans T. esau A. musiformis C. rosea
Conidia/chlamydospores 5.3 × 10

6a
2.1 × 10

6b
2.9 × 10

6b
2.7 × 10

6b

Standard deviation (±2.1 × 106) (±7.1 × 105) (±1.5 × 106) (±8.7 × 105)
% reduction — −60.37% −45.28% −49.05%

Trichoderma esau
Isolate T. esau D. flagrans A. musiformis C. rosea
Conidia/chlamydospores 7.9 × 10

7a
4.8 × 10

7ba
1.4 × 10

7bb
2.4 × 10

6bb

Standard deviation (±2 × 107) (±5.4 × 106) (±4.3 × 106) (±8.7 × 105)
% reduction — −39.24% −82.27% −96.96%

Arthrobotrys musiformis
Isolate A. musiformis D. flagrans T. esau C. rosea
Conidia/chlamydospores 7.3 × 10

9a
1.4 × 10

6b
1.7 × 10

5b
1.4 × 10

6b

Standard deviation (±1.9 × 109) (±9.1 × 105) (±2.5 × 105) (±5.1 × 105)
% reduction — −99.98% −99.99% −99.98%

Clonostachys rosea
Isolate C. rosea D. flagrans T. esau A. musiformis
Conidia/chlamydospores 2.8 × 10

8a
3.5 × 10

7b
2.3 × 10

7b
4.7 × 10

7b

Standard deviation (±3.9 × 107) (±2.1 × 107) (±9.2 × 106) (±2.1 × 107)
% reduction — −95.20% −96.84% −93.56%
Different lowercase letters indicate existence of statistical difference (𝑝 < 0.01), Tukey test.

musiformis the spores production was 3.5 × 107, 2.3 × 107,
and 4.7 × 107, being reduced at 95.20, 96.84, and 93.56%,
respectively (Table 1 and Figure 1(d)).

The isolates, A. musiformis and C. rosea alone, showed
the greatest production of reproductive structures per plate;
on the other hand they also had the highest percentage of
reduction in spores production when they were grown in
association with other fungal isolates (Table 1).

In “in vitro” test the effectiveness of fungus predator D.
flagranswas 100%against L

3
ofH. contortus in isolated culture

(𝑝 < 0.01); the remaining 100% of efficacy cultivated in
associationwithA.musiformis orT. esauwas not antagonized
by these fungi, but in association with C. rosea the predatory
activity was reduced to 95.65% (Table 2).

The A. musiformis isolate grown in isolation preyed on
91.30% of larvae (𝑝 < 0.01) and associated with the fungus
predator D. flagrans or metabolites producers, T. esau or
C. rosea, showed additive predatory effect of 100, 100, and
95.65%, respectively (Table 2).

The fungi metabolites producers, T. esau and C. rosea,
preyed on 82.60% of larvae grown in isolation (𝑝 < 0.01),
but when they were grown in conjunction they showed
strong antagonism, preying on 60.86% of larvae, not differing
statistically from the control group (𝑝 > 0.05). In addition,
these isolates showed additive effect by the presence of
predators fungi D. flagrans or A. musiformis, preying on 100
and 95.65%, respectively, of L

3
of H. contortus (Table 2).

3.1. Assay A: Evaluation of Spores Production. In this evalu-
ation D. flagrans alone produced 5.3 × 106 spores per Petri
dish in AT 2% medium; Sagüés et al. [18] observed similar

production with the addition ofmesoinositol and wheat flour
plus powder milk in Sabouraud Glucose Agar, SGA (5.1 × 107
and 2× 108 chlamydospores, resp.), grown in a temperature of
27∘C for 28 days, showing production potential of reproduc-
tive structures of D. flagrans. Hernández Mansilla et al. [19]
obtained in biphasic system the production of 1 × 105 chlamy-
dospores/gram of D. flagrans in solid substrate (rice) after 30
days of culture at room temperature and demonstrated the
efficacy of the spores on infective larvae of nematode of sheep.
Boguś et al. [20] showed that the proteins of nematode are the
best assailable nitrogen source for nematophagous fungi and
then observed that nematodes homogenized induce the habit
change from saprophyte to predator of D. flagrans in culture
medium with a low concentration of carbon and nitrogen;
these observations confirm the predatory potential of this
species on infective larvae.The isolate ofD. flagrans present a
reduction of 60.37, 45.28, and 49.05% spores productionwhen
grown in association with T. esau, A. musiformis, or C. rosea,
respectively, although Assis et al. [7] observed no difference
in production of structures when that species was cultivated
in association with the ovicidal fungus Mucor circinelloides;
these observations demonstrated that isolated with different
mechanisms of action may or not be antagonists in envi-
ronmental conditions. In this case the antagonistic effect of
metabolites producers fungi T. esau and C. rosea was more
evident than that caused by predator fungus A. musiformis
(Table 1).

The isolate of A. musiformis alone produced 7.3 × 109
conidia/chlamydospores per Petri dish.When grown in asso-
ciation with D. flagrans, T. esau, or C. rosea the production
of reproductive structures was, respectively, 1.4 × 106, 1.7
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Figure 1: Mean and standard deviation of spores produced by different fungal isolates after 7 days on medium −2% wheat-agar (2%WhA).

Table 2: Mean, standard deviation, and percentage of predation of Haemonchus contortus infective larvae recovered from Petri dishes by
Baermann method after 7 days of interaction with different fungal species grown in conjunction or alone (Df =Duddingtonia flagrans, Am =
Arthrobotrys musiformis, Te = Trichoderma esau, and Cr = Clonostachys rosea).

Parameters Control Df × Am Df × Te Df × Cr Am × Te Am × Cr Te × Cr Df Am Te Cr
Mean 115bb 0a 0a 5aa 0a 5aa 45ba 0a 10aa 20aa 20aa

Deviation ±54.54 ±0 ±0 ±13.23 ±0 ±13.23 ±31.22 ±0 ±26.46 ±28.28 ±28.28
% predation 0% 100% 100% 95.65% 100% 95.65% 60.86% 100% 91.30% 82.60% 82.60%
Different lowercase letters indicate existence of statistical difference (𝑝 < 0.0001), Tukey test.

× 105, and 1.4 × 106. This isolate shows decrease of the
spores production by 99.98, 99.99, and 99.98%, respectively,
demonstrating suffering greater antagonism by other fungal
species (predators and/or producers of metabolites) (Table 1
and Figure 1(c)). This fact shows that this fungal species
may not be a good competitor in the natural environment.
Dias and Ferraz [21] observed the production of 2.58 × 106
structures per Petri dish of spores ofA. musiformis in YPSSA.
Zhao et al. [22] showed that the disruption of AoMls gene of
enzyme in the glyoxylate cycle, virulence factor in microbial
pathogens from the nematode-trapping fungus Arthrobotrys
oligospora, led to a significant reduction in conidiation and
failure to utilize fatty acids and sodium acetate for growth,
and its conidiawere unable to germinate onminimalmedium
supplemented with sodium oleate.

The production of spores of T. esau alone was 7.9 ×
107 conidia per plate and associated with D. flagrans, A.
musiformis, or C. rosea was 4.8 × 107, 1.4 × 107, and 2.4 ×
106 structures, respectively, reducing the spores production
by 39.24, 82.27, and 96.96%, respectively, with statistically
significant difference (𝑝 < 0.01), between the production
alone and in association with other fungi (Table 1 and
Figure 1(b)). These results support the data previously cited
in which the fungal antagonism is exacerbated by producers
species metabolites. This fact is highlighted by Hernández
Mansilla et al. [19] who observed the antagonism of different
species of Trichoderma on fungi phytopathogens that attack
the pineapple.

The C. rosea isolate grown alone produced 2.8 × 108
conidia per plate and in association with D. flagrans, T.
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esau, and A. musiformis produced 3.5 × 107, 2.3 × 107, and
4.7 × 107 spores, respectively. The spores production of this
isolate grown in association with D. flagrans, T. esau, or A.
musiformis reduced spores production by 95.20, 96.84, and
93.56%, respectively, demonstrating suffering great antago-
nism from these species (Table 1 and Figure 1(d)). According
to Sun et al. [23] the proportion of resistant spores of C. rosea
67-1 increased to 17.4 and 15.5% in potato dextrose and rice
meal media, respectively, in 8 days and the percentage of
chlamydospores decreased rapidlywith increased pH.Viccini
et al. [24] observed that using rice as a substrate after 15 days
of culture in plastic bottles and bags resulted in a production
of 3.4 × 109 and 1.1 × 108 spores, respectively, per gram of
dry matter, confirming the high productive potential of these
fungal species.

Evaluating the production of reproductive structures
presented in Table 1 demonstrates that all fungal isolates
tested, producers metabolites and predators, exert strong
antagonism when grown in conjunction, negatively influenc-
ing the production of spores in percentages ranging from
39.24 to 99.99% (𝑝 < 0.01); this fact exemplifies for the
largest gathering and isolation of certain species in detriment
to others in various environmental conditions.

3.2. Assay B: “In Vitro” Predation Test. In relation to “in
vitro” test in this work it was observed that predators fungi
D. flagrans and A. musiformis have the highest percentage
of reduction of larvae compared with metabolites producers
fungi. Santos et al. [25] assessed, in coprocultures per-
formed using cattle faeces collected on the third day after
the oral administration of large concentrations (200 grams’
grain/animal) of isolate A. musiformis, 99% reduction in
the number of L

3
gastrointestinal nematodes. del Carmen

Acevedo Ramı́rez et al. [26] isolated and identified isolates of
A. musiformis in different regions of Mexico demonstrating
their effectiveness in vitro against H. contortus infective
larvae. Gutiérrez et al. [27] observed “in vitro” a reduction
of 97% of L

3
of H. contortus and 75% of (L

4
) histotrophic

larvae by species, A. musiformis. Ojeda-Robertos et al. [28]
observed that, after oral administration of chlamydospores of
D. flagrans to naturally infected sheep, this isolate was able to
reduce the number of larvae and eggs per gramof faeces in “in
vitro” test confirming the predatory potential of these species
on gastrointestinal helminths of veterinary and zootechnical
importance.

The literature is scarce in studies that evaluate predatory
activity of T. esau and C. rosea against gastrointestinal nema-
tode infective larvae. In agricultural activities Ruano-Rosa
et al. [29] observed that combinations of T. atroviride with
strains P. chlororaphis and P. pseudoalcaligenes significantly
improved the control of white root rot (WRR) caused by R.
necatrix during the in vitro experiments, though a protective
effect ofTrichoderma and some bacteria has been observed in
the control of WRR avocado when applied alone.

According to Baloyi et al. [9] isolate of C. rosea reduced
nematode counts by 44% to 69.9%, in the faecal bioassay
and in the water bioassay of 62.7% to 89.3% were observed.
According to Ahmed et al. [30] A. comosus combined with
C. rosea (AcCr) is better at controlling nematodes of sheep

within a treatment which were paired and penned in individ-
ual paddocks than either Ac or Cr individually.A. comosus or
AcCr reduced EPG and L

3
counts on grass, but C. rosea only

reduced L
3
.The daily feed ofMerino sheep with 0.25, 0.5, and

1.0 g of C. rosea chlamydospores per kilogram BW reduced
larval development (LD) time on day 70 of treatment by 33,
72, and 89%, respectively, in pastures. In the control group,
LD was reduced by only 2.6% as the number of larvae per
gram in faecal cultures [31].

On the other hand studies evaluating the use of fungal
associations with different mechanisms of action are still
emerging in the agriculture and animal sector. Tavela et al.
[32] showed that the fungal isolates Pochonia chlamydosporia,
D. flagrans, and Monacrosporium thaumasium were efficient
in controlling horse cyathostomin under in vitro conditions,
acting alone or in conjunction.

The findings in this study show the existence of fungal
antagonism in the production of reproductive structures
between specieswith potential use for control of gastrointesti-
nal nematodes of domestic animals, especially among isolates
predators and those producers of metabolites, although
predatory reduction has not been observed in the effective-
ness of this species. The biotic research in site for appli-
cation nematophagous fungi with objective environmental
control of gastrointestinal nematodes must be thoroughly
investigated in order to obtain success in the parasite control
program to be implemented.
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[15] M. E. da Silva, J. V. de Araújo, F. R. Braga, F. E. D. F. Soares, and
D. S. Rodrigues, “Control of infective larvae of gastrointestinal
nematodes in heifers using different isolates of Nematophagous
fungi,”Revista Brasileira de Parasitologia Veterinaria, vol. 22, no.
1, pp. 78–83, 2012.

[16] F. R. Braga, R. O. Carvalho, A. R. Silva et al., “Predatory
capability of the nematophagous fungus Arthrobotrys robusta
preserved in silica gel on infecting larvae of Haemonchus
contortus,” Tropical Animal Health and Production, vol. 46, no.
3, pp. 571–574, 2014.
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The biocontrol is proven effective in reducing in vitro and in situ free-living stages of major gastrointestinal helminths, allowing
progress in reducing losses by parasitism, maximizing production, and productivity. This study aimed at evaluating the predatory
activity of fungal isolates of Duddingtonia flagrans and Clonostachys rosea species and its association on infective larvae (L

3
) of H.

contortus in microplots formed by grasses and maintained in a protected environment. All groups were added with 10mL of an
aqueous suspension with 618 H. contortus L

3
approximately. Group 1 was used as control and only received the infective larvae.

Groups 2 and 3 receivedD. flagrans chlamydospores and C. rosea conidia at doses of 5 × 106. Group 4 received the combination of 5
× 106 D. flagrans chlamydospores + 5 × 106 C. rosea conidia. D. flagrans and C. rosea showed nematicidal effectiveness reducing by
91.5 and 88.9%, respectively, the population of H. contortus L

3
. However, when used in combination efficiency decreased to 74.5%

predation of H. contortus L
3
. These results demonstrate the need for further studies to determine the existence of additive effects,

synergistic or antagonistic, between these species.

1. Introduction

Endoparasitic nematodiasis are considered as one of the
main factors seriously affecting the livestock industry, since
they cause an important reduction not only in the animal
weight but also their main products; that is, meat and
milk are also diminished [1]. Other problems derived from
nematode parasitic infections are the continuous expenses
in chemical treatments and eventually the death of young
animals [2]. The use of chemical drugs is so far the unique
method of anthelmintic control that is established around
the world [3]. Unfortunately the use of drugs and other

measures of control is in most of the cases not based on
the adequate recommendations, that is, the general animal
state, body weight, diagnosis of parasitic burden, and other
important factors that should be considered to establish a
successful control as quantity and quality of food, selection
of gastrointestinal parasitic genetically resistant animals, and
the presence of parasites resistance to chemical drugs [4].

A number of alternatives of control different than the use
of chemical drugs are being proposed, although the most
promising measure of control is the use of natural nema-
tode antagonists like nematophagous fungi [5, 6]. Allied to
chemical control, one of the most promising and sustainable
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methods of control is biological control, which has shown
a good effectiveness either in laboratory trials or in pasture
experiments which is an important activity reducing the
free-living stages of mayor gastrointestinal helminths. This
method can be considered as a useful tool of control which
reduces the economic losses caused by parasites and can
promote a higher animal productivity [7, 8].

The species Clonostachys rosea belonging to the order
Hypocreales (family: Bionectriacea) has being recorded as a
parasite of other microfungi and also as a nematode parasite,
apart from being a saprophyte fungus [9]. This species
colonizes plants and it has attracted interest by workers as a
potential biological control agent, since it produces volatile
organic compounds toxic for some living organisms [10, 11].

Duddingtonia flagrans is an “old friend” of scientists who
envision biological control as an alternative to the treatment
of herd animals by chemical means and also in the future
of prevention of high levels of contamination by nematodes
in public areas and squares used by humans [3, 12]. Again it
must be remembered here that the ability to pass through the
gastrointestinal tract of domestic animals makes this species
of fungus an eternal ally in combating nematodes present in
the environment [13].

This fungal species is said to be the “most promising.” Its
main focus of activity culminates in the predation of infective
helminth forms (in this case, nematode larvae), by means of
simple adhesive hyphae.

The fungus D. flagrans belonging to the order Monil-
iales (family: Moniliaceae) is one of the most promising
microorganisms for biological control of ruminant parasitic
nematodes [14]. This species is harmless to plants, animals,
and human being [15, 16] and it is possible to isolate it mainly
from soil samples and animal faeces [17].Thismicroorganism
possesses dual food habits, being saprobius in absence of
nematodes and becoming either predatory or parasite of
nematodes in the presence of them [18].

Taking into account the representation of the world
livestock and its socioeconomics, it is important to evaluate,
improve, and provide the use of technologies that can con-
tribute to the development of this segment of agrobusiness.
The aim of this study was to evaluate the predatory activity of
fungal isolates of the speciesC. rosea andD. flagrans and their
association onH. contortus infective larvae (L

3
) inmicroplots

with graminaceous forage plant.

2. Material and Methods

2.1. Fungi. TheC. roseaYucatan strain, belonging to theCICY
collection, was used.This strain was maintained in 2% water-
agar (2%WA) at the Department of Helminthology (CENID-
PAVET-INIFAP-MEXICO). The D. flagrans fungal strain
(FTHO-8) belonging to the Fungal Collection of CENID-
Parasitologı́a Veterinaria, INIFAP-Mexico, was used. This
strain was originally obtained from a sheep faecal sample
from a farm at Fierro del ToroVillage, HuitzilacMunicipality,
Morelos State, Mexico [19].

2.2. Nematodes. A H. contortus isolate was originally ob-
tained from a naturally infected sheep from “Las Margaritas”

Experimental Sheep Farm (INIFAP) inHueytamalcoMunici-
pality in the state of Puebla,Mexico. AH. contortus egg donor
lambwas orally infectedwith an aqueous suspension contain-
ing 350 larvae/kg of body weight. Twenty days after infection
the presence of H. contortus eggs in faecal samples was
detected through the McMaster technique. Faecal cultures
were prepared by mixing faeces with polystyrene particles in
plastic bowls. Water was added to the faecal cultures and the
mixture was homogenized to keep the cultures hydrated and
oxygenated to promote better larval hatching [20]. Faecal cul-
tures were covered with paper foil and incubated for 7 days at
room temperature (25–30∘C). Infective larvae were extracted
from faeces using the Baermann funnel technique [21]. The
larvae were washed several times in density gradients of 50%
sucrose solution and rinsed and suspended in sterile water.

2.3. Assay. The pots were conformed as follows: thirty-six
plastic (gardening) pots with a capacity of 100 grams (75
× 55mm) were used. Seventy grams of soil acquired from
commercial nurseries was autoclaved at 1.2 atm and 115∘C
for 15 minutes and added to the plastic pots. Every pot with
soil was added with 0.06 grams of a commercial mixture of
different genera/species grass seeds; about 70 graminaceous
seeds were added to the soil surface in order to obtain a
homogeneous grass growing. Six mL of top water was added
to every pot every day during 18 days of the experiment using
a Pasteur pipette to maintain the pots humidity.

After germination the pots were randomly divided into
four (4) experimental groups with 8 replicates each. All
groups were added with 10mL average of an acqueos sus-
pension with 618 H. contortus L

3
approximately. Group 1 was

used as control and only received the infective larvae. Groups
2 and 3 received D. flagrans chlamydospores and C. rosea
conidia at doses of 5 × 106, respectively. Group 4 received the
combination of 5 × 106 D. flagrans chlamydospores + 5 × 106
C. rosea conidia.

The pots were maintained under a shading rate hedging
protected screen and after 12 days of interaction between
nematophagous fungi and parasitic nematodes, the whole
nematode population from total soil and grass of every single
pot was recovered using the Baermann Funnel method [21].

2.4. Location. The experiment was conducted in CENID-
PAVET-INIFAP-MEXICO, located at 18∘5304N latitude
and 98∘5134W and 1615.16 meters above sea level, in the
municipality of Jiutepec, Morelos, Mexico.

2.5. Weather Data. Meteorological data including maximum
and minimum temperatures, relative humidity, and rain-
fall during the experiment were obtained from the closest
experimental weather station (National Institute for Water
Technology), Jiutepec, Morelos, Mexico.

2.6. Statistical Analysis. Datawere analysed using anANOVA
test and the Tukey test was used as a complementary tech-
nique for discriminating the mean different from the others.
Data were analysed using the software BioEstat 5.3.
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Table 1: Number and percentage of reduction of Haemonchus contortus L3 recovered by the method of Baermann 12 days after interaction
with fungal isolates Clonostachys rosea and Duddingtonia flagrans, and association of these microfungi.

Treatment Control C. rosea D. flagrans D. flagrans + C. rosea
H. contortus 118 (±114)a 13 (±19)b 10 (±15)b 30 (±19)b

% reduction L3 0 88.9% 91.5% 74.5%
∗Different small letters in rows indicate the existence of a statistical difference (𝑝 < 0.01).

3. Results and Discussion

The results are shown in Table 1, which shows the mean,
standard deviation, and the H. contortus larvae reduction
percentage after being recovered from pots after 12 days of
interaction between nematophagous fungi and nematode lar-
vae. The average temperature value during the experimental
periodwas 16.1∘C, ranging from 15 to 33∘C; the environmental
relative humidity was 71.03%, ranging from 15.2 to 108% and
7mmof rain.These environmental conditions are considered
as ideal for the development of ruminant parasitic larvae [22]
and nematophagous fungi [23].

The results obtained using D. flagrans in reducing the
nematode larvae population into animal faeces have gen-
erated the development of studies focused on the produc-
tion of chlamydospores which are resistant stages of some
microfungi for the control of ruminant parasitic nematodes
[13]. The results of the present work are promising and
an important reduction in the larval population recovered
from treated pots has shown evidence that fungi produce
satisfactory results with the use of 5 × 106 conidia and
chlamydospores per pot; and although this is only a model
of study, it gives a clear image about the potential use of
this biological system of control of infective larvae on the
contaminated grass.

The recovery larvae mean values have shown statistical
difference among the treated groups when compared with
control group (𝑝 < 0.001). However, no differences were
found among the treated groups (𝑝 > 0.005) (Table 1). Such
results corroborate those published of De Almeida et al. [24]
that demonstrated high effectiveness of the specieD. flagrans
against different genera of parasites affecting ruminants such
as Haemonchus, Teladorsagia, and Trichostrongylus.

The nematophagous C. rosea fungus was able to reduce
by 88.9% the number H. contortus L

3
. D. flagrans was able to

reduce by 91.5% the number H. contortus L
3
. The association

of the micro fungiD. flagrans and C. rosea was able to reduce
74.5% of H. contortus (L

3
) infective larvae.

Higher in vitro reductions (94.21–99.61%) in the H.
contortus L

3
population by different D. flagrans isolates were

recently found by Priego-Cortes [25], although it is important
to remark that this research was performed under in vitro
conditions on water agar plates. In the same work the in
vitro activity ofD. flagrans isolates, FTHO-8,M3, andDFIPC,
showed 99.2, 98.23, and 98.8% reductions against the root-
knot nematodeMeloidogyne sp. Such results are encouraging
in searching for a fungal candidate as a potential agent of
agricultural pest control.

Assis et al. [5] evaluated the predatory activity of D.
flagrans and M. thaumasium in the control of nematodiasis

in grazing cattle by administering fungal pellets obtaining
a reduction of 47.8 and 56.67% of the number of larvae,
respectively, and these results were lower than those found
in our study, although conducted in animals grazing.

In the present study, the nematophagous fungus C. rosea
reduced by 76.9% the number of H. contortus L

3
under envi-

ronmental conditions. Similar results were recently obtained
using two isolates, C. rosea (Yucatán strain) and Clonostachys
sp.

One Campeche strain C. rosea reduced 84.2 and 59.5%H.
contortus L

3
, respectively. These fungi also showed 94.3 and

95.9% reduction on the phytonematodeMeloidogyne sp. (J2),
respectively [26].

Baloyi et al. [27] evaluated the in vitro predatory activity
of C. rosea (in faeces and in water) against trichostrongylids
larvae and they reported 69.9 and 89.3%, reductions, respec-
tively, of the number of trichostrongylids larvae in bioassays
made in sheep feces andwater.On the other hand, Rodriguez-
Mart́ınez [28] evaluated in vitro predatory activity of C. rosea
against Rhabditis sp., Caenorhabditis elegans, Panagrellus
redivivus, Butlerius sp., and H. contortus and they recorded
71.9, 94.7, 92.7, 100, and 87.7%, larvae reductions, respectively.
Their results have shown evidence about the potential of these
species in the control of parasites of veterinary importance.
These results are similar to those described in the present
work performed in soil pots.

Dong et al. [10] showed that the metabolites obtained
of C. rosea were lethal 24 hours after treatment to 50%
of C. elegans, P. redivivus, and B. xylophilus larvae; in our
work we obtained better results of predation for free-living
nematodes same test being done in vivo. Other researches
in phytopathology highlight the relevance and efficiency of
the speciesC. rosea as entomopathogenic againstCicadellidae
hemiptera, causing, respectively, 82.5 and 45% mortality in
Oncometopia tucumana and Tapajosa rubromaginata at 14
days after incubation [29]. Vega et al. [30] showed that C.
rosea and B. bassiana associated were able to reduce 82.5%
of the insects Hypothenemus hampei in coffee beans and
Carreño-Perez et al. [31] showed that C. rosea reduction 79%
of diseases caused by plant pathogenic fungus Phytophthora
cactorum isolated on apple fruits.

According to Ayers et al. [32] a group of compounds
extracted from C. candelabrum showed 90% of efficacy
against H. contortus. These compounds were synthesized by
Rama Rao [11], the macrolide clonostachydiol derived from
C. cilindrospora that showed 80–90% of reduction of H.
contortus in artificially infected sheep when subcutaneously
administered at a dose of 2.5mg/kg, corroborating with 21
our results, although we have worked with environmental
control.
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The association of the micro fungi D. flagrans and C.
rosea was able to reduce 74.5% of H. contortus (L

3
) infective

larvae. Furthermore Baloyi et al. [27] demonstrated that
the combination of B. thuringiensis and C. rosea showed
an additive effect in vitro causing a mortality of 76.7% of
parasites nematode of sheep possibly due to the action of C.
rosea (enzyme production) and B. thuringiensis (endotoxin
production).

Some studies have noted the combination of
nematophagous fungi under natural conditions to combat
parasitic forms (eggs and/or larvae) of gastrointestinal
nematode parasites. This association of fungi has been tested
and the results are relevant. Tavela et al. (2013) reported that
the nematophagous fungi have been used as an alternative
for controlling gastrointestinal nematodes from domestic
animals under natural and laboratory conditions. At that
time, those authors demonstrated that the associations of
D. flagrans and M. thaumasium were viable after passing
through the gastrointestinal tract in horses and could be
used under natural conditions. However, these authors have
stated that it is unclear “whether the association of some of
these species could bring some kind of advantage,” from the
biological point of view, since the antagonism or synergism
between species must be better understood.

In the present study, the association of Clonostachys and
D. flagranswas effective and can be used in new experimental
designs under laboratory conditions and in the field. C.
rosea and D. flagrans have shown nematicidal effectiveness
when were used alone or in combination, effectively reducing
the population of infective larvae (L

3
) of H. contortus in

controlled environmental conditions.
However, the authors believe that there is a need for

further studies to determine the existence of additive, syner-
gistic, or antagonistic effects between these species. It is read
here that Braga et al. (2014) discuss the predatory activity
of an isolate from the nematophagous fungus Arthrobotrys
robusta, as an example of predatory activity on L

3
of H. con-

tortus. At that time, the authors demonstrated a percentage
reduction of 73.8% by the end of seven days. Thus, in this
study, it is suggested that the tested association (Clonostachys
+ Duddingtonia) could be further explored in future studies
of biological control, since the percentage obtained was
74.5%. This is the first report of C. rosea and D. flagrans
association and is the first report to control H. contortus in
environmental conditions.
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Politécnica del Estado de Morelos, 2013.

[27] M. A. Baloyi, M. D. Laing, and K. S. Yobo, “Isolation and in
vitro screening of Bacillus thuringiensis and Clonostachys rosea
as biological control agents against sheep nematodes,” African
Journal of Agricultural Research, vol. 6, no. 22, pp. 5047–5054,
2011.

[28] R. Rodriguez-Mart́ınez, Evaluación de la actividad letal in vitro
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Lead biosorption by Klebsiella sp. 3S1 isolated from a wastewater treatment plant was investigated through a Rotatable Central
Composite Experimental Design. The optimisation study indicated the following optimal values of operating variables: 0.4 g/L of
biosorbent dosage, pH 5, and 34∘C. According to the results of the kinetic studies, the biosorption process can be described by a
two-step process, one rapid, almost instantaneous, and one slower, both contributing significantly to the overall biosorption; the
model that best fits the experimental results was pseudo-second order. The equilibrium studies showed a maximum lead uptake
value of 140.19mg/g according to the Langmuir model.Themechanism study revealed that lead ions were bioaccumulated into the
cytoplasm and adsorbed on the cell surface. The bacterium Klebsiella sp. 3S1 has a good potential in the bioremoval of lead in an
inexpensive and effective process.

1. Introduction

Biotechnology has a great potential to remove heavy metals
using the ability of different bacteria and other microorgan-
isms to capture metal ions, mainly through biosorption. This
ability has a high potential for the development of effective
and economic processes for heavy metal bioremoval, espe-
cially for dilute solutions (<100mg/L) [1]. Low cost is themost
important advantage of biosorption over conventional treat-
ments because biosorbents are usually inexpensive and abun-
dant materials, and biosorption also often offers the advan-
tages of metal recuperation and biomass regeneration [2].
The main mechanisms involved can be cell-surface binding,
intracellular bioaccumulation, and extracellular precipitation
[3]. The binding of metal on the cell surface can occur with
living microorganism or death biomass. Nevertheless, metal
bioaccumulation takes place only in living cells.

Microorganisms and other biomass types have the advan-
tage of having components as lipopolysaccharides, proteins,
andphospholipidswhich havemany functional groups.These

groups confer a negative charge and thus offer the possibility
of adding metal cations. This ability is present in all types of
biomass, dead or alive. In the case of living microorganisms,
other active cellular mechanisms are involved: synthesis
of specific enzymes, action of cytoplasmic or membrane
proteins, and so forth [4, 5].

In order to improve biosorption effectiveness, the identifi-
cation of additional microbial strains with high metal uptake
capacity and specificity is a key aspect. In this way, the iso-
lation of autochthonous microorganisms from contaminated
sites is an interesting option to obtain metal-resistant strains
[6–8].

Lead is known for its high environmental impact and
toxicity [9]. This metal, along with mercury and cadmium, is
considered one of “the big three” heavymetals present in con-
taminated effluents [2].The European Directive 2008/105/EC
includes lead and its compounds in the list of priority
substances in environmental quality standards, establishing
a concentration of lead of 0.0072mg/L as the maximum
permissible in the case of surface water.
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In this work, the biosorption characteristics of Klebsiella
sp. 3S1 were investigated. This strain is a bacterium selected
from a group of microorganisms isolated from wastewater
treatment plants that showed high resistance to several
heavy metals, namely, Pb, Zn, and Ag [10]. Kinetic studies
were conducted to determine the optimal working time. A
RotatableCentral CompositeDesign (RCCD)with six central
points was employed to optimise the operational condi-
tions: sorbent dosage, pH, and temperature. The interactions
between the experimental factors were evaluated byResponse
Surface Methodology (RSM). This technique has proved its
effectiveness in optimising the variables that influence the
adsorption process and reducing both time and cost [11–13].
Finally, equilibrium studies were performed. Additionally,
potential mechanisms of biosorption were studied by FTIR,
SEM, and TEM techniques.

2. Materials and Methods

2.1. Preparation of Klebsiella sp. 3S1. Ten strains were selected
and identified by molecular techniques in a previous study
from wastewater treatment plants [10]. After preliminary
biosorption tests, the bacterial strain Klebsiella sp. 3S1 was
selected for kinetic and equilibrium studies. This isolate
showed 98% homology with that of standard Klebsiella
species based on its 16S-rDNA gene sequence (1476 bp) and
was named Klebsiella sp. 3S1 (GenBank accession number
HE975030).

For the biosorption experiments, the biomass was pre-
pared by incubating the strain in tryptic soy broth (TSB,
30 g/L) medium at 30∘C with stirring, after centrifugation at
6000 rpm and washing twice with electrolyte solution. The
cells of Klebsiella sp. 3S1 used in kinetic studies and the
adsorption isotherm were harvested by centrifugation from
exponential phase cultures. Then, the cells were resuspended
in the lead solution.

2.2. FTIR Spectroscopy. The infrared spectra of the biomass
samples before and after metal uptake were recorded using a
VERTEX 70 (Bruker Corporation) Fourier transform infra-
red spectrometer operating in the range of 4000–400 cm−1.
Measurements were performedwith lyophilised samples.The
samples were measured using Attenuated Total Reflection
(ATR). FTIR characterisationwas performed to identify char-
acteristic chemical functional groups of the bacterium Kleb-
siella sp. that might be involved in the metal uptake proce-
dure.

2.3. FE-SEM-EDXAnalysis. Field emission scanning electron
microscopy (MERLINof Carl Zeiss) coupledwith energy dis-
persive X-ray spectroscopywas carried out to characterise the
Klebsiella sp. 3S1 surface before and after Pb(II) ion uptake.
Samples were fixed with a 2.5% glutaraldehyde solution in
PBS (pH 7.4), dehydratedwith increasing solutions of acetone
(50, 70, 90, and 100%), and, finally, dried by critical point
drying and metalized with carbon.

2.4. HR-TEM-EDX Analysis. High-resolution transmission
electron microscopy and energy dispersive X-ray analysis

(Philips CM-20) were used to determine the location of the
metal within the cell.The samples were fixed, dehydrated, and
dried as in the previous case; these were then treated with
resin and were finally polymerised.

2.5. Batch Biosorption. The test solutions of Pb(II) were pre-
pared using Pb(NO

3
)
2
and 0.1M NaCl as an electrolyte. The

initial pH was controlled with 0.1M NaOH or 0.1M HNO
3
.

The preliminary biosorption tests were performed
in Erlenmeyer flasks with the ten strains (Section 2.1).
The biosorbents were suspended in 50mL of Pb(II) solution
(25mg/L) to reach different cell concentrations. The cell/
metal suspension was gently agitated (200 rpm) at 30∘C in
an orbital shaker (CERTOMAT IS, Sartorius). To prevent
precipitation of the metal, the lead solution was adjusted to
pH 5.0. After 24 h, the metal solution was filtered (pore size
0.22𝜇m). Finally, the sample was acidified with HNO

3
and

analysed by absorption atomic spectrometry (AAS) using
an AANALYST 800 (Perkin Elmer) to know the final metal
concentration. The tests for each strain were performed in
triplicate.

Isothermal and kinetic studies were conducted as
described above. Two kinetics experiments were performed,
with two different concentrations of biomass and metal:
Experiment number 1: 50mg/L of Pb(II) and 0.11 g/L of
dry biomass and Experiment number 2: 25mg/L of Pb(II)
and 0.28 g/L of dry biomass. The adsorbent was separated
from the solution by centrifugation at predetermined time
intervals (5–3600min), with two flasks at each time point.
Then, the residual lead concentration was analysed by
AAS. The biosorption isotherm was obtained for a constant
biomass concentration (0.52 g/L) and different concentra-
tions of metal at 25∘C.

In all cases, the amount of metal ions biosorbed per
unit mass of dry biosorbent (lead biosorption capacity) was
determined according to the following equation:

𝑞 =

(𝐶
𝑖
− 𝐶
𝑓
)𝑉

𝑚

,
(1)

where 𝑞 is the biosorption capacity (mg metal/g of the
dry biosorbent); 𝐶

𝑖
and 𝐶

𝑓
are the initial and final metal

concentrations, respectively; 𝑉 is the liquid volume (0.05 L);
and𝑚 is the amount of the biosorbent sample on a dry basis
(g).

2.6. Experimental Design and Statistical Analysis. A Rotat-
able Central Composite Design (RCCD) with six central
points was performed to evaluate the relationship between
obtained results and experimental factors as well as optimise
the working conditions. Biosorbent dosage (𝐵), pH, and
temperature (𝑇) were chosen as independent variables, and
the equilibrium biosorption capacity (𝑞

𝑒
) was chosen as the

dependent output response variable. The lead concentration
used in all cases was 100mg/L.

According to the RCCD, the total number of experimen-
tal combinations is 2𝑘 + 2𝑘 + 𝑛

0
, where 𝑘 is the number of

independent variables and 𝑛
0
is the number of repetitions

of the experiments at the centre point. The independent
variables (factors), experimental range, and levels for lead
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Table 1: Experimental design and response.

Run order Factor Response
𝐵: biosorbent dosage (mg/mL) pH 𝑇: temperature (∘C) 𝑞

𝑒

: biosorption capacity (mg/g)
12 0.55 5.50 25 104.02
6 0.80 4.30 34 118.51
13 0.55 4.75 10 80.97
11 0.55 4.00 25 87.42
1 0.30 4.30 16 67.27
15 0.55 4.75 25 105.02
18 0.55 4.75 25 105.75
4 0.80 5.20 16 86.16
10 1.00 4.75 25 94.99
19 0.55 4.75 25 108.65
5 0.30 4.30 34 127.21
9 0.10 4.75 25 122.13
3 0.30 5.20 16 76.36
7 0.30 5.20 34 138.52
16 0.55 4.75 25 105.31
2 0.80 4.30 16 79.17
20 0.55 4.75 25 106.18
8 0.80 5.20 34 119.79
14 0.55 4.75 40 163.53
17 0.55 4.75 25 106.18

removal are given in Table 1. The experimental design
incorporated 20 experimental points, including six replicates
at the central point.

The overall quadratic equation for biosorption capacity
was

𝑞
𝑒
= 𝛽0 +𝛽1𝐵+𝛽2pH+𝛽3𝑇+𝛽11𝐵

2

+𝛽22pH
2

+𝛽33𝑇
2
+𝛽12𝐵pH+𝛽13𝐵𝑇+𝛽23pH𝑇,

(2)

where 𝑞
𝑒
is equilibrium biosorption capacity (mg metal/g

of the dry biosorbent); 𝐵 is the biosorbent dosage; 𝑇 is the
temperature (∘C); 𝛽

0
is the interception coefficient; 𝛽1, 𝛽2,

and 𝛽3 are the linear terms; 𝛽11, 𝛽22, and 𝛽33 are the quadratic
terms; and 𝛽12, 𝛽13, and 𝛽23 are the interaction terms.

The response data were analysed by parameters obtained
from the analysis of variance (ANOVA) using Design-Expert
program, 8.0.7.1 version. The statistical significance was fixed
at 5% probability level (𝑝 value = 0.05).

2.7. Modelling of Uptake Kinetics. To know the biosorption
mechanisms and speed of the process, it is important to
study the mass transfer and chemical reactions. To do this,
the experimental data have been adjusted to several kinetic
models. In most cases, it is assumed that adsorption is
controlled by chemical reaction and not by diffusion, which
contributes to the mechanical agitation. However, we have
tested three kinetic models of chemical reaction control and
one of intraparticle diffusion. The kinetic models tested are
shown in Table 2. To adjust the experimental data to the
kinetic models, we used the IBM SPSS Statistics software, 19
version (SPSS Inc. and IBM Company).

Table 2: Kinetic models tested.

Model Equation
Pseudo-first order or
Lagergren [14]

𝑑𝑞

𝑑𝑡

= 𝑘
1

(𝑞
𝑒

− 𝑞)

Pseudo-second order
[15]

𝑑𝑞

𝑑𝑡

= 𝑘
2

(𝑞
𝑒

− 𝑞)
2

Elovich [16]
𝑑𝑞

𝑑𝑡

= 𝑎𝑒
−𝑏𝑞

Intraparticle diffusion or
Weber and Morris [14] 𝑞 = 𝑘√𝑡

𝑞: biosorption capacity (mg/g) at time 𝑡, according to (1).
𝑞
𝑒
: biosorption capacity (mg/g) at equilibrium.
𝑘
1
: pseudo-first-order kinetic rate constant (min−1).
𝑘
2
: pseudo-second-order kinetic rate constant (g⋅mg−1⋅min−1).
𝑎: Elovich constant (mg⋅g−1⋅min−1).
𝑏: Elovich constant (g⋅mg−1).
𝑘: intraparticle diffusion rate constant in the bacterium (mg⋅g−1⋅min−1/2).

2.8.Modelling of the Biosorption Isotherm. Several adsorption
isotherms have been tested to fit experimental data.Themost
widely used among them are the Langmuir and Freundlich
models; other well-known models are the Sips and Redlich-
Peterson equations (Table 3). Adsorption isotherms origi-
nally used for gas phase adsorption can be readily adapted
to correlate adsorption equilibrium in heavy metals biosorp-
tion.The Langmuir model establishes a relationship between
the amount of gas adsorbed on a surface and the pressure of
gas and assumes monolayer coverage of the adsorbate over
a homogeneous adsorbent surface. The Freundlich model is
an empirical equation, which assumes that as the adsorbate
concentration in solution increases it also increases on
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Table 3: Isotherm models used to represent the biosorption equi-
librium.

Model Equation

Langmuir [17]
𝑞
𝑒

=

𝑞
𝑚

𝑏𝐶
𝑒

1 + 𝑏𝐶
𝑒

Freundlich [18]
𝑞
𝑒

= 𝐾
𝐹

𝐶
1/𝑛

𝑒

Sips [19]
𝑞
𝑒

=

𝐾
𝑠

𝐶
1/𝑛

𝑒

1 + 𝑎
𝑠

𝐶
1/𝑛

𝑒

Redlich-Peterson [20]
𝑞
𝑒

=

𝐾RP𝐶𝑒

1 + 𝑎RP𝐶
𝛽

𝑒

𝑞
𝑒
: biosorption capacity (mg/g) at equilibrium.
𝑞
𝑚
: maximum biosorption capacity (mg/g).
𝑏: Langmuir biosorption equilibrium constant (L/mg).
𝐶
𝑒
: equilibrium concentrations of metal (mg/L).
𝐾
𝐹
: characteristic constant related to the biosorption capacity.
𝑛: characteristic constant related to the biosorption intensity.
𝐾
𝑠
and 𝑎
𝑠
: Sips isotherm parameters.

𝐾RP, 𝑎RP, and 𝛽: Redlich-Peterson parameters; and 𝛽 varies between 0 and 1.

the adsorbent surface. This model can be applied to nonideal
sorption on heterogeneous surfaces as well as to multilayer
sorption. The Sips model is also called the Langmuir-
Freundlich isotherm; this isotherm model incorporates fea-
tures of both the Langmuir and Freundlich isotherms and
may be used to represent adsorption equilibrium over a
wide concentration range. The Redlich-Peterson model is
another empirical equation that can represent adsorption
equilibrium over a wide concentration range. When 𝛽 = 1, it
effectively reduces to a Langmuir isotherm, andwhen𝛽= 0, it
obeys Henry’s law. To adjust the experimental data to kinetic
models, IBM SPSS Statistics software described above was
employed.

3. Results and Discussion

3.1. Preliminary Biosorption Tests. Ten strains isolated from
wastewater treatment plants showed resistance to lead in
our previous study [10]. Preliminary biosorption tests were
performed on these strains to select themost appropriate one.
Table 4 shows the results obtained, which range from 45 to
104mg/g for fungi, 22 to 38mg/g for yeast, and 78 to 90mg/g
for bacteria. The best results are obtained with the fungus
Trichosporon sp. 1L1 and the bacterium Klebsiella sp. 3S1.

To choose the most suitable strain for heavy metals
biosorption, other aspects of interest should be taken into
account. It is very interesting to support microbial biomass in
low cost inert solids. Therefore, microorganisms with greater
ability to form biofilms are always the most appropriate [31].
This was the reason why that Klebsiella sp. 3S1 was chosen.

3.2. FTIR Spectroscopic Study. FTIR analysis was performed
to identify themain functional groups and to study their evo-
lution during biosorption process.This technique has proved

Table 4: Lead biosorption capacity from preliminary tests.

Isolates 𝑞 (mg/g)

Fungi

Galactomyces geotrichum 5L2 66.00

Penicillium sp. 8L2 44.74

Pseudallescheria boydii 3S3 85.17

Trichosporon sp. 1L1 104.53

Yeasts

Trichosporon sp. 4L2 22.29

Trichosporon sp. 4S3 35.72

Rhodotorula mucilaginosa 1S1 23.95

Rhodotorula mucilaginosa 2S4 37.59

Bacteria

Klebsiella sp. 3S1 90.48

Enterobacter sp. 2E2 78.10
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Figure 1: FTIR spectra of Klebsiella sp. 3S1 before and after Pb(II)
biosorption.

effective in obtaining structural information on metal-
microbe bonds [32]. The results for Klebsiella sp. 3S1 showed
the presence of the following functional groups: amino,
carbonyl, carboxylic, hydroxyl, and phosphate. Table 5 shows
band assignments and the typical functional groups present
in this bacterium before and after Pb(II) uptake [33–35].
The IR spectra of metal-free and metal-loaded biomass
showed differences in the functional groups (Figure 1). After
contact with the metal solution, the spectra obtained show
a shift of the frequency band and the appearance of new
peaks [36]; furthermore, a decrease in band intensity was
observed. These changes indicate that the functional groups
are involved in the process of adsorption. Moreover, it is
important to note the appearance of a peak at 1038 cm−1; this
peak occurs after contact with the metal solution, and this
shift is typical of the complexation of phosphate or carboxyl
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Table 5: IR absorption bands: changes and possible assignment.

FTIR peak
Original biomass
wavenumbers

(cm−1)

Pb(II) loaded
biomass

wavenumbers
(cm−1)

Displacement
(cm−1) Functional groups Assignment

1 3282 3280 2 –OH, –NH Stretching vibrations of amino
and hydroxyl groups

2 2958 2957 1 –CH3 –CH3 asymmetric stretching

3
4

2925
2875

2924
2875

1
0

–CH2
–CH3

–CH2 asymmetric stretching
vibrations

–CH3 symmetric stretching
vibrations

5 2854 2853 1 –CH2
–CH3 asymmetric stretching

vibrations

6 1638 1639 1 –CO, C–N C=O and C–N stretching in
amide I group

7 1531 1534 3 –CN, –NH C–N stretching in amide II group
and N–H bending

8 1453 1453 0 –CH2, –CO –CH2 bending, symmetric C=O

9 1396 1398 2 –COO− –COO− symmetric stretching of
carboxyl groups

10 1233 1236 3 –PO2
−, –CO

P=O asymmetric stretching of
phosphate groups, deformation
vibration of C=O carboxylic

acids

11
12

1063 1058
1038

5
1038

–PO2
−, –OH

–CO, PO
2

−

P=O symmetric stretching of
phosphate groups, –OH of

polysaccharides
C–O stretching of alcoholic

groups, symmetric stretching of
phosphate groups

13 993 993 –C–O, –CH2

C–O–C, C–O–P, and –CH2
stretching vibrations of

polysaccharides

14 967 969 2 N-containing bioligands

15 914 915 1 N-containing bioligands

16 860 861 1 S=O stretching

17 796 796 0 N-containing bioligands

18 780 780 0 N-containing bioligands

19 571 571 N-containing bioligands

20 515 539 24 N-containing bioligands
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Figure 2: SEM-EDX analysis of Klebsiella sp. 3S1 before (a) and after Pb(II) biosorption (b).

groups by coordination with metal ions [37, 38]. Finally,
two new peaks were observed in the region with low wave
numbers (under 800 cm−1); these peaks (571 and 539 cm−1)
could be attributed to the interaction between the metal ions
and N-containing bioligands [39, 40].

3.3. Chemical and SEMAnalysis. Figure 2 showsmicrographs
and EDX spectra obtained after and before the biosorp-
tion process. These micrographs show changes in the cell
morphology ofKlebsiella sp. 3S1; there is also a large presence
of bright particles on the surface of the bacteria treated with
lead. EDX analysis supported this observation, confirming
that the metal remained adsorbed by the entire cell surface.
Other authors have obtained similar results with different
microorganisms [39, 41].

3.4. Chemical and TEM Analysis. The location of the metal
within the cell was evaluated usingHR-TEM-EDX technique.
The micrographs obtained together with the corresponding
EDX microanalysis (Figure 3) show that the metal is largely
fixed at the cell surface. However, in some cases, lead accu-
mulation also appears within the cytoplasm, which could
indicate the presence of a bioaccumulationmechanism; some
authors have identified this capacity in different microorgan-
isms [42]. Perdrial et al. [43] localised lead accumulations
associated with polyphosphate bodies in bacteria isolated
from the environment.

3.5. Uptake Kinetics. Sorption kinetics is important because
it describes the solute uptake, which also controls the resi-
dence time of the metal ions at the solid-solution interface.
Figure 4 shows the results of two biosorption experiments.
The observed values are the average of two replicates. From
the figure, it can be observed that the biosorption occurs
in two phases: first a very fast initial rate within the first
5min and then a slow attainment of equilibrium within 1 to 2
days, both of which contribute to the total metal biosorption.
This finding suggests that adsorption of lead may occur
by two mechanisms: cell-surface binding and intracellular
accumulation. To contemplate both mechanisms, we used
different boundary conditions. Ho et al. [44] considered an
imaginary negative time when the rate of sorption is infinity,
in the same case.

Kinetic behavior during adsorption has been studied by
numerousmodels [45].They have attempted to quantitatively
describe the process. However, they present limitations that
can be solved with theoretical assumptions and specific
experimental conditions. The models that best fit our experi-
mental data were pseudo-first and second order. To fitmodels
to data, we used linear and nonlinear regression (always
getting the best results from nonlinear regressions) and used
different boundary conditions; namely, 𝑞 = 𝑞

𝑖
at 𝑡 = 0

and 𝑞 = 𝑞 at 𝑡 = 𝑡, where 𝑞
𝑖
corresponds to a quick,

practically instantaneous biosorption at the beginning of the
experiment. The use of the latter boundary conditions is
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Figure 3: Transmission electron micrographs of a thin section of Klebsiella sp. 3S1 and the location of fixed lead (a). Energy dispersive X-ray
spectra of the intracellular accumulation of lead (b) acquired from the region indicated by arrow 1 in (a) and the surface biosorption (c)
acquired from the region indicated by arrow 1 in (a).

a major difference from what is found in the literature, as the
typical boundary condition is 𝑞 = 0 at 𝑡 = 0.

Table 6 shows the values of the parameters that best fit the
models provided.The higher correlation coefficients confirm
that pseudo-second-order kinetics is the most suitable to
represent the biosorption data. This fact also supports the
assumption of the model, namely, that adsorption is due to
chemisorption. Our results are similar to those obtained by
other authors with differentmicroorganisms [14, 21]. Figure 4

also shows the curves corresponding to the model that best
fits the experimental results so that the experimental data can
easily be compared with the model predictions.

3.6. Response Surface Modelling and Optimum Biosorption
Conditions. A Rotatable Central Composite Design was per-
formed. Table 1 shows the values of the operating variables,
that is, biosorbent dosage (𝐵), pH and temperature (𝑇), and
the biosorption capacity (𝑞

𝑒
) response. The results were fit to
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Table 6: Integrated equations, boundary conditions, and kinetic parameters of the biosorption by Klebsiella sp. 3S1.

Exp. number
1

Exp. number
2

Pseudo-first order

𝑞 = 0 at 𝑡 = 0 and 𝑞 = 𝑞 at 𝑡 = 𝑡
𝑞 = 𝑞
𝑒

(1 − 𝑒
−𝑘1𝑡
)

𝑞
𝑒

103.2 78.15

𝑘
1

0.00775 0.00607

𝑟
2 0.437 0.627

∑ (𝑞 − 𝑞cal)
2 5826 2781

𝑞 = 𝑞
𝑖

at 𝑡 = 0 and 𝑞 = 𝑞 at 𝑡 = 𝑡
𝑞 = 𝑞
𝑒

(1 − 𝑒
−𝑘1𝑡
) + 𝑞
𝑖

𝑒
−𝑘1𝑡

𝑞
𝑒

115.7 85.43

𝑞
𝑖

49.43 30.21

𝑘
1

0.0013 0.0018

𝑟
2 0.992 0.983

∑ (𝑞 − 𝑞cal)
2 81.65 124.5

Pseudo-second order

𝑞 = 0 at 𝑡 = 0 and 𝑞 = 𝑞 at 𝑡 = 𝑡

𝑞 =

𝑡

1/𝑘
2

𝑞
2

𝑒

+ 𝑡/𝑞
𝑒

𝑞
𝑒

107.5 82.64

𝑘
2

1.53𝐸 − 04 1.40𝐸 − 04

𝑟
2 0.629 0.774

∑ (𝑞 − 𝑞cal)
2 3836 1686

𝑞 = 𝑞
𝑖

at 𝑡 = 0 and 𝑞 = 𝑞 at 𝑡 = 𝑡
𝑞 = 𝑞
𝑒

−

𝑞
𝑒

− 𝑞
𝑖

1 + 𝑘
2

𝑡 (𝑞
𝑒

− 𝑞
𝑖

)

𝑞
𝑒

130.9 96.56

𝑞
𝑖

47.57 28.84

𝑘
2

1.75𝐸 − 05 3.00𝐸 − 05

𝑟
2 0.996 0.974

∑ (𝑞 − 𝑞cal)
2 45.26 197.4

Elovich

𝑞 = 0 at 𝑡 = 0 and 𝑞 = 𝑞 at 𝑡 = 𝑡

𝑞 =

1

𝑏

ln (1 + 𝑎𝑏𝑡)

𝑎 26.55 7.176

𝑏 0.07855 0.08845

𝑟
2 0.922 0.923

∑ (𝑞 − 𝑞cal)
2 811.1 570.1

𝑞 = 𝑞
𝑖

at 𝑡 = 0 and 𝑞 = 𝑞 at 𝑡 = 𝑡

𝑞 =

1

𝑏

ln (𝑎𝑏𝑡 + 𝑒𝑏𝑞𝑖)

𝑎 1.832 1.516

𝑏 0.04807 0.06404

𝑞
𝑖

45.76 26.39

𝑟
2 0.992 0.962

∑ (𝑞 − 𝑞cal)
2 78.03 286.7

Intraparticle diffusion

𝑞 = 𝑘√𝑡

𝑘 2.488 1.971

𝑟
2 — 0.241

∑ (𝑞 − 𝑞cal)
2 11718 5652

𝑞 = 𝑞
𝑖

+ 𝑘√𝑡

𝑘 1.305 1.146

𝑞
𝑖

48.84 31.50

𝑟
2 0.957 0.903

∑ (𝑞 − 𝑞cal)
2 439.8 719.0

Exp. number 1: 50mg/L of Pb(II) and 0.11 g/L of dry biomass. Exp. number 2: 25mg/L of Pb(II) and 0.28 g/L of dry biomass. 𝑟2 is the correlation coefficient,
and∑ (𝑞 − 𝑞cal)

2 is the sum of the errors squared.
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Table 7: ANOVA for the response surface reduced quadratic model.

Source Sum of squares DF Mean square 𝐹-value 𝑝 value
Model 9588.53 8 1198.57 437.66 <0.0001
𝐵: biosorbent dosage 4.10 1 4.10 1.50 0.2520
pH 234.13 1 234.13 85.49 <0.0001
𝑇: temperature 8164.13 1 8164.13 2981.14 <0.0001
𝐵pH 18.39 1 18.39 6.72 0.0291
𝐵𝑇 301.72 1 301.72 110.17 <0.0001
𝐵
2 161.57 1 161.57 59.00 <0.0001

pH2 164.17 1 164.17 59.95 <0.0001
𝑇
2 387.29 1 387.29 141.42 <0.0001

Residual 24.65 9 2.74
Lack of fit 16.26 4 4.06 2.42 0.1790
Pure error 8.39 5 1.68

Cor total 9613.18 17
CV % 1.58
𝑅-Squared 0.9974
Adj. 𝑅-Squared 0.9952
Pred. 𝑅-Squared 0.9837

0

20

40

60

80

100

120

140

0 1000 1500500 2000 2500 3000 3500 4000

q
(m

g/
g)

t (min)

Exp. number 1: 50mg/L of Pb(II) and 0.11 g/L of dry biomass
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Figure 4: Experimental data and curves corresponding to themodel
that best fits the experimental results, pseudo-second order with
boundary conditions: 𝑞 = 𝑞

𝑖

at 𝑡 = 0 and 𝑞 = 𝑞 at 𝑡 = 𝑡.

a quadratic equation for biosorption capacity, (2), by using
the Design-Expert statistical package. The final equation in
terms of actual factors is shown below:

𝑞
𝑒
= − 483.84+ 245.13𝐵+ 193.33pH+ 0.65726𝑇

− 105.22𝐵2 − 18.598pH2
+ 0.071415𝑇2

− 13.477𝐵pH− 2.7294𝐵𝑇.

(3)

Analysis of variance (ANOVA) was performed to deter-
mine the influence of the significant factors involved in
the biosorption capacity. Table 7 shows the variability of

the factors and their interactions. The effect of a factor can
be defined as the response variation produced by a change
in the factor level, where only terms found to be statistically
significant were included. In this case, seven effects showed
𝑝 values below 0.05. This indicates that they are significantly
different from zero with a 95% confidence level and one
required to support hierarchy.

The model is significant (𝐹-value = 437.66) and the lack
of fit is not significant (𝐹-value = 2.42). Therefore, it can be
stated that the model can predict biosorption capacity as an
equation of the three studied factors.The 𝑅-Squared suggests
that the model explains 99.74% of the variability in the
response.

The perturbation plots were obtained to study the effects
of several factors. These plots showed that temperature has
the greatest influence on Pb(II) removal efficiency, and the
biosorbent dosage exerts less influence. This is shown in
Figure 5, with the response surface corresponding to pH
4.75. Moreover, this figure also shows that 𝑞

𝑒
increases with

biosorbent dosage for low values of temperature, whereas
if the temperature values are high, the biosorbent dosage
influence is negative; this is justified by the interaction
between the biosorbent dosage and temperature.

The empirical model given as (3) was also optimised:
the maximum 𝑞

𝑒
, 139.96mg/g, was mathematically located at

34∘C, pH 5.05, and biosorbent dosage 0.40mg/mL. However,
the adjusted model also allows different operational condi-
tions, for example, a temperature of 25∘C, which is closer to
room temperature (Figure 6).

3.7. Biosorption Equilibrium. Equilibriumdata were obtained
experimentally using different initial concentrations of Pb(II)
between 50 and 320mg/L and a constant biomass concen-
tration (0.52 g/L), at 25∘C and pH 5 (Figure 7). These are
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Figure 5: Response surface plot for biosorption of Pb(II) by
Klebsiella sp. 3S1 showing the interactive effect of temperature (𝑇)
and biosorbent dosage (𝐵) (pH, 4.75, and initial lead concentration,
100mg/L).
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Figure 6: Response surface plot for biosorption of Pb(II) by
Klebsiella sp. 3S1 showing the interactive effect of biosorbent dosage
(𝐵) and pH (temperature, 25∘C, and initial lead concentration,
100mg/L).

the optimum conditions according to the obtained model,
(3), given a temperature of 25∘C, which was chosen because
it is more like environmental conditions.

Four isotherm equations have been examined in the
present study. All parameters were adjusted by nonlinear

Table 8: Biosorption equilibrium parameters of the isothermmod-
els by Klebsiella sp. 3S1.

Langmuir

𝑞
𝑚

140.19
𝑏 0.075353
𝑟
2 0.9395

∑ (𝑞 − 𝑞cal)
2 60.955

Freundlich

𝐾
𝐹

65.266
𝑛 7.4312
𝑟
2 0.9901

∑ (𝑞 − 𝑞cal)
2 15.920

Sips

𝐾
𝑠

66.223
𝑎
𝑠

0.019748
𝑛 7.1713
𝑟
2 0.9901

∑ (𝑞 − 𝑞cal)
2 15.915

Redlich-Peterson

𝐾RP 20850.6
𝑎RP 319.3393
𝛽 0.86949
𝑟
2 0.9901

∑ (𝑞 − 𝑞cal)
2 15.923

𝑟

2 is the correlation coefficient.
∑ (𝑞 − 𝑞cal)

2 is the sum of the errors squared.
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Figure 7: Biosorption equilibriumdata and Freundlich isotherm for
Klebsiella sp. 3S1.

regression. Table 8 shows the results obtained. The biosorp-
tion isotherms for Pb(II) ion uptake by Klebsiella sp. 3S1
were found to be appropriate for all predictions. Only the
correlation coefficient of the Langmuir curve was lower. This
fact suggests that heterogeneous surface conditions predom-
inate, but monolayer biosorption may coexist. Accordingly,
the biosorption process on the bacteria is complex, involving
several mechanisms.

The maximum biosorption capacity (𝑞
𝑚
) was obtained

with the Langmuirmodel (140.18mg/g), which is comparable
to other types of biomass studied (Table 9). A direct com-
parison between different biosorbents is difficult because of
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Table 9: Maximum lead biosorption capacity of different microor-
ganisms.

Biosorbent 𝑞
𝑚

(mg/g) Reference
Penicillium sp. 60.77 [21]
R. arrhizus 48.79 [22]
Ceratophyllum demersum 44.80 [23]
Bacillus cereusM

16

1 70.42 [24]
Aspergillus niger 34.92 [25]
Dried activated sludge 131.60 [26]
Caulerpa lentillifera 28.99 [27]
Cladophora fascicularis 227.70 [28]
Immobilised Saccharomyces cerevisiae 30.04 [29]
Recombinant Escherichia coli 108.99 [30]
Klebsiella sp. 3S1 140.19 In this study

the varying experimental conditions employed. However, it
can be seen as Klebsiella sp. 3S1 exhibits good biosorption
efficiency, among the highest that have been reported for lead
ions.

4. Conclusions

This work concluded that the isolate Klebsiella sp. 3S1 may
be employed to be used as an inexpensive biosorbent, highly
efficient for Pb(II) uptake. Maximum biosorption capacity
(140.19mg/g dry cell) was obtained at 25∘C and an initial
pH of 5. As a result of TEM-EDX analysis, both cell-
surface binding and bioaccumulation could be involved in Pb
removal.The biosorption process was found to be dependent
on experimental factors such as the biosorbent dosage, initial
metal ion concentration, pH, temperature, and contact time.
Biosorption equilibrium data fit better to the Freundlich
model, which implies heterogeneous surface conditions.This
result is in accordance with the kinetic studies, which show
that the sorption process is slow and that biosorption is
performed in two phases: a very fast initial rate within the
first 5min, followed by slow attainment of equilibriumwithin
1 to 2 days, both of which contribute to the total metal
biosorption. FTIR and SEM-EDX techniques confirmed the
interactions between lead ions and functional groups on
the wall surface of Klebsiella sp. 3S1. Moreover, TEM-EDX
analysis showed the presence of metal in the cytoplasm.

Future research should be carried out to develop a robust
immobilisation method for wastewater treatment, including
continuous biosorption with reuse and recycling.
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