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In the last 15 years, rapid application of next-generation
sequencing (NGS) technologies has revolutionized the prac-
tice of microbial science. NGS has provided an unprece-
dented view on microbial diversity, and NGS technologies
have allowed us to investigate complex microbial ecosystems,
such as the human gastrointestinal (GI) microbiota, which
consists of over three million genes from mainly Gram-
positive bacteria [1-3].

Genomic comparisons of different bacterial genera and
species have helped reveal the evolutionary origins of virulence
and niche specification. Comparative analyses that compile
the genomes of different strains from the same or different
species (into what is called a “pangenome”) have revealed that
the gene content within an entire species or genera is much
more than that of a single strain or species. Moreover, this sort
of study has aided the understanding of one of the dominant
genetic forces behind bacterial evolution, specifically the con-
cept of lateral gene transfer between microorganisms [4, 5].

Steady advances in sequencing technologies have allowed
us to elucidate the genetics of microbial interactions, for
example, through comparative metagenomic and metatran-
scriptomic analyses of bacterial communities. Metagenomics
is one of the most rapidly growing fields in the microbial sci-
ences. A metagenomic approach provides an extraordinary
view of the diverse microbial world in different environ-
ments, such as in human and animal body sites, marine
and other water bodies, soil, and air. Metagenomic and meta-
transcriptomic analyses of bacterial communities can reveal
the genetics of microbial interactions and have been widely
used by researchers in diverse disciplines such as ecology,

energy, agriculture, biotechnology, and medicine [6]. As a rap-
idly growing field, comparative genomics and metagenomics
also present many challenges that must to be addressed.

For our special issue, we received several manuscripts
and, through rigorous review, selected five for publication.
In “Streptococcus halichoeri: Comparative Genomics of an
Emerging Pathogen,” K. Aaltonen et al. performed whole-
genome sequencing of 20 different strains of an emerging
pathogen, S. halichoeri, using the Illumina MiSeq platform
and performed annotation using an automatic annotation
pipeline RAST. The authors performed extensive all-
against-all comparisons to unravel the core and pangenomes.
Their findings highlight that S. halichoeri is a highly variable
species with several virulence factors that indicate potential
for significant pathogenicity. They also observed very little
host species-specific markers in the genomes but instead
observed a loose clustering according to species, as though
adaptation is still incomplete. This suggests that the host
switches into dogs, humans, and fur animals were rather
recent and ongoing and possibly coincided with the begin-
ning of the Fur Animal Epidemic Necrotic Pyoderma
(FENP) epidemic. The authors also postulated that this spe-
cies may have a marine origin as adhesins are the largest sin-
gle category of virulence factors from the core genome.

In “Comparative Genomics of Actinobacillus pleuropneu-
moniae Serotype 8 Reveals the Importance of Prophages in
the Genetic Variability of the Species,” I. G. de Oliveira Pardo
et al. presented the genome of A. pleuropneumoniae serotype
8 along with comparisons of seven genomes of seven serotype
8 clinical isolates with the other genomes of 12 serotypes. A.
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pleuropneumoniae is the causative agent of porcine pleuro-
pneumonia. Serotype 8 is the most widely distributed in the
United States, Canada, United Kingdom, and southeastern
Brazil. The proposed genomic analyses of serotype 8
genomes resulted in a set of 2352 protein-coding sequences;
76.6% of these proteins are commonly shared across all sero-
types, 18.5% are shared with some serotypes, and 4.9% were
differentially present, which are primarily a series of hypo-
thetical and regulatory mobile elements. Additionally, the
authors identified 30 prophage sequences, of which 16 are
members of the family Pasteurellaceae. This suggests that
mobile genetic elements play a role in the diversity and evo-
lution of A. pleuropneumoniae.

In “Genomic Analysis of Bacillus megaterium NCT-2
Reveals Its Genetic Basis for the Bioremediation of Secondary
Salinization Soil,” B. Wang et al. reported genome sequencing
of a nitrate-uptake bacterium B. megaterium NCT-2 using
HiSeq and PacBio sequencing. The total size of this genome
is 5.88 Mbp with 37.87% GC content including 10 indigenous
plasmids. The B. megaterium NCT-2 genome contains 5606
genes, 142 tRNAs, and 53 rRNAs. The authors also described
genes involved in bioremediation in secondary salinization soil.

Streptococcus parauberis is a Gram-positive, alpha-
haemolytic lactic acid coccoid-shaped bacterium. This bacte-
rium is a fish pathogen that especially affects olive flounder
(Paralichthys olivaceus). Accordingly, S. parauberis is
responsible for massive losses for fish farmers across different
countries in Asia and Europe. S. parauberis is known to pos-
sess antibiotic resistance against most antibacterial drugs
(such as tetracycline, oxytetracycline, and erythromycin) that
would be used to treat this pathogen. Identification of alter-
native therapeutic agents against S. parauberis is therefore
necessary. In “Pharmacodynamics of Ceftiofur Selected by
Genomic and Proteomic Approaches of Streptococcus parau-
beris Isolated from the Flounder, Paralichthys olivaceus,” N.
Boby et al. employed an integrative multiomic strategy to
present subtractive and comparative metabolic and
genomic-based findings of therapeutic targets against S.
parauberis. The authors also proposed ceftiofur as a new
antimicrobial drug for treating P. olivaceus infected with §.
parauberis by coupling multiomic approaches with pharma-
codynamic profiles of the approved antimicrobial drugs.

In “FcircSEC: An R Package for Full Length circRNA
Sequence Extraction and Classification,” T. Hossain et al.
presented an R package for deciphering and classifying the
circRNA as FcircSEC (Full-Length circRNA Sequence
Extraction and Classification). All existing tools for circRNA
predictions only provide genomic coordinates of the pre-
dicted circRNA. Hence, the authors developed an R package
that focused on several features, including gene annotation.
This tool is capable of genomic location-based classification
of circRNA, such as exonic or intronic.

This R-based tool is capable of handling datasets of sev-
eral species including human data. The authors validated
the resulting data using three different databases, namely, cir-
cBase, circRNADDb, and PlantcircBase. This R tool FcircSEC
is based on the Bioconductor package Biostring and uses
the output from state-of-the-art circRNA prediction tools.
The R package FcircSEC is freely available at its dedicated
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website (http://hpcc.siat.ac.cn/FcircSEC/Home.html), where
the authors provided downloadable datasets, a reference
manual, source code, and Windows binaries. The authors
followed the standards of software sharing by providing
this R tool at the Comprehensive R Archive Network
(CRAN, https://cran.r-project.org/web/packages/FcircSEC/
index.html) and also at the GitHub repository (https://
github.com/tofazzal4720/FcircSEC).

Four out of five articles in this special issue are focused on
comparative genomics, and one is focused on the develop-
ment of a novel method. In our opinion, the articles in this
special issue would allow us to explore new approaches to
understand the molecular mechanisms linked to microbial
function. We hope that these materials will assist and inspire
readers working in the field of microbial genomics.
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Circular RNAs (circRNAs) are formed by joining the 3" and 5" ends of RNA molecules. Identification of circRNAs is an important
part of circRNA research. The circRNA prediction methods can predict the circRNAs with start and end positions in the
chromosome but cannot identify the full-length circRNA sequences. We present an R package FcircSEC (Full Length circRNA
Sequence Extraction and Classification) to extract the full-length circRNA sequences based on gene annotation and the output
of any circRNA prediction tools whose output has a chromosome, start and end positions, and a strand for each circRNA. To
validate FcircSEC, we have used three databases, circbase, circRNAdb, and plantcircbase. With information such as the
chromosome and strand of each circRNA as the input, the identified sequences by FcircSEC are consistent with the databases.
The novelty of FcircSEC is that it can take the output of state-of-the-art circRNA prediction tools as input and is applicable for
human and other species. We also classify the circRNAs as exonic, intronic, and others. The R package FcircSEC is freely available.

1. Introduction

Circular RNAs (circRNAs) are formed by joining a down-
stream 3’ splice donor site and an upstream 5’ splice accep-
tor site in the primary transcript [1]. In most cases, circRNAs
originate from exons close to the 5" end of a protein coding
gene and may consist of one or more exons. Furthermore,
multiple circRNAs can be produced from a single gene. cir-
cRNAs are generated through several distinct mechanisms
that rely on complementary sequences within flanking
introns [2-4], exon skipping [4, 5], and exon-containing lar-
iat precursors [6]. circRNAs were first discovered approxi-
mately 40 years ago and thought to be an RNA splicing
error [7]. Until 2013, the researchers did not pay much
attention in this area, but after publishing the paper [8], the
circRNA research turned into a prominent field in scientific
research. A significant amount of circRNAs is identified
through the high-throughput RNA sequencing and bioinfor-

matics analysis [9, 10]. In recent years, many types of cir-
cRNAs have been identified and found to be stable and
abundant [2]. One of the important properties of circRNA
is that they have tissue-specific expression. Several studies
conclude that circRNAs are substantially enriched in brain
tissues and the expression levels are dynamic during brain
development of human and mice brain tissues [11-13]. cir-
cRNAs show differential expressions between primary ovar-
ian tumors and metastatic tumors in ovarian carcinoma
[14]. Some circRNAs also interact with RNA-binding pro-
teins (RBPs) [15] although very little enrichment in binding
sites of RBPs is found for circRNA sequences compared
with those of its corresponding linear mRNA. The studies
[8, 16, 17] reveal that circRNAs can bind to a few RNA-
binding proteins (RBPs), such as Argonaute and MBL.
circRNAs are conserved across different species and act as a
microRNA (miRNA) sponge while miRNAs have oncogenic
or tumor suppressor properties [18]. Although the function
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of most circRNAs is unknown, some functions of the
circRNAs are known as miRNA sponges [8, 19, 20], protein
translation templates [21-24], and regulation of gene expres-
sion [25-28]. Different studies suggest that circRNAs are
important biomarkers for different cancers [29-31] and
autoimmune diseases [32, 33], a potential noninvasive diag-
nosis for atherosclerosis [34], disorders of the central neural
diseases [35], degenerative diseases [17], and cancers [10, 36].

Identification of circRNAs is a crucial step for circRNA
research. A number of methods is available for the identifica-
tion of circRNAs such as CIRI [37], circRNA_finder [38],
DCC [39], find_circ [40], segemehl [41], CIRCexplorer [3],
MapSplice [42], and UROBORUS [43]. Each of these
methods can predict circRNAs and their position in the chro-
mosome, but these methods cannot provide the full-length
circRNA sequence. To infer/predict the function of the
circRNAs, differential expression analysis and network anal-
ysis are very common, and full-length circRNA sequences are
required. CIRI-full [44] can extract the full-length circRNA
sequences from its own output of CIRL; however, the method
fails for the unequal read lengths in a sample and does not
accept the annotation file in gff format. FUCHS [45] does
not provide a full-length circRNA sequence directly; only
when using its output with additional software is it possible
to obtain the full-length circRNA sequences. Besides, FUCHS
is tested for the output of DCC only. Recently, a software tool
circtools [46] has been published as a one-stop software
solution for circRNA research which also uses the FUCHS
module. Another method CircPrimer [47] can extract the
full-length circRNA sequences although its main function
is to design primers. CircPrimer cannot extract circRNA
sequences other than for humans. The output of CIRI, find_
circ, circRNA_finder, DCC, and segemehl gives three types
of circRNAs (exonic, intronic, and intergenic). CIRCexplorer
and MapSplice give two types (exonic and intronic) while
UROBORUS gives only one type (exonic) of circRNAs in their
output. Again, FUCHS, circtools, and CircPrimer cannot
provide circRNA classification. A number of papers [48-50]
classified their circRNAs as these five types: exonic, intronic,
intergenic, sense overlapping, and antisense. Another paper
[51] classified circRNA as exonic, intronic, intergenic, bidir-
ectional/intragenic, and antisense. Our realization is that cir-
cRNA classification is not finished yet. The existence of
exonic and intronic circRNA is supported by numerous bio-
logical experiments, but other types are rarely validated by
PCR experiments. Therefore, we have classified the circRNAs
as exonic, intronic, and others.

There are four available tools for extracting full-length
circRNA sequences, CIRI-full, FUCHS, circtools, and Cir-
cPrimer. CIRI-full utilizes both BS] (back-splice junction)
and RO (reverse overlap) features to obtain full-length
circRNA sequences. CIRI-full uses the output of CIRI, and
RNA-seq data is needed to reconstruct the full-length
sequence. The main limitation of CIRI-full is that it is not
applicable if the sequencing read lengths are not equal for
all reads in the RNA-seq data. Besides, CIRI-full does not
accept the annotation file in gff format. FUCHS is developed
to fully characterize candidate circRNA sequence utilizing all
RNA-seq information from long reads (>150 bp). It is tested
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for the output of DCC only and not applicable for short
reads. Besides, FUCHS cannot provide a full-length circRNA
sequence directly. circtools is designed for RBP enrichment
screenings and circRNA primer design, as well as circRNA
sequence reconstruction. For circRNA sequence reconstruc-
tion, circtools utilizes the FUCHS module. The main func-
tion of CircPrimer is to design primers for circRNAs.
Additionally, it can extract full-length circRNA sequences.
It depends on the annotation information and is useful for
human circRNAs only.

In this paper, we present an R package FcircSEC to
extract directly the full-length circRNA sequences and to
classify the circRNAs utilizing the output of circRNA predic-
tion methods and the gene annotation information. We have
followed the approach similar to CircPrimer in extracting
circRNA sequences. Like CircPrimer, FcircSEC first selects
the best transcript from the annotation file, then from the
part of the transcript within the circRNA boundary, the
introns are removed and finally combines all the exon
sequences as a circRNA sequence. But our best transcript
selection strategy (described in Materials and Methods) is
different from CircPrimer. Even CircPrimer is applicable
for human circRNAs only, but FcircSEC is useful for human
and other species. FcircSEC only needs the output of the cir-
cRNA prediction tool along with the reference genome and
the annotation file. The main advantage of FcircSEC is that
it can use the output of many state-of-the-art circRNA pre-
diction tools for extracting the actual sequence (with infor-
mation on chromosome, circRNA start and end position,
and strand). As there are no tools for full-length circRNAs
for the user of the circRNA prediction tools other than CIRI
and DCC, FcircSEC can be a good choice for them.

2. Materials and Methods

In our R package FcircSEC, from the gene annotation infor-
mation of the reference genome, we extracted all transcripts
and got the number of exons with their start and end posi-
tions for each transcript. Then, we selected the best transcript
using the output of circRNA prediction methods. Finally, we
extracted the full-length circRNA sequences from the
selected best transcript. To check the validity of our package,
we used human circRNAs from two popular databases cir-
cbase (http://circbase.org/) and circRNAdb (http://202.195
.183.4:8000/circrnadb/circRNADb.php) and plant circRNAs
from the plantcircbase (http://ibi.zju.edu.cn/plantcircbase/)
database. The circRNA sequences obtained by FcircSEC were
consistent with the databases.

The package needs three input files: (1) the four types of
information (chromosome name, start position, end posi-
tion, and strand of the circRNAs) from the output of
circRNA prediction tools, (2) the reference genome, and (3)
the annotation file corresponding to the reference genome.
Inputs (2) and (3) can be downloaded from UCSC, NCBI,
or any other databases, and input (1) can be obtained from
circRNA prediction tools like CIRI, find_circ, circRNA
finder, DCC, CIRCexplorer, segemehl, MapSplice, and
UROBORUS whose outputs have the abovementioned four
types of information. The genome versions used in our
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TaBLE 1: Genome versions across species.

Species/database name

Genome/annotation version

Web links

circbase and circRNAdb (human) hgl9

Arabidopsis thaliana
Poncirus trifoliata

Glycine max

Gossypium arboreum

Gossypium hirsutum

Gossypium raimondii
Hordeum vulgare
Oryza sativa

Solanum lycopersicum
Solanum tuberosum
Triticum aestivum

Zea mays

TAIR10.38
Citrus_clementina_v1.0

Glycine_max_v2.0.38
Gossypium_arboreum_v1.0

NBI_Gossypium_hirsutum
vl.l

Graimondii_221
Hv_IBSC_PGSB_v2.38
IRGSP-1.0.38
SL2.50.38
SolTub_3.0.38
IWGSC1.0+popseq.29
AGPv4.38

http://hgdownload.soe.ucsc.edu/downloads. html#human
http://202.195.183.4:8000/circrnadb/resources.php

ftp://ftp.ensemblgenomes.org/pub/plants/release-38/
https://ftp.ncbi.nih.gov/genomes/refseq/plant/Citrus_clementina/
ftp://ftp.ensemblgenomes.org/pub/plants/release-38/

https://ftp.ncbi.nih.gov/genomes/refseq/plant/Gossypium_
arboreum/

https://www.cottongen.org/data/download/genome_NBI_AD1/

ftp://ftp.jgi-psf.org/pub/compgen/phytozome/v9.0/Graimondii/
ftp://ftp.ensemblgenomes.org/pub/plants/release-38/
ftp://ftp.ensemblgenomes.org/pub/plants/release-38/
ftp://ftp.ensemblgenomes.org/pub/plants/release-38/
ftp://ftp.ensemblgenomes.org/pub/plants/release-38/
ftp://ftp.ensemblgenomes.org/pub/plants/release-29
ftp://ftp.ensemblgenomes.org/pub/plants/release-38/

Inputs

Gene annotation

Chromosome, start, end and
strand for each circRNA (from
circRNA prediction tools)

Reference genome

Outputs

Extract all possible transcripts with
number of exons, start of exons and
end of exons for each transcript

CircRNA classification

Full-length circRNA sequences

FiGure 1: Workflow of the FcircSEC package. From the gene annotation file, a nine-column transcript data file is generated for all transcripts
with the number of exons and the start and end of each exon. Using the transcript data and the output of the circRNA prediction tool, the
circRNA classification is done. Using the circRNA classification information and the reference genome, the full-length circRNA sequences

are extracted.

analysis for different species are given in Table 1. The
flowchart of FcircSEC is provided in Figure 1.

2.1. Location-Oriented Classification of Circular RNA. We
classified circRNAs as three types: exonic, intronic, and
others. Exonic: if the circRNA is originated from one or more
exons of the linear transcript and the transcript strand and
the circRNA strand are same, then the circRNA is exonic.
Intronic: if the circRNA is originated from an intron of the
linear transcript, then the circRNA is intronic. Other: if the
circRNA belongs to neither exonic nor intronic, we call it

as other type. The three types of the circRNAs are shown in
Figure 2.

2.2. Extraction of Transcript Information from the Gene
Annotation File. In this step, the input was the gene annota-
tion file of the reference genome. The annotation file has nine
columns: seqname, source, feature, start, end, score, strand,
frame, and attribute. To extract the transcript information
from the annotation data, the following steps were followed:

Step 1: from the attribute column of the annotation file,
extract the transcript name and the gene name
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Step 2: for each unique transcript, count the number of
exons and obtain the start position and end position of each
exon

Step 3: subtract 1 from the start position of the exons

Step 4: make a 9-column text file with transcript name
(ID), chromosome, transcript strand, transcript start, tran-
script end, number of exons in each transcript, start positions
of exons, end positions of exons, and gene name

2.3. Selection of the Best Transcript. The inputs of this step
were the transcript data obtained from the previous Section
2.2 and the four columns (chromosome, start position, end
position, and strand of circRNAs) from the output of cir-
cRNA prediction methods. In the best transcript selection,
we followed two strategies. We selected the transcript whose
coordinates (an interval from transcript start to end) con-
tained the circRNA boundary. If there were several such tran-
scripts, we selected all of them. For all possible transcripts, we
checked whether the circRNA start and end positions exactly
matched or not with the start of the first exon and end of the
last exon, respectively. If yes, we selected that transcript as
best transcript which has the longest splice sequence
(sequence of all combined exons). If not, we selected the tran-
scripts having maximum number of exons and then selected
the one having the maximum length.

Let T be all transcripts extracted from the gene annota-
tion file and O be the output from the circRNA prediction

tool. For i circRNA of O, all possible transcripts T possible
were selected containing the circRNA boundary (e.g., tran-
scripts 1 and 2 for circRNA 1 in Figure 3(a)). Then, the best
transcript was selected using case 1 and case 2.

Case 1. For any transcript from T’ if the start position of
the first exon and the end position of the last exon are exactly
matched with the circRNA boundary (e.g., transcript 1 in
Figure 3(a)), select that transcript. If more than one such type
of transcript is selected, repeat the following steps until a sin-

gle transcript is selected:

(1) select the transcript having the maximum splice
length (length of all combined exons)

(2) select the transcript having the maximum transcript
length

(3) select the first one

Case 2. For all transcripts from T, if the start position of

the first exon and the end position of the last exon are not
exactly matched with the circRNA boundary (e.g., transcripts
1 and 2 in Figure 3(b)), select that transcript having the max-
imum number of exons within the boundary (e.g., transcript
1 in Figure 3(b)). If more than one such type of transcript is
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FIGURE 3: Best transcript selection. (a) There are two possible transcripts within the circRNA boundary. Transcript 1 is the best transcript as

its start and end positions are exactly matched with those of the circRNA. (b) Within the circRNA boundary, there are two possible
transcripts, and for both, the transcripts’ start and end positions are not exactly matched with those of the circRNA. Transcript 1 is the

best transcript as it has a larger number of exons than transcript 2.

selected, repeat the following steps until a single transcript is
selected:

(1) select the transcript having the maximum transcript
length

(2) select the first one

2.4. Circular RNA Classification and Sequence Extraction.
The inputs of this step were the best transcript obtained
from the previous Section 2.3, the four columns of the
outputs of the circRNA prediction tools, and the reference
genome. For any circRNA, if no best transcript is avail-

able, the corresponding circRNA was declared as “other”
type. In the best transcript, if there was no exon within
the circRNA boundary and an intron is contained within
the circRNA boundary, we defined that circRNA as intro-
nic. When there were some exons in the best transcript
within the circRNA boundary, and the first and the last
exon contained the start and end positions of the cir-
cRNA, respectively, we defined that circRNA as exonic,
while the circRNA which was neither exonic nor intronic
was declared as “other” type.

Let O be the output from the circRNA prediction tool and
T\eq: be the best transcript for the i circRNA. Some variables
were defined as

s { 1, circRNA start position > start of 1 exon of best transcript within circRNA boundary,
tart =

0, otherwise,

B { 1, circRNA end position < end of last exon of best transcript within circRNA boundary,
na=

0, otherwise.

For the i circRNA from O, the circRNA classification
and sequence extraction were done using either of the
following cases:

Case 1. If start = 1 and end = 1 (Figure 4(a)), the circRNA is
exonic, and the sequence is composed of the exons from
T Within the circRNA boundary (Figure 4(a)).

Case 2. If there are no exons and only one intron in T
within the circRNA boundary, the circRNA is intronic. The
sequence is composed of one intron from T, (Figure 4(b)).

Case 3. If case 1 and case 2 are not satisfied, the circRNA is
other type. The sequence is composed of a genomic sequence
from start to end of the circRNA (Figure 4(c)).

3. Results

3.1. Extraction of Transcript Data and Full-Length circRNA
Sequences. We have extracted the full-length circRNA
sequences for the circRNAs downloaded from three data-
bases, circbase, circRNAdb, and plantcircbase. For circbase
and circRNAdb, only the human circRNAs have been used,
and for plantcircbase, plant circRNAs have been used.

We have extracted the transcript data from the gene
annotation file. Using the transcript data and the output of
the circRNA prediction tools, we have created the circRNA
classification file which contains the circRNA classification
and all the required information for getting the full-length
circRNA sequences. Using the start and end positions of
circRNAs obtained from the circRNA prediction tool, we have
extracted the genomic sequence from the reference genome.
Finally, using the circRNA classification information and
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FIGURE 4: circRNA sequence extraction. (a) The circRNA is exonic, and its sequence is composed of combining the sequences of the three
exons. (b) The circRNA is intronic, and its sequence consists of one intron sequence. (c) The circRNA is other type, and its sequence is

the genomic sequence from start to end of the circRNA.

the genomic sequence, we have extracted the full-length cir-
cRNA sequences. The transcript data, circRNA classification,
and full-length circRNA sequences are available at the supple-
mentary Tables S1-S13, Tables S14-S28, and Tables $29-543,
respectively. The supplementary Tables S14-S28 (circRNA
classification tables) have a total of 15 columns, and these
columns represent, respectively, (1) circRNA ID, (2)
chromosome, (3) circRNA start position, (4) circRNA end
position, (5) circRNA strand, (6) circRNA length (7)
circRNA type, (8) number of exons, (9) exon sizes, (10) exon
offsets (start of each exon), (11) best transcript, (12)
transcript strand, (13) transcript start, (14) transcript end,
and (15) host gene.

3.2. Distribution of the circRNAs. In circbase, there are a total
of 92375 human circRNAs; the extracted circRNA sequences
by FcircSEC are 93.39% exonic, 0.75% are intronic, and
5.86% are others, while in circRNAdb, out of 32914 cir-
cRNAs, 99.32% are exonic, 0.02% are intronic, and 0.66%
are others. Among the 67 experimentally validated circRNAs
from plantcircbase, 62.69% are exonic and 37.31% are others,
but no intronic is found. The classes of circRNAs for all other
species are provided in Table 2. Again the distribution of the
number of exons for the full-length exonic circRNAs is given
in Figure 5. From Figure 5, we can observe that the median
number of exons for most of the species is between 2 and 4.

3.3. Matched Sequences between Databases and FcircSEC.
Since FcircSEC requires the chromosome name, start and
end positions, and strand of each circRNAs as input, we have
taken this information for each circRNA from the databases
and extracted the full-length circRNA sequences using Fcirc-
SEC. Then, we have compared the sequences extracted by
FcircSEC with those provided in the databases. During anal-
ysis, a sequence is matched if the whole sequence extracted by
FcircSEC and the one provided in the database are identical
(100%) and unmatched otherwise. We have calculated the
proportion of matched sequences between FcircSEC and
the three databases circbase, circRNAdb, and plantcircbase.
Table 3 lists the proportion of matched sequences.

In circbase and circRNAdb, there are a total of 92375 and
32914 full-length human circRNA sequences, respectively.
We have extracted these circRNA sequences by FcircSEC
and compared them with those of the databases. From
Table 3, we can see that 95.1% and 98.9% of the sequences
extracted by FcircSEC are exactly matched with circbase
and circRNAdb, respectively. In plantcircbase, there are 67
(out of 95143) experimentally validated full-length circRNA
sequences. We have extracted these 67 circRNA sequences
by FcircSEC and found that all are exactly matched with
the databases. We have also extracted the full-length
sequences for the rest of the 95076 circRNAs (available in
Supplementary Table S31-543).
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TasLE 2: Different types of circRNAs classified by FcircSEC.
. circRNA types
Species/database name Exonic (%) Intronic (%) Others (%) Total
circbase 86267 (93.39) 695(0.75) 5413 (5.86) 92375
circRNAdb 32690 (99.32) 7 (0.02) 217 (0.66) 32914
Plantcircbase
Arabidopsis thaliana 26643 (68.42) 1944 (4.99) 10351 (26.58) 38938
Poncirus trifoliata 242 (43.53) 5(0.90) 309 (55.58) 556
Glycine max 2621 (49.24) 2086 (39.19) 616 (11.57) 5323
Gossypium arboreum 138 (13.41) 59 (5.73) 832 (80.86) 1029
Gossypium hirsutum 231 (46.29) 11 (2.20) 257 (51.50) 499
Gossypium raimondii 1231 (83.29) 10 (0.68) 237 (16.04) 1478
Hordeum vulgare 18 (46.15) 1 (2.56) 20 (51.28) 39
Oryza sativa 21849 (54.20) 9785 (24.27) 8677 (21.53) 40311
Oryza sativa (validated) 42 (62.69) 0 (0) 25 (37.31) 67
Solanum lycopersicum 1063 (55.83) 41 (2.15) 800 (42.02) 1904
Solanum tuberosum 584 (33.80) 3(0.17) 1141 (66.03) 1728
Triticum aestivum 14 (15.91) 2(2.27) 72 (81.82) 88
Zea mays 671 (20.72) 5(0.15) 2562 (79.12) 3238
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F1GURE 5: Boxplot of the number of exons for exonic circRNAs. Lower part of the box indicates Q, (1** quartile) which means 25% values of
the exons are <Q,, middle part of the box indicates Q,(median) which means 50% values of the exons are <Q,, and the upper part of the box
represent Q, (3™ quartile) which means 75% values of the exons are <Q,. The bars below and above the dashed line represent, respectively the

minimum and maximum values.

TaBLE 3: Proportion of matched sequences between databases and FcircSEC.

Database Total circRNAs No. of matched sequences No. of unmatched sequences Matched percentage
circbase Homo sapiens 92375 87840 4535

circRNAdb Homo sapiens 32914 32538 376

plantcircbase Oryza sativa (validated) 67 67 0
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TaBLE 4: Comparison of FcircSEC with alternative methods.
_ Is RNA-seq .
Method Predlct'l on tools whose data 'Cla551fy Limitation Applicability
output is taken as input circRNAs?
needed?
Not applicable for unequal read lengths in .
CIRI-full CIRI Yes No the RNA-seq data and for the annotation Applicable Cf;;;he users of
file in gff format
Not applicable for short reads and cannot .
FUCHS DCC Yes No provide full-length circRNA sequence App llcableécgéhe users of
directly
Not applicable for short reads and cannot .
circtools DCC Yes No provide full-length circRNA sequence Apphcableéoécthe users of
directly
State-of-the-art NOF applicable for other tha}n human .
o . - circRNAs and does not yield any Applicable for human
CircPrimer  circRNA prediction No No . . L 1 .
information on splice sites within the circRNAs only
tools .
circRNA sequence
State-of-the-art . . . . .
. . o Does not yield any information on splice Applicable for almost all users
FelreSEC c1rcRN1:‘OE1rsed1ct10n No Yes sites within the circRNA sequence of circRNA prediction tools

3.4. Comparison of FcircSEC with Alternative Methods. There
are mainly four available tools for extracting full-length cir-
cRNA sequences: CIRI-full, FUCHS, circtools, and CircPri-
mer. Different methods depend on different prediction
tools; for example, CIRI-full is dependent on CIRI, FUCHS
is dependent on DCC, while CircPrimer and FcircSEC are
not dependent on any prediction tools. Even some methods
need RNA-seq data while others do not. As a result, perfor-
mance of these methods is incomparable. Therefore, we have
compared FcircSEC with the alternative methods in terms of
application, limitation, etc. in Table 4.

From Table 4, we can see that CIRI-full takes the output
of CIRI only as input, and RNA-seq data is needed to get the
full-length sequence. It is not applicable if the lengths of all
the reads in the RNA-seq data are not equal and if the anno-
tation file is in gff format. Only the users of CIRI can use this
tool for getting the full-length sequence. FUCHS and cir-
ctools take the output of DCC as input, and RNA-seq data
is also needed to reconstruct the sequence. Both the tools
are not applicable for short reads and cannot provide the
full-length sequence directly. For both the tools, other soft-
ware is needed to reconstruct the sequence. Both the tools
are applicable for the users of DCC only. CircPrimer,
although developed for designing primers, can extract the
full-length sequences. But it is applicable for human circRNA
only. FcircSEC can take the output of the state-of-the-art cir-
cRNA prediction tools as input. As RNA-seq data is not
needed, there is no restriction in sequencing read lengths in
using FcircSEC. It can take the annotation file in either gff
or gtf format and is useful for human and other species. It
can directly provide the full-length sequences. It can also
classify circRNAs as three types (exonic, intronic, and others)
while other methods cannot. The only limitation of FcircSEC
is that it does not provide any information on splice sites
within the circRNA sequence. In summary, we can say that
FcircSEC has advantages over the existing methods.

4. Discussion

There are several circRNA prediction tools, but for only two
tools CIRI and DCC, there is an existing method (CIRI-full
and FUCHY) for getting the full-length sequences. For the
users of other circRNA prediction tools (except CIRI and
DCC), there are no existing tools for getting the full-length
sequences. Although our method depends on the gene anno-
tation information only, it will be a useful tool for the users
who are interested in using the circRNA prediction tools
other than CIRI and DCC.

CIRI-full and FUCHS can take the output of CIRI and
DCC, respectively, as input, and hence, CIRI-full and
FUCHS are applicable for the users of CIRI and DCC, respec-
tively. circtools is also useful for DCC users as it uses the
FUCHS module for circRNA sequence reconstruction. Cir-
cPrimer is applicable for human circRNAs only. Our method
FcircSEC depends on the output of circRNA prediction tools,
annotation information, and reference genome. FcircSEC
can take the output of state-of-the-art circRNA prediction
tools as input and, therefore, is applicable for almost all users
of circRNA prediction tools.

Our method can extract the full-length circRNA
sequence using the output of the existing circRNA prediction
tools. We assume that the results of the existing circRNA
prediction tools are correct, and we have not applied any
filtering steps to detect the false positives. Again, within
the circRNA boundary, we find a matching of the start
of the first and the end of the last exons of the best tran-
script with the circRNA start and end positions. We
assume that the circRNA contains all the intermediate
exons, and we combine all the exons as a full-length circRNA.
That is, we have not skipped any exons. This strategy is also
used in CIRCexplorer.

FcircSEC does not take into account investigating the
presence of the splice site within the circRNA sequence. For
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exonic circRNA, it combines all exons within the circRNA
boundary to construct the full-length sequence. For the
intronic and other types, it assumes that circRNAs are not
spliced. By searching the databases circbase and circRNAdb,
we have found that in almost all cases, the circRNA combines
all exons. Besides, RNA-seq data is needed to examine the
presence of a splice site within circRNAs. This is beyond
the scope of the current work as FcircSEC is based on anno-
tation information and does not take sequencing reads into
account. This is the limitation of FcircSEC. We will try to
overcome this limitation in the next version of the package.

Overall, the full-length sequence extraction is crucial in
circRNA research. After predicting the candidate circRNAs,
all the downstream analyses depend on the circRNA
sequences. Therefore, FcircSEC can play an important role
through extracting full-length circRNA sequences in identi-
fying important circRNA biomarkers.

5. Conclusions

A number of methods are available in the literature for pre-
dicting the circRNA sequences. But only a limited number
of methods are available for extracting full-length circRNA
sequences. In this paper, we have developed an R package
FcircSEC for extracting full-length circRNA sequences using
the output of most of the popular circRNA prediction tools.
The results of FcircSEC are consistent with the published cir-
cRNA databases and give more information that are not
available in the public databases. Moreover, as for the users
of the circRNA prediction tools other than CIRI and DCC,
as there is no full-length circRNA sequence extraction
method, FcircSEC can be a good choice for them. The R
package FcircSEC is freely available at http://hpcc.siat.ac.cn/
FcircSEC/Home.html.

Data Availability

For circbase and circRNAdb, the annotation file is down-
loaded from circRNAdb  (http://202.195.183.4:8000/
circrnadb/resources.php) and the reference genome hgl9 is
downloaded from UCSC (http://hgdownload.soe.ucsc.edu/
downloads.html#human). “Arabidopsis thaliana” annotation
version TAIR10.38, “Glycine max” annotation version
Glycine_max_v2.0.38, “Hordeum vulgare” annotation
version Hv_IBSC_PGSB_v2.38, “Oryza sativa” annotation
version IRGSP-1.0.38, “Solanum lycopersicum” annotation
version SL2.50.38, “Solanum tuberosum” annotation version
SolTub_3.0.38, “Triticum aestivum” annotation version
IWGSC1.0+popseq.29, “Zea mays” annotation version
AGPv4.38 and their reference genomes are downloaded from
ftp://ftp.ensemblgenomes.org/pub/plants/.
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We employed an integrative strategy to present subtractive and comparative metabolic and genomic-based findings of therapeutic
targets against Streptococcus parauberis. For the first time, we not only identified potential targets based on genomic and proteomic
database analyses but also recommend a new antimicrobial drug for the treatment of olive flounder (Paralichthys olivaceus) infected
with S. parauberis. To do that, 102 total annotated metabolic pathways of this bacterial strain were extracted from computational
comparative metabolic and genomic databases. Six druggable proteins were identified from these metabolic pathways from the
DrugBank database with their respective genes as mtnN, penA, pbp2, murB, murA, coaA, and fni out of 112 essential
nonhomologous proteins. Among these hits, 26 transmembrane proteins and 77 cytoplasmic proteins were extracted as
potential vaccines and drug targets, respectively. From the FDA DrugBank, ceftiofur was selected to prevent antibiotic resistance
as it inhibited our selected identified target. Florfenicol is used for treatment of S. parauberis infection in flounder and was chosen
as a comparator drug. All tested strains of fish isolates with S. parauberis were susceptible to ceftiofur and florfenicol with
minimum inhibitory concentrations (MIC) of 0.0039-1 ug/mL and 0.5-8 ug/mL, IC;, of 0.001-0.5 ug/mL and 0.7-2.7 ug/mL,
and minimum biofilm eradication concentrations (MBEC) of 2-256 yg/mL and 4-64 ug/mL, respectively. Similar susceptibility
profiles for ceftiofur and florfenicol were found, with ceftiofur observed as an effective and potent antimicrobial drug against both
planktonic and biofilm-forming strains of the fish pathogen Streptococcus parauberis, and it can be applied in the aquaculture
industry. Thus, our predictive approach not only showed novel therapeutic agents but also indicated that marketed drugs should
also be tested for efficacy against newly identified targets of this important fish pathogen.

1. Introduction

Streptococcus parauberis is one of the major pathogenic
bacteria which cause economic losses in the aquaculture
industry in the Northeast Asia fish farming industry,
including Korea. Streptococcus parauberis, a member of the
Streptococcaceae family, is a nonmotile, Gram-positive,
alpha-hemolytic lactic acid bacterium with a coccoid shape.
It is closely related to S. uberis and is included in the pyogenic
streptococci class. In freshwater and marine cultures, it was
first found in Scophthalmus maximus (turbot) and is the
leading cause of chronic streptococcal infection, but it was

initially included in the S. uberis subtypes [1, 2]. Streptococ-
cal diseases of aquaculture fish are some of the most disas-
trous pathogenic conditions worldwide, including different
regions of Spain, the US, Korea, Japan, Israel, and Italy [3-7].

With a progressively developing aquaculture industry,
bacterial pathogen infections have increased, causing expo-
nential losses of different fish species based on their geo-
graphical regions like Paralichthys olivaceus (olive flounder)
in South Korea and Japan, Scophthalmus maximus (turbot)
in Spain, Sebastes ventricosus (sea bass species) in Japan, and
Morone saxatilis (striped bass) in North America due to strep-
tococcosis. It produces a considerable deficit economically to
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fish farmers because of its substantial impact on fish stock
mortality, and its occurrence must be controlled [6, 8].

On the Korean peninsula, Paralichthys olivaceus (olive
flounder) is one of the dominant marine and fresh water fish
that has suffered consistent mortality. In every geographical
region, its pathogen is unaffected and has developed resis-
tance against many antibiotics [1, 2]. The resistance issues
demand exploration of new alternative therapeutic targets
for treatment of infection or finding those targets, which will
enhance antimicrobial sensitivity that is already present.

With increasing knowledge regarding an infecting organ-
ism’s genome, metabolism, proteomes, and molecules impor-
tant for their survival, the discovery of new drug targets is
easier than before. Moreover, the number of microbial
species with completely sequenced genomes is increasing
frequently. Currently, the number of reported prokaryotic
whole genome sequences is greater than 2000. The use of
computational proteomic, genomic, and bioinformatic anal-
yses for investigation of such infectious pathogenic organ-
isms has not only aided in the de novo discovery of
efficacious therapeutic agents but also provided alternative
uses of already available drugs [9, 10].

Various computational comparative genomic and bioin-
formatic analysis methodologies are established for discovery
of potential therapeutic agents against many microbial agents
using comparison of host and pathogen proteins [11]. Path-
ogenic organisms have unique essential proteins that are nec-
essary for the survival of an organism that can be targeted for
therapeutic applications for control of bacterial growth [12].
Moreover, the use of existing therapeutic agents specifically
for newly identified targets will not only save drug develop-
ment time but also reduce drug treatment costs.

Cephalosporins are one of the most important antibacte-
rial classes, as four generations from this drug class have
beta-lactamase resistance due to the presence of a beta-
lactam ring in their substructure, similar to penicillin.
Although a large number of human drugs belong to this class,
their use in dairy cattle and the aquaculture industry is lim-
ited. For treatment of mastitis infections in dairy cattle, only
a few cephalosporins belonging to the 1°* and 2™ generation
classes have been used globally under strict regulations. Later,
3 and 4™ generation drugs like ceftiofur and cefquinome,
respectively, are administered for veterinary purposes [13].

Ceftiofur (sodium salt) is one of the novel 3™ generation
broad-spectrum cephalosporins introduced for veterinary
use but is also administered for pathogenic bacterial infec-
tions in fish and poultry as a cell wall synthesis inhibitor.
Ceftiofur is marketed under the brand name Naxcel® for
Pasteurella infections of bovine respiratory disease treatment
[14, 15]. Numerous reports showed that ceftiofur sodium
controls infections in sheep, cattle, horse, swine, balady
chicken, broiler chickens, and American black duck against
Pasteurella multocida, P. haemolytica, and E. coli. In our
study, we attempted to use ceftiofur sodium pharmacody-
namics as an indicator of proof of our identified target by
-omic study as a potential therapeutic target [16, 17].

Florfenicol is a semisynthetic antibacterial agent with a
chemical structure and spectrum of antibacterial activity like
thiamphenicol. Both florfenicol and thiamphenicol are chlor-
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amphenicol analogues in which the p-nitro group on the aro-
matic ring is substituted with a sulfonyl methyl group.
Florfenicol binds to the bacterial 50S ribosomal subunit and
inhibits protein synthesis at the peptidyl transferase step. In
vitro investigations with florfenicol demonstrated potent
activity against several bacteria pathogenic to fish. In vivo
efficacy against furunculosis in Atlantic salmon and classical
vibriosis in cod was confirmed [18].

Here, we identified putative novel therapeutic targets
against Streptococcus parauberis by using available metabolic
and genomic pathways and also recommended a new antimi-
crobial drug against S. parauberis infections in olive flounder
with aid of the pharmacodynamics profiles of the approved
antimicrobial drugs florfenicol and ceftiofur. We expect that
our findings will not only give novel putative agents against S.
parauberis but also provide new foundations using compara-
tive and subtractive genomic methodologies for general
pharmacodynamics studies of existing drugs or for specific
organisms.

2. Materials and Methods

2.1. Metabolic Pathway Analysis. The KEGG database
(abbreviated from the Kyoto Encyclopedia of Genes and
Genomes) provides chemical, genomic, and functional infor-
mation of the system of an organism and is used extensively
as a source of reference dataset information produced by the
sequencing of genomes [19]. In the present study, the meta-
bolic pathways, protein, and nucleotide sequences of Strepto-
coccus parauberis and Homo sapiens (human) genomes were
retrieved from the KEGG pathway database [20, 21]. Differ-
ent databases and search engines used during comparative
genome analyses for the purpose of identifying therapeutic
drug targets are demonstrated as a flowsheet in Figure 1.

2.2. Nonhomologous Essential Protein Screening. To identify
essential nonhomologous proteins of the infecting bacteria,
a comparison was performed in two steps. Firstly, we
compared the proteins of S. parauberis with the host fish
Paralichthys olivaceus (taxid: 8255) and with Homo sapiens
(taxid: 9606) using NCBI-Blast for proteins with a threshold
of 0.005 as an expectation value (e value), a percentage simi-
larity of <35%, and a bit score of 100 as the minimum limit
[22]. In the next step, these selected no-hits were used for
comparison in the database of essential genes (DEG). The
nonhomologous sequences of S. parauberis were aligned with
the experimentally verified essential genes of five streptococ-
cal species and proteins of 38 other Gram-positive and
Gram-negative bacteria in the DEG-14.5 using the DEG
microbial BLASTP with a minimum possible bit score of
100 and a cutoff e value of 107° [23, 24].

2.3. Characterization of Pathogen Nonhomologous Essential
Proteins as Drug Targets. Based on their structural and
molecular nature, the selected hits from the nucleotide and
gene databases were characterized as therapeutic vaccine
and drug targets. Proteins present in the cytoplasm are better
drug targets; on the other hand, proteins present on the sur-
face of cellular membranes are better targeted by vaccines
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FiGure 1: Illustration of the comparative and subtractive genomic target identification along with susceptibility studies in Streptococcus
parauberis. Using the different databases at each step (KEGG, NCBI-Blast, and DEG), the essential hits were selected. The other databases
(CELLO, ModBase, PDB, and VaxiJen) have been used to characterize the selected nonhomologous essential proteins for their 3D
structure and other physical properties. Based on this characterization, the low molecular weight (<110kDa) cytoplasmic proteins are
considered putative drug targets whereas the transmembrane proteins are putative vaccine targets. Finally, the druggability of selected
essential putative targets was analyzed using the DrugBank database. Afterward, one known antimicrobial drug was selected to target the
Streptococcus parauberis strains and to check the susceptibility of planktonic and biofilm-forming bacteria. Schematic flowchart.

[25]. Cellular localization analysis identifies proteins to their
different locations on and within the pathogenic cell. The
multiclass support vector machine classification database,
also known as CELLO, version 2.5 (http://cello.life.nctu.edu
.tw), was used for prediction of cellular and subcellular local-
ization of the selected target proteins [26]. After cellular
localization, the number of transmembrane helices in mem-
brane proteins was predicted by TMHMM version 2.0
(http://www.cbs.dtu.dk/servicess TMHMMY/). This database
is based on the hidden Markov model, and about 97-98%
of the transmembrane helices have been determined by its
experimentally predicted evidence [11, 27].

For determination of the molecular weight (MW) of the
selected proteins, we used different online databases. As sug-
gested by previous literature, smaller proteins are more solu-
ble and easily purified, and such, they are more appropriate
substances for development as drugs. Thus, we excluded pro-
teins with MW > 110 kilodaltons [28].

Using these proteins for further analysis, the experimen-
tally and computationally solved 3D structures were deter-
mined from the Protein Data Bank (PDB) (https://www
.rcsb.org/pdb) and ModBase (https://salilab.org/modbase)
databases, respectively [29, 30]. The PDB is a worldwide
repository in which experimentally determined structures
of proteins, nucleic acids, and complex biomolecule assem-

blies are deposited, and structures are explained by follow-
ing their standards. ModBase is a database of protein
structures developed by computational approaches and vali-
dated by statistically significant sequence alignments and
model assessments [28].

In addition, for prediction of antigenic proteins, the
database for protective antigen vaccine prediction, VaxiJen
version 2.0, was used set with a threshold value > 0.4. The
antigenic probability score, above the threshold value, repre-
sents the highest accuracy for the quantitative measure of
protein sequences as protective antigens. These antigens form
the basis of a subunit vaccine. A higher score of a protein
refers to a higher probability for protective ability [31, 32].

The DrugBank database (version 4.3) contains unique
bioinformatic and cheminformatic data of drugs and drug
targets and is used for determining the druggability of essen-
tial proteins. By using default parameters, proteins were
aligned for the available drug entries that included nutraceu-
ticals, small molecule drugs, biotech (protein/peptide) drugs,
and experimental drugs as approved by FDA (https://www
.drugbank.ca/) [33].

2.4. In Vitro Efficacy Testing of Identified Protein Targets for
Ceftiofur and Florfenicol. As ceftiofur acts as a penicillin-
binding protein inhibitor, we obtained 21 strains of S.
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TasLE 1: Identified metabolic pathways of Streptococcus parauberis on Kyoto Encyclopedia of Genes and Genomes (KEGG).

KEGG ID* Pathways

stk00010 Glycolysis/gluconeogenesis—Streptococcus parauberis

stk00020 Citrate cycle (TCA cycle)—Streptococcus parauberis

stk00030 Pentose phosphate pathway—Streptococcus parauberis

stk00040 Pentose and glucuronate interconversions—Streptococcus parauberis

stk00051 Fructose and mannose metabolism—Streptococcus parauberis

stk00052 Galactose metabolism—Streptococcus parauberis

stk00053 Ascorbate and aldarate metabolism—Streptococcus parauberis

stk00061 Fatty acid biosynthesis—Streptococcus parauberis

stk00071 Fatty acid degradation—Streptococcus parauberis

stk00072 Synthesis and degradation of ketone bodies—Streptococcus parauberis

stk00130 Ubiquinone and other terpenoid-quinone biosynthesis—Streptococcus parauberis

stk00190 Oxidative phosphorylation—Streptococcus parauberis

stk00220 Arginine biosynthesis—Streptococcus parauberis

stk00230 Purine metabolism—Streptococcus parauberis

stk00240 Pyrimidine metabolism—Streptococcus parauberis

stk00250 Alanine, aspartate, and glutamate metabolism—Streptococcus parauberis

stk00260 Glycine, serine, and threonine metabolism—Streptococcus parauberis

stk00261 Monobactam biosynthesis—Streptococcus parauberis

stk00270 Cysteine and methionine metabolism—Streptococcus parauberis

stk00280 Valine, leucine, and isoleucine degradation—Streptococcus parauberis

stk00281 Geraniol degradation—Streptococcus parauberis

stk00290 Valine, leucine, and isoleucine biosynthesis—Streptococcus parauberis

stk00300 Lysine biosynthesis—Streptococcus parauberis

stk00310 Lysine degradation—Streptococcus parauberis

stk00330 Arginine and proline metabolism—Streptococcus parauberis

stk00332 Carbapenem biosynthesis—Streptococcus parauberis

stk00340 Histidine metabolism - Streptococcus parauberis

stk00350 Tyrosine metabolism - Streptococcus parauberis

stk00360 Phenylalanine metabolism - Streptococcus parauberis

stk00362 Benzoate degradation—Streptococcus parauberis

stk00380 Tryptophan metabolism—Streptococcus parauberis

stk00400 Phenylalanine, tyrosine, and tryptophan biosynthesis—Streptococcus parauberis

stk00430 Taurine and hypotaurine metabolism—Streptococcus parauberis

stk00440 Phosphonate and phosphinate metabolism—Streptococcus parauberis

stk00450 Selenocompound metabolism—Streptococcus parauberis

stk00460 Cyanoamino acid metabolism—Streptococcus parauberis

stk00471 D-Glutamine and D-glutamate metabolism—Streptococcus parauberis

stk00473 D-Alanine metabolism—Streptococcus parauberis

stk00480 Glutathione metabolism—Streptococcus parauberis

stk00500 Starch and sucrose metabolism—Streptococcus parauberis

stk00511 Other glycan degradation—Streptococcus parauberis

stk00520 Amino sugar and nucleotide sugar metabolism—Streptococcus parauberis

stk00521 Streptomycin biosynthesis—Streptococcus parauberis

stk00523 Polyketide sugar unit biosynthesis—Streptococcus parauberis

stk00525 Acarbose and validamycin biosynthesis—Streptococcus parauberis

stk00550 Peptidoglycan biosynthesis—Streptococcus parauberis

stk00561 Glycerolipid metabolism—Streptococcus parauberis

stk00562 Inositol phosphate metabolism—Streptococcus parauberis
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TaBLE 1: Continued.

KEGG ID* Pathways

stk00564 Glycerophospholipid metabolism—Streptococcus parauberis
stk00590 Arachidonic acid metabolism—Streptococcus parauberis
stk00592 Alpha-linolenic acid metabolism—Streptococcus parauberis
stk00620 Pyruvate metabolism—Streptococcus parauberis

stk00622 Xylene degradation—Streptococcus parauberis

stk00625 Chloroalkane and chloroalkene degradation—Streptococcus parauberis
stk00626 Naphthalene degradation—Streptococcus parauberis
stk00627 Amino benzoate degradation—Streptococcus parauberis
stk00630 Glyoxylate and dicarboxylate metabolism—Streptococcus parauberis
stk00640 Propanoate metabolism—Streptococcus parauberis
stk00643 Styrene degradation—Streptococcus parauberis

stk00650 Butanoate metabolism—Streptococcus parauberis
stk00660 C5-Branched dibasic acid metabolism—Streptococcus parauberis
stk00670 One carbon pool by folate—Streptococcus parauberis
stk00680 Methane metabolism—Streptococcus parauberis

stk00730 Thiamine metabolism—Streptococcus parauberis
stk00740 Riboflavin metabolism—Streptococcus parauberis
stk00750 Vitamin B6 metabolism—Streptococcus parauberis
stk00760 Nicotinate and nicotinamide metabolism—Streptococcus parauberis
stk00770 Pantothenate and CoA biosynthesis—Streptococcus parauberis
stk00780 Biotin metabolism—Streptococcus parauberis

stk00790 Folate biosynthesis—Streptococcus parauberis

stk00900 Terpenoid backbone biosynthesis—Streptococcus parauberis
stk00910 Nitrogen metabolism—Streptococcus parauberis

stk00920 Sulfur metabolism—Streptococcus parauberis

stk00970 Aminoacyl-tRNA biosynthesis—Streptococcus parauberis
stk01040 Biosynthesis of unsaturated fatty acids—Streptococcus parauberis
stk01100 Metabolic pathways—Streptococcus parauberis

stk01110 Biosynthesis of secondary metabolites—Streptococcus parauberis
stk01120 Microbial metabolism in diverse environments—Streptococcus parauberis
stk01130 Biosynthesis of antibiotics—Streptococcus parauberis
stk01200 Carbon metabolism—Streptococcus parauberis

stk01210 2-Oxocarboxylic acid metabolism—Streptococcus parauberis
stk01212 Fatty acid metabolism—Streptococcus parauberis
stk01220 Degradation of aromatic compounds—Streptococcus parauberis
stk01230 Biosynthesis of amino acids—Streptococcus parauberis
stk01501 Beta-lactam resistance—Streptococcus parauberis

stk01502 Vancomycin resistance—Streptococcus parauberis
stk01503 Cationic antimicrobial peptide (CAMP) resistance—Streptococcus parauberis
stk02010 ABC transporters—Streptococcus parauberis

stk02020 Two-component system—Streptococcus parauberis
stk02024 Quorum sensing—Streptococcus parauberis

stk02060 Phosphotransferase system (PTS)—Streptococcus parauberis
stk03010 Ribosome—Streptococcus parauberis

stk03018 RNA degradation—Streptococcus parauberis

stk03020 RNA polymerase—Streptococcus parauberis

stk03030 DNA replication—Streptococcus parauberis

stk03060 Protein export—Streptococcus parauberis
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TasLE 1: Continued.

KEGG ID* Pathways

stk03070 Bacterial secretion system—Streptococcus parauberis

stk03410 Base excision repair—Streptococcus parauberis

stk03420 Nucleotide excision repair—Streptococcus parauberis

stk03430 Mismatch repair—Streptococcus parauberis

stk03440 Homologous recombination—Streptococcus parauberis

stk04122 Sulfur relay system—Streptococcus parauberis

*KEGG ID represents the molecular pathways within major metabolic pathways such as cellular processes, genetic information processes, metabolism, and drug
and disease development. Each pathway has a three-letter organism code (“skt” for Streptococcus parauberis in KEGG database) followed by a five-digit number.

TaBLE 2: Distribution of essential nonhomologous proteins in major
metabolic pathways of S. parauberis.

% of essential

Major metabolic pathway nonhomologous proteins®

Metabolism of terpenoid and

polyketides 4
Carbon metabolism 4
Cellular process 5
Metabolism of cofactors and vitamins 6
Nucleotide metabolism 6
Microbial metabolism in diverse 6
environments

Energy metabolism

Biosynthesis of antibiotics 9
Lipid metabolism 11
Amino acid metabolism and

biosynthesis 1
Carbohydrate metabolism 12
Biosynthesis of secondary metabolites 13
Glycan biosynthesis and metabolism 13
Environment information processing 19
Genetic information processing 31
Metabolic pathways 42

*Essential nonhomologous proteins of S. parauberis selected by NCBI-Blast
and DEG database analyses.

parauberis isolated from fish and analyzed the functional
effectiveness of identified targets in these strains by ceftiofur,
and florfenicol was used for comparative effects.

2.4.1. Antimicrobial Susceptibility Profiles

(1) Minimal Inhibition Concentration (MIC) and Minimal
Bactericidal Concentration (MBC). The broth microdilution
method was applied to determine the susceptibility of ceftio-
fur sodium and florfenicol (both obtained from Sigma-
Aldrich, St. Louis, MO, US) against S. parauberis (21 isolates
and 1 KCTC 3651 strain) and S. aureus ATCC 29213. Gener-
ally, the MICs of the isolates were determined according to
the method by the Clinical and Laboratory Standards
Institute (2017), in cation-adjusted Mueller-Hinton broth

% of essential nonhomologous proteins

iy,
é

~._
N\

“ Carbon metabolism

« Metabolism of terpenoid and polyketides

4 Metabolism of cofactors and vitamins # Nucleotide metabolism

« Microbial metabolism in diverse environments 4 Energy metabolism

= Biosynthesis of antibiotics = Lipid metabolism

# Amino acid metabolism and biosynthesis = Carbohydrate metabolism

= Biosynthesis of secondary metabolites = Glycan biosynthesis and metabolism

® Metabolic pathways m Genetic information processing

® Environment information processing « Cellular process

FiGure 2: Distribution of essential nonhomologous proteins in
major metabolic pathways of S. parauberis. Each color bar
represents a single metabolic process. Essential nonhomologous
protein distribution was analyzed using NCBI-Blast and the DEG
database. The value noted in each bar represents the percentage of
essential, nonhomologous proteins (out of 112 proteins as selected
by DEG) involved in different metabolic pathways drawn
manually from the KEGG pathway map.

(Ca-MHB; BD Bacto™) using 5 x 108 CFU/mL of bacterial
concentrations [34]. The initial concentration of all antimi-
crobials was 1024 pug/mL in Ca-MHB, and the stock solutions
were filtered using a 0.22 ym syringe filter (Merck Millipore
Ltd., MA, US). The MIC,, values (at which 50% of the iso-
lates were inhibited), MIC,, values, and MIC ranges of both
antimicrobials against the isolates were determined. Bacteria
were cultured overnight, adjusted with TH broth to an opti-
cal density of 0.1 at 600 nm (OD600), and aliquoted into
96-well plates. The antimicrobials were serially diluted two-
fold with MHB to give a concentration range of 512 yug/mL
in 100 uL volumes. The growth and negative controls were
prepared using Ca-MHB with and without bacteria, respec-
tively. Microtiter plates were incubated at 30°C for 24h.
The MIC was determined as the lowest concentration at
which noticeable growth was not observed. The MBC
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and further characterized for selection of putative drug and vaccine targets.

(the lowest concentration that showed a 99.9% or higher
killing rate) was determined by culturing 20 uL of the drug
dilutions with samples from the 96-well plates on MHA
plates and incubating overnight. The distribution of colo-
nies on plates was inspected visually to assess the drug
carryover effect. Studies were conducted in duplicate and
were repeated at least twice on separate days.

(2) Mutation Prevention Concentration (MPC). The MPC
determination for ceftiofur and florfenicol was performed
as described previously [35, 36]. In summary, the tested bac-
teria were cultured, and after 24 h incubation in MHB, the
bacterial suspensions were centrifuged at 5000g for 20 min
and resuspended in 3mL MHB to yield a concentration of
10'° CFU/mL. By plating, the serial dilutions of 100 mL of
samples on a drug-free medium inoculum were further con-
firmed. After, agar plates containing seven different known
concentrations of ceftiofur and florfenicol were inoculated
with aliquots of 100 uL of Streptococcus parauberis strains
(approx. 10" CFU). S. parauberis KCTC 3651, the fully sus-
ceptible control strain, was used as a control in each experi-
ment. The inoculated plates were incubated for 48 h at 30°C
and screened visually for growth. The minimum antibiotic
concentration with no bacterial colonies present was
recorded as the MPC.

2.4.2. Time-Kill Curve Assay. To determine the killing
dynamics of ceftiofur and florfenicol, a time-kill assay
according to the CLSI (NCCLS, 1999) guidelines was

performed [37]. In summary, exponentially growing over-
night cultures of tested S. parauberis strains were diluted to
~5 x 108 CFU/mL bacterial densities and then inoculated to
5mL brain-heart infusion (BHI) medium tubes. Later, ceftio-
fur and florfenicol were added to these tubes after bacterial
dilutions at concentrations of 0.5, 1, 2, and 4x MIC, whereas
one tube with no antibiotic was used as the control for
growth. After incubating the samples at 30°C on a shaking
incubator, 20 uL samples were taken from each tube at
intervals of 0, 1, 2, 4, 6, 8, 12, and 24h. Each sample
was diluted 10-fold serially into aliquots and inoculated
on BHI agar plates for the estimation of CFU per mL.
For the two antibiotics, time-kill curves were obtained at
different concentrations.

2.4.3. Biofilm Formation Quantification. For quantifying bio-
film formation of Streptococcus parauberis, we followed the
method of O’Toole (2011) with some bacterial growth mod-
ifications [38]. In summary, using the BHI broth, we pre-
pared 100x dilutions from the 24 h inoculum of nine tested
strains for determination of bacterial attachment and biofilm
formation. The dilutions were transferred into 96-well
microtiter polystyrene plates (Nunclmmuno™ MaxiSorp™,
Nalgene, US) as eight replicates. After 48h incubation at
30°C, we measured optical density at the wavelength of
595 nm and estimated the bacterial growth for both adherent
as well as suspended cells [39]. We discarded the supernatant
and rinsed the wells 3-4 times with 400 uL per rinse of dis-
tilled water. Following rinsing, wells were stained using



125 uL volume of 1% crystal violet solution. After 20 min, the
dye was discarded and wells were washed using distilled
water 3—4 times. The dye was dissolved using 125 yL of acetic
acid (30% v/v), and we quantified the biofilm formation of
tested strains by measuring OD595.

2.4.4. Minimum Biofilm Eradication Concentration (MBEC).
For measurement of S. parauberis strain biofilm sensitivity to
ceftiofur and florfenicol, the biofilms of the selected strains
were grown using Calgary Biofilm Device (CBD; Innovotech,
Calgary, Canada) microplates with slight modifications from
the manufacturer’s instructions. In summary, freshly grown
overnight cultures of selected strains were diluted to 0.5
McFarland standard in broth, and 100 L was transferred
to 96-well flat-bottom microplates except for the negative
control. Biofilm growth plates were immersed with modified
CBD pegs and incubated to allow formation of biofilms for
48h at 30°C. After rinsing, these biofilms containing peg lids
with autoclaved distilled water were transferred to the antibi-
otic challenge plates with 100 uL of Ca-MHB with twofold
dilutions of antibiotics in each well. After 24 h of incubation
with antibiotics at 30°C, we repeated the same rinsing proce-
dure and placed the peg lids into the biofilm recovery plate
with Ca-MHB free of antibiotics. Biofilms were transferred
from pegs to the wells by sonicating the recovery plates using
a Branson 8200 sonicator (Emerson Electric Co., US) for
5min at room temperature. Finally, the peg lids were
replaced with standard lids, and the OD650 was recorded
using a microplate colorimeter (VersaMax; Molecular
Devices Corp., US). The lowest antibiotic dilution that caused
inhibition of bacterial regrowth was recorded as the MBEC.

2.5. Statistical Analysis. The SAS statistical software version
9.4 (SAS Institute, Cary, NC, US) with one-way ANOVA
was used for biofilm quantitation and growth of bacteria
analysis, and Duncan’s Multiple Range Test (DMRT) was
used for evaluation of statistically significant differences
among treatment groups, i.e., p < 0.05 was noted as statisti-
cally significant. Figure legends are used to designate statis-
tics of various experiments.

3. Results

3.1. Comparative Genomic Analysis. For Streptococcus
parauberis, 102 identified pathways were selected for analysis
(Table 1). In comparison of the selected pathways of the
pathogen with the existing 299 pathways of humans
(Homo sapiens), 29 pathways were declared as unique to the
pathogen. About 793 proteins are involved in these pathways,
and out of these, only 277 were recognized as nonhomologues
for both olive flounder and humans at the selected cutoff
value of KEGG.

In S. parauberis, 112 nonhomologous proteins were iden-
tified as essential when its nonhomologous proteins were
aligned with the essential protein sequences of five different
streptococcal species named as Streptococcus agalactiae
A909, Streptococcus pneumoniae, Streptococcus pyogenes
MGAS5448, Streptococcus pyogenes NZ131, and Streptococcus
sanguinis. These 112 essential nonhomologous proteins take
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TaBLE 3: S. parauberis nonhomologous essential proteins as
subunits for vaccines with the number of transmembrane helices
and antigenic characteristics predicted by TMHMM and VaxiJen
databases, respectively.

Seq. KEGG Genes TMHMM: _Probable
1D antigenicity
STP_0829 mtlA 8 Antigen
STP_0495 atpB 5 Antigen
STP_0496 atpF 1 Antigen
STP_0274 pbpX 1 Antigen
STP_0314 dgkA 3 Antigen
STP_1416 bacA 8 Antigen
STP_1616 pbplB 1 Antigen
STP_1749 pbp2A 1 Antigen
STP_0544 ItaS 5 Antigen
STP_1654 dppC 5 Antigen
STP_0122 IpIB 4 Antigen
STP_0799 pstA 4 Antigen
STP_1210 IplB 6 Antigen
STP_1444 ecfT 4 Antigen
STP_0327 secG 2 Antigen
STP 1600 Y1dG spolll], OXAL 5 Antigen
ccfA

*Number of transmembrane helices for listed membrane proteins predicted
by TMHMM (version 2.0) database. **Probable antigenicity (protective
antigens and vaccine subunits) predicted by VaxiJen database (version 2.0)
with threshold value 0.4.

part in 16 major metabolic pathways noted from the KEGG
database as shown in Table 2 and Figure 2.

Moreover, we compared all the essential proteins of the
43 available bacteria in the DEG with no selected hits. As
described in Figure 3, the least hit was recorded by Acineto-
bacter baumannii ATCC 17978 with a homology of only 12
proteins, whereas the highest homology was recorded with
the essential proteins of Streptococcus agalactiae A909 with
hits of 81 proteins. On the other hand, Escherichia coli strain
MG1655 1, strain of Mycobacterium tuberculosis H37Rv 111,
Salmonella enterica Serovar Typhi Ty Paoi, Pseudomonas
aeruginosa PAO1, Haemophilus influenzae RAKW20, Salmo-
nella enterica subsp. enterica serovar, and Typhimurium str.
14028S each had no homology with the nonhomologous
proteins of the pathogen under investigation.

The CELLO database analysis found the presence of 77
cytoplasmic, 24 membrane, and four extracellular proteins.
Moreover, five proteins were cytoplasmic as well as
membrane-bound and two proteins were found in three
regions of the pathogen cell (cytoplasm, membrane, and
extracellular area). Similarly, according to the TMHMM
database, about 26 proteins had transmembrane helices but
only six were in common with the CELLO database predic-
tion (Table S1). Furthermore, out of 26 transmembrane
proteins, only 16 had an antigenic probability greater than
0.4 (Table 3).

Each essential protein’s molecular weight was deter-
mined by referring to the UniProt database. As shown in
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TABLE 4: S. parauberis nonhomologous essential proteins with druggability for FDA-approved drugs as inferred from the DrugBank database
using BLASTP and the list of FDA-approved drugs for the targets.

KEGG Name Gene DB*ID Drug name Drug group
(1s)-1-(9-Deazaadenin-9-Y1)-1,4,5-trideoxy-1,4-imino-5-

DB02158 methylthio-D-ribitol E
5'-Methylthioadenosine/S- Dl Formycin E
STP_0292 adenosylhomocysteine mtnN DB00173 Adenine A, N
nucleosidase DB02933 5'-Deoxy-5'-(methylthio)-tubercidin E
DB03606 (3R,4S)—1—[(4—Amin0—5H—pyrr010[3,2—D]pyrimi.din—7—YL) E
methyl]-4-[(methylsulfanyl) methyl] pyrrolidin-3-OL
DB01066 Cefditoren A
DB01212 Ceftriaxone A
DB01140 Cefadroxil A, VA, W
DB00493 Cefotaxime A
DB00319 Piperacillin A
DB00607 Nafcillin A
DB00415 Ampicillin A, VA
DB00485 Dicloxacillin A, VA
STP_1093  Penicillin-binding protein 2B penA DB01163 Amdinocillin w
DB01603 Meticillin A
DB00456 Cefalotin A, VA
DB00713 Oxacillin A
DB01331 Cefoxitin A
DB00567 Cephalexin A, VA
DB03313 Cephalosporin C E
DB08795 Azidocillin A
DB00739 Hetacillin A, VA, W
STP_1616  Penicillin-binding protein 2 pbp2 DB04147 Lauryl dimethylamine-N-oxide E
Penicillin-binding protein 2 pbp2 DB04147 Lauryl dimethylamine-N-oxide E
DB01598 Imipenem A
DB01329 Cefoperazone A
DB01332 Ceftizoxime A
DB01327 Cefazolin A
DB01331 Cefoxitin A
DB01328 Cefonicid A
DB01415 Ceftibuten A
Penicillin-binding protein 1B mrcB DB00430 Cefpiramide A
DB00438 Ceftazidime A
DB00274 Cefmetazole A
STP_1749
DB00303 Ertapenem AT
DB01414 Cefacetrile A
DB04570 Latamoxef A
DB06211 Doripenem Al
DB11367 Cefroxadine W
DB01598 Imipenem A
DB01329 Cefoperazone A
T . DB01332 Ceftizoxime A
Penicillin-binding protein 1A mrcA .
DB01333 Cefradine A
DB01327 Cefazolin A
DB01331 Cefoxitin A
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TaBLE 4: Continued.

KEGG Name Gene DB* ID Drug name Drug group
DB01328 Cefonicid A
DB01415 Ceftibuten A
DB00430 Cefpiramide A
DB00438 Ceftazidime A
DB00274 Cefmetazole A
DB00303 Ertapenem Al
DB01414 Cefacetrile A
DB04570 Latamoxef A
DB06211 Doripenem AT
DB01783 Pantothenic acid N, VA

STP_0791 Pantothenate kinase coaA DB01992 Coenzyme A N
DB04395 Phosphoaminophosphonic acid-adenylate ester E

sTP 0603 [sopentenyl-diphosphate delta- ¢ . 1yp5) 47 Riboflavin monophosphate E

isomerase

*DB: DrugBank database; E: experimental, A: approved; VA: veterinary approved; W: withdrawn.

Table 2 and Table S1, out of 112 nonhomologous essential
proteins, only one protein showed a greater weight than the
selected limit of molecular weight (<110kDa) although all
of them had 3D experimental models. The druggability
results of the essential proteins as determined by the
DrugBank database identified six proteins, which had hits
for drugs that are approved, nutraceutical, investigational,
and experimental at an e value limit of 1072° (Table 4).

The six genes for these essential proteins with a hit from the
DrugBank database were mtnN (5'-methylthioadenosine/S-
adenosylhomocysteine nucleosidase), penA (penicillin-binding
protein 2B), pbp2 (penicillin-binding protein 2), murB
(penicillin-binding protein 1B), murA (penicillin-binding
protein 1A), coaA (pantothenate kinase), and fni (isopen-
tenyl-diphosphate delta-isomerase). The number of hits
increased with an increase in expectation value, as 10 and
19 essential nonhomologous proteins were hits for expecta-
tion value limits of 10° and 107, respectively.

3.2. In Vitro Efficacy of Identified Proteins Targeted by
Ceftiofur and Florfenicol

3.2.1. In Vitro Antibiotic Sensitivity Profiles including Minimal
Inhibition Concentration (MIC), Minimal Bactericidal
Concentration (MBC), and Mutant Prevention Concentration
(MPC). The antimicrobial susceptibility profile against 22
field isolates from fish and a known strain (KCTC 3651) of
S. parauberis was determined for the selected veterinary anti-
microbial drugs. Ceftiofur sodium has an antimicrobial
mechanism in common with the one of the identified thera-
peutic targets (PBP 2A) from the genomic analysis, and for
comparative purposes, florfenicol was used.

According to the MIC and MBC testing results, all iso-
lates were completely sensitive to ceftiofur and florfenicol
with MICs ranging from 0.0039 to 1ug/mL and 0.5 to
8 ug/mL, respectively. The MBC values against field isolates
ranged from 0.0078 to 32 ug/mL and 1 to 128 ug/mL for

TaBLE 5: Minimum inhibitory concentrations of ceftiofur and
florfenicol against olive flounder isolated Streptococcus parauberis.

Antimicrobial drugs

Parameters Ceftiofur ~ Florfenicol
MICs, (ug/mL) 0.0156 2
MIC,, (ug/mL) 0.125 8
MICpqpge (g/mL) 0.0039-1 05-8
MBCy e (4g/mL) 0.0078-32 1-128
ICs0 range (Hg/ML) 0.001-0.5 0.7-2.7
R (%) 0 0
KCTC 3651 (ug/mL) 0.0078 0.5
S. aureus ATCC 29213 (ug/mL) 1 2
CLSI range for Streptococcus viridans

S <1 <4

R >4 >16
CLSI range for Staphylococcus sp.

S <1 <8

R >4 232

MIC: minimum inhibitory concentration; MBC: minimum bactericidal
concentration; R: rate of resistance; CLSI range: clinical breakpoints for
Streptococcus and Staphylococcus sp. as defined by the Clinical and
Laboratory Standards Institute.

ceftiofur and florfenicol, respectively, as shown in Table 5
and Figure 4. The MPC for both antibiotics was evaluated
in triplicate, and the MPCs of ceftiofur and florfenicol were
more than the twofold dilution of their MIC. Hence, the
MPC/MIC ratio for ceftiofur was 8-32, but in reference to
florfenicol, this ratio was noted as eight (Table 6).

3.2.2. Time-Kill Curve Assays and IC,, Values. The inhibitory
effects of ceftiofur and florfenicol were determined against S.
parauberis using a time-kill assay by the growth inhibition
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FIGURE 4: Minimum inhibitory concentration (MIC) frequencies. MIC frequencies observed for ceftiofur (a) and florfenicol (b) against 22

Streptococcus parauberis isolated strains from diseased olive flounder.

TABLE 6: Minimum inhibitory concentration and mutant prevention concentration comparison for ceftiofur and florfenicol against field and

known strains of S. parauberis.

Strains Ceftiofur Florfenicol

MIC (pg/mL) MPC (ug/mL) MPC/MIC MIC (pg/mL) MPC (pg/mL) MPC/MIC
S. parauberis 2628 1 32 32 2 16 8
S. parauberis KCCM3651 0.0078 0.0624 8 0.5 4 8

MIC: minimum inhibitory concentration; MPC: mutant prevention concentration.

method. The bacterial incubation was performed with each
tested antibiotic at concentrations of 0.5, 1, 2, and 4x MIC.
The killing dynamics of each antimicrobial showed that cef-
tiofur started to inhibit the tested strains after 4 hours, and
at 12 hours, this inhibition was maximal. However, in the
case of florfenicol, inhibitory activity also began after 4 hours,
but maximum inhibition was noted at 24 hours. Moreover,
the inhibition of bacterial growth by florfenicol was less than
that of ceftiofur at 0.5x MIC (Figure 5).

By comparing the counts of bacteria after 12 hours of
incubation using each antibiotic, the IC,, values were deter-
mined to obtain the growth inhibition concentrations of cef-
tiofur and florfenicol. The concentration of ceftiofur and
florfenicol for 50% growth inhibition ranged from 0.001 to
0.5 ug/mL and 0.7 to 2.7 ug/mL, respectively (Table 5).

3.2.3. Biofilm Quantitation and Minimum Biofilm
Eradication Concentration (MBEC). For quantitation of bac-
terial growth and biofilm formation activities of seven S.
parauberis strains, BHI media and 0.5% glucose-aided BHI
media were used. S. aureus ACTC 29213 was used as the pos-
itive control for biofilm formation (Figure 6). The growth of
bacteria in BHI media ranged from OD values of 0.5 to 1.2.
However, this range for growth of bacteria in 0.5% glucose-
aided media was 2.1-2.4. For S. aureus ACTC 29213 at
ODs;, biofilm formation in 0.5% glucose-aided media was
0.1. Although the biofilm formation in BHI for other strains
was <0.05, in glucose-aided BHI media, the formation of bio-
film was moderate for all strains in the range of 0.1-0.2. If the

absorbance was measured at <0.10 at OD,, the formation of
biofilm was presumed as weak/absent, between 0.1 and 1.0, it
was considered moderate, and if it was >1.0, it was deter-
mined as a strong biofilm.

The minimum biofilm eradication concentration (MBEC)
was measured to check the ceftiofur and florfenicol suscepti-
bility against biofilm-forming isolates of S. parauberis as
shown in Table 7. Larger differences between the MBEC/MIC
ratios show higher susceptibility differences of biofilm-
forming bacteria versus planktonic bacteria towards ceftiofur
and/or florfenicol.

4. Discussion

The increase in bacterial pathogenicity and resistance to
antibiotics has provoked the interest of researchers for new
studies of health and pathogenic bacterial species. Around
the globe, scientists and researchers are paying more atten-
tion to novel therapeutic targets for preventing resistance to
bacterial infection. The availability of vast computational
parameters and -omic data has increased the identification
of suitable therapeutic agents. Inhibition of essential proteins
can stop bacterial growth, as they are important for survival
of the bacteria. Systematic comparative analyses of Strepto-
coccus parauberis found 112 potential vaccine and drug
targets in the DrugBank, out of which six essential targets
had druggability due to homology. We further characterized
these targets using different databases to differentiate
between potential drug and vaccine targets. The drug
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FiGure 5: Time-kill curves of ceftiofur (a, ¢) and florfenicol (b, d) against S. parauberis KCTC 3651 strain (top) and S. parauberis S2628 strain
(bottom). (a, ) represent inhibitory activities of ceftiofur at 0, 1, 2, 4, 8, 12, and 24 hours, and (b, d) represent the same for florfenicol when the
drugs were exposed to exponentially growing S. parauberis KCTC 3651 and S$2628 strains at their 0.5, 1, 2, and 4x minimum inhibitory

concentration (MIC) values.

targets in question are involved in different cellular activi-
ties like metabolism of purines and pyrimidines, replica-
tion of DNA, ribosomal synthesis, ABC transporter
pathway, and nucleotide metabolism.

Apart from proteins that could be targeted, we found sev-
eral metabolic pathways involved in bacterial resistance
against various antibiotics. Our targeted pathogen can resist
the action of the antibiotic vancomycin (VCM). The vanco-
mycin resistance pathway expression is induced by two
component systems, i.e., VanS-VanR and D-Ala-D-Lac or
D-Ala-D-Ser depsipeptides which can replace the D-Ala-D-
Ala dipeptide, resulting in inhibition of vancomycin binding
to pentadepsipeptides [D-Ser] or [D-Lac]. The variation in
D-Ala-D-Lac and D-Ala-D-Ser indicates high and low levels
of resistance to VCM, respectively. Peptidoglycan modifica-
tions lead to successive cell wall formation, and this may
affect resistance in the present organism [40].

The pathway for cationic antimicrobial peptide (CAMP)
resistance is also present. In host defense mechanisms,
CAMPs play a pivotal role against microorganisms as a com-
ponent of the innate immune response. In fact, CAMPs kill
bacterial cells by deterioration of the integrity of bacterial
inner and outer membranes. However, some bacteria have
developed several resistance mechanisms like efflux pumps
in membranes, external trapping mechanisms, substitution
of anionic cell surface contents with cations, crosslinking

and biosynthesis of cell surface components, and peptidase
production of CAMPs. Similarly, Streptococcus parauberis
can develop resistance against CAMPs [41, 42].

Strains of Streptococcus parauberis have previously
shown resistance against different antimicrobial drugs such
as tetracycline, oxytetracycline, and erythromycin [43, 44].
Because of the chance of antibiotic resistance, there is a need
for new and alternative therapeutic targets against this path-
ogenic bacterium. In the past, the biology of microbial agents
has limited the identification of new antimicrobial and vacci-
nating agents. However, advancement in proteomic and
genomic knowledge has led to milestones in investigating
new vaccines and for finding targets for effective therapeutic
agents [10].

The essential nonhomologous proteins of S. parauberis
were recognized as important potential targets, providing
new perspectives on therapeutic targets in the pathogen
pathways with both safety and specificity. Using different
therapeutic and vaccine agents against those genomic and
proteomic parts of the pathogenic bacteria that are essential
for its reproduction is critical during potential drug design.
These agents can interact or affect the normal replication of
the targeted microorganism [45].

After a protein is established as essential, it is important
to determine the protein characteristics and localization
within the cell. This can assist in understanding its function



International Journal of Genomics

B 31
)
n
N
a
S ]
<
B
o
=
-
b
S 0-
A 1 o s ~ n — < — o
o o AN D~ o O o ) —
e O O — 0 0 — \O o
g =) = Q
= 9 B
) 4 =
w
3
I
5
5+
%]
(a)
e
E 025
(=3
2 0.20-
R0
<}
= 0.15-
L
s _
EO.IO
3
=
E0.05
(=]
%0.00-
" o) o IN [a) 3 < — )
¢ g § Z 8 £ =2 8 3
N Q N « b > =¥ 8] D
S 5 O N
S 2 = Q
: 0§ C
<
W
3
bt
3
<
3
[ BHI only

[ BHI+0.5%glucose
®)

FIGURE 6: Quantitation of bacterial growth and biofilm formation in
Streptococcus parauberis strains. Bacterial growth (a) vs. biofilm
formation assay (b) of planktonic bacteria in brain heart infusion
(BHI) and 0.5% glucose-supplemented BHI media. S. aureus is
used as the positive control for biofilm formation whereas
medium only is used as the normal control (NC). The optical
density (OD) was read at wavelength of 550 nm. The absorbance
was noted as <0.1 for weak biofilm formation, between 0.1 and 1
as moderate biofilm, and >1.0 as strong biofilm.

and nature for therapeutic targeting either as a vaccine or as a
target for the antimicrobial function [46, 47]. Therefore, the
identified cytoplasmic proteins can be used for targeting by
antimicrobial drugs whereas the suggested membrane pro-
teins with transmembrane helices can act as selected toxins
or surface-exposed proteins and targeted by vaccine produc-
tion, and these vaccines can initiate the immune response
mediated by antibodies [48, 49].

The low molecular weight and druggability of these
essential proteins noted according to the DrugBank data-
base assisted in filtering possible targets. In addition to
these findings, some nutraceutical, experimental, investiga-
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tional, and approved therapeutic agents were assessed
against the binding potential of essential nonhomologous
proteins of S. parauberis and proved that these proteins
are druggable and can be used as potential therapeutic tar-
gets. Moreover, different combinations of these drugs may
be used to treat streptococcal infections of aquaculture
habitats.

In this study, we identified twenty-nine FDA-approved
drugs with a hit from the essential proteins of S. parauberis,
out of which five were veterinary-approved drugs. The six
identified genes targeted by these drugs are reported to have
vital roles in bacterial metabolism. As noted, the mtnN gene
is related to the methylthioadenosine/S-adenosylhomocys-
teine (MTA/SAH) nucleosidase, and its importance in bacte-
ria has been appreciated previously. By inclusive analysis of
its various roles, it is an integral component of the activated
methyl cycle, which recycles adenine and methionine
through S-adenosylmethionine- (SAM-) mediated methyla-
tion reactions, and also produces the universal quorum-
sensing signal, autoinducer-2 (AI-2) [50]. Furthermore,
murA, murB, penA, and pbp2 genes produce penicillin-
binding protein types 1A, 1B, 2B, and 2, respectively, and
these proteins are membrane carboxypeptidases and trans-
peptidases. Peptidases are required for regulation of chain
length, glycan subunit polymerization, and muropeptide
cross-linkages [51]. The pantothenate kinase (coaA) gene is
related to the CoA biosynthesis pathway in bacteria and
mammals. Pantothenate kinase is a key regulator of biosyn-
thesis and directs the intracellular concentration of CoA
through feedback regulation by CoA and its thioesters [52].
The isopentenyl-diphosphate delta-isomerase (fni) gene is
related to isoprenoid metabolism. Isoprenoids play an
important role in all living organisms, in mammals as steroid
hormones, in plants as carotenoids, and in bacteria as ubiqui-
nones or menaquinones. Isoprenoids are synthesized by con-
secutive condensations of the five-carbon precursor
isopentenyl diphosphate (IPP) to its isomer dimethyl-allyl
diphosphate (DMAPP). Isopentenyl diphosphate delta isom-
erase catalyzes an essential reaction in the biosynthesis of iso-
prenoids by converting IPP to DMAPP [53].

As most of the identified therapeutic targets play a pivotal
role in cellular metabolism, by developing new eflicacious
therapeutic agents in a synchronized way, we can potentially
control the infections caused by S. parauberis. Moreover, by
using the results of this study, we can make significant inno-
vations in testing the efficacy of available antimicrobial drugs.
Here, to check the therapeutic efficacy of one of the identified
targets in this study, we used an approved veterinary drug,
ceftiofur, which inhibits the transpeptidation step of peptido-
glycan synthesis during the formation of cell walls by binding
to penicillin-binding proteins. For comparative purposes, we
also studied florfenicol [15].

The in vitro results for antibiotic sensitivity against the
tested strains revealed the greatest effects of ceftiofur sodium
against fish isolates of S. parauberis in comparison with flor-
fenicol. All tested strains of S. parauberis showed 100% sus-
ceptibility to ceftiofur and florfenicol with an MIC range of
0.0039-1 ug/mL and 0.5-8 pug/mL, respectively. These results
are common with other reported susceptibility studies of
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TaBLE 7: Minimum inhibitory concentration and minimum biofilm eradication concentration comparison for ceftiofur and florfenicol

against field and known strains of S. parauberis.

Strain Ceftiofur Florfenicol
MIC (ug/mL) MBEC* (ug/mL) MBEC/MIC ratio MIC (ug/mL) MBEC (ug/mL) MBEC/MIC ratio
S. parauberis 2628 1 4 4 2 8 4
S. parauberis S177 0.125 256 2048 4 16 4
S. parauberis S1885 0.0039 2 512 1 64 64
S. parauberis KCTC 3651 0.0078 32 4102 0.5 64 128
S. aureus ATCC 29213 1 256 256 2 64 32

MIC: minimum inhibitory concentration; MBEC: minimum biofilm eradication concentration.

ceftiofur and florfenicol against streptococcal strains isolated
from different sources [54-56].

Ceftiofur sodium and florfenicol have time-dependent
inhibitory activities against S. parauberis strains, as bacterial
growth was inhibited after 4 hours of incubation, irrespective
of the antibiotic concentrations. Based on the minimum and
maximum inhibitory concentrations, i.e., MIC,, and MIC,,
(the concentration at which about 90 percent of the tested
strains were inhibited), all tested bacterial strains were highly
susceptible. We illustrated that ceftiofur has a minimum bac-
tericidal concentration (MBC) 2-16 times greater than the
MIC against S. parauberis, which confirmed reports by other
authors [13, 16, 57, 58]. Although the IC,, range of ceftiofur
was less than its MIC value, the IC,, value obtained from the
time-kill curve analysis can assist in predicting the in vivo
antimicrobial efficacy and dosage regimen according to the
concentration change over time [59].

For environmental survival, one of the most important
resistance mechanisms is the formation of biofilm by bacte-
rial strains. Biofilms consist of aggregates of adherent bacte-
ria in joint composition with proteins, polysaccharides,
DNA, and lipids called an extracellular polymeric matrix.
Different fish pathogenic bacteria including a few species of
streptococcal bacteria like S. mutants have biofilm-forming
potential [60-62].

Based on the present findings, the same characteristics of
biofilm formation were identified within S. parauberis
strains. Biofilm formation was enhanced with the addition
of 0.5% glucose in BHI media as a source of carbohydrate.
Biofilms work as the reservoir for survival of bacteria; thus,
in this form, bacterial resistance to the antibiotics was
increased. Due to the altered behavior of biofilm communi-
ties of bacteria, the antimicrobial susceptibility of biofilm-
forming strains of S. parauberis was determined by the
minimum biofilm eradication concentration (MBEC). The
MBEC of ceftiofur was >1000 times higher than its MIC,
which agrees with previous reports suggesting that the plank-
tonic form of bacteria is 10-1000 times less resistant than bac-
teria of biofilm communities. In order to obtain maximum
therapeutic outcomes and reduce antibiotic resistance, it is
crucial to optimize the dosage of available antibiotics, and as
such, agents for treatment of resistant bacterial infections
are limited. Moreover, to achieve therapeutically effective
antimicrobials, the application of biofilm-forming bacteria
during in vitro susceptibility studies is more effective [63, 64].

In conclusion, our in vitro susceptibility studies found
ceftiofur as an effective antibiotic against both planktonic as
well as biofilm-forming strains of pathogenic Streptococcus
parauberis isolated from fish. Moreover, we found that one
of our identified target pathways was efficacious against all
tested S. parauberis strains. In the future, more in vitro and
in vivo findings will play a crucial role in validation of the
present findings and in testing of other available antimicro-
bials against S. parauberis, for elucidation of efficacious and
safe therapeutic agents. Furthermore, using available data
for other identified pathways, we can develop more specific
and potent novel therapeutic agents against S. parauberis.
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Bacillus megaterium NCT-2 is a nitrate-uptake bacterial, which shows high bioremediation capacity in secondary salinization soil,
including nitrate-reducing capacity, phosphate solubilization, and salinity adaptation. To gain insights into the bioremediation
capacity at the genetic level, the complete genome sequence was obtained by using a multiplatform strategy involving HiSeq and
PacBio sequencing. The NCT-2 genome consists of a circular chromosome of 5.19 Mbp and ten indigenous plasmids, totaling
5.88 Mbp with an average GC content of 37.87%. The chromosome encodes 5,606 genes, 142 tRNAs, and 53 rRNAs. Genes
involved in the features of the bioremediation in secondary salinization soil and plant growth promotion were identified in the
genome, such as nitrogen metabolism, phosphate uptake, the synthesis of organic acids and phosphatase for phosphate-
solubilizing ability, and Trp-dependent IAA synthetic system. Furthermore, strain NCT-2 has great ability of adaption to
environments due to the genes involved in cation transporters, osmotic stress, and oxidative stress. This study sheds light on
understanding the molecular basis of using B. megaterium NCT-2 in bioremediation of the secondary salinization soils.

1. Introduction

Soil application of organic and inorganic fertilizers for crop
and vegetable cultivation is the major source for soil
nitrate-nitrogen (nitrate-N), which increases agricultural
productivity. However, the vegetable yields do not increase
continuously with soil nitrate-N [1]. A large accumulation
of nitrate in soil results in soil secondary salinization, hav-
ing various adverse effects on soil productivity, and nitrate
accumulation in vegetables [2]. What is more, the reduction
of nitrate to nitrite can cause various human diseases [1].
Soil secondary salinization is a severe problem in inten-
sively managed agricultural ecosystems [3]. It is required
to develop a low-cost bioremediation method to remove
nitrate from soil.

In our previous study, Bacillus megaterium NCT-2 was
isolated from the secondary nitrate-salinized soil in a green-
house, which shows high nitrate-reducing capacity and salin-
ity adaptation in secondary salinization soil [4]. It can

remove nitrate at initial nitrate-N concentrations ranging
from 100 mg/L to 1,000 mg/L and grow well in inorganic salt
medium with 4.0% sodium chloride [4]. In our field trails, the
concentrations of NO; in both soil and plant were reduced
significantly when we used the NCT-2 strain mixed with
straw powder to treat secondary salinization soil (unpub-
lished). Moreover, this strain showed significant phosphate-
solubilizing ability of insoluble inorganic phosphates in the
culture medium [5]. Strain NCT-2 has the potential to be uti-
lized as a biofertilizer for bioremediation of the secondary
nitrate-salinized soil and plant growth promotion [6].

The Gram-positive bacterium Bacillus megaterium is
found in diverse habitats from soil to sediment, sea, and dried
food. It was named after its big size with a volume approxi-
mately 100 times than that of Escherichia coli [7]. Its big size
made it ideal to be used in studies of cell structure, protein
localization, sporulation, and membranes [8, 9]. Due to no
production of endotoxins associated with the outer mem-
brane and no external alkaline proteases, they are used widely
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as desirable cloning hosts in food and pharmaceutical pro-
duction processes for a- and 5-amylases in the baking indus-
try [10, 11], penicillin acylase [12-14], and vitamin B12 [15],
such as Bacillus megaterium DSM 319, Bacillus megaterium
QM B1551, and Bacillus megaterium WSH 002 [16, 17].
The genomes of them have been sequenced to gain insights
into the metabolic versatility that facilitate biotechnological
applications, not the bioremediation of secondary saliniza-
tion soil [18, 19].

Despite the previously published work sequenced the
5.68 Mb draft genome of B. megaterium NCT-2 by using
the Solexa platform, consisting of the 204 contigs, it focused
only on the multiple alignments of nitrate assimilation-
related gene sequences [20]. The functional nitrate
assimilation-related genes (the nitrate reductase electron
transfer subunit, the nitrate reductase catalytic subunit, the
nitrite reductase [NAD(P)H] large subunit and small sub-
unit, and the glutamine synthetase) were identified [20].
The genes that could be involved in the full potential of strain
NCT-2 in the bioremediation of secondary salinization soil
remain unknown. For this, we obtained its complete genome
sequence by using a multiplatform strategy involving HiSeq
and PacBio sequencing. Furthermore, we performed a com-
prehensive analysis of nitrogen metabolism and plant
growth-promoting features. The comparative analysis might
be helpful for use in soil bioremediation.

2. Methods

2.1. DNA Preparation and Genome Sequencing. B. megater-
ium NCT-2, isolated from the secondary salinized green-
house soil in China, was cultured in a defined inorganic salt
medium as previously described [4]. It was registered in
China General Microbiological Culture Collection Center
under CGMCC No. 4698. Genomic DNA was isolated using
QIAGEN DNeasy Blood & Tissue Kit (Hilden, Germany).
The concentration and quality of DNA were determined by
a Qubit Fluorometer (Thermo Scientific, USA), NanoDrop
Spectrophotometer (Thermo Scientific, USA), and agarose
electrophoresis. The whole genome of the B. megaterium
strain NCT-2 was sequenced by the BGI Tech Solutions
Co., Ltd. (Shenzhen, China) by using Illumina Hiseq 4000
short-read sequencing platform (Illumina Inc., San Diego,
CA, USA) (insert size, 500 bp; 2 x 125bp read length) and
PacBio RSII long-read sequencing platform (Pacific Biosci-
ences of California, Inc., Menlo Park, CA, USA) (Figure S1).

2.2. Genome Assembly and Annotation. After quality control,
the de novo assembly of the whole NCT-2 genome was per-
formed using the RS_HGAP Assembly3 in the SMRT Analy-
sis pipeline version 2.2.0 [21]. The HiSeq clean reads were
preliminarily assembled into contigs and then were used for
hybrid error correction of the subreads from PacBio. There
were two rounds of error correction. One was analyzed by
using SOAPsnp and SOAPIndel [22] and another was by
using the Genome Analysis Toolkit (GATK) [23]. Finally,
SSPACE-LongRead [24] and Celera assemble [25] were used
to generate a high-quality genome. The finished NCT-2
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genome was submitted to GenBank, replacing the previous
version of the draft genome [20].

The protein-coding genes were predicted by using Glim-
mer 3.02 [26], and the tandem repeats were detected with
Tandem Repeat Finder 4.04 [27]. The gene function annota-
tion was accomplished by blasting the protein sequences
against the database of Kyoto Encyclopedia of Genes and
Genomes (KEGG) [28]. In addition, the RAST web server
(https://rast.nmpdr.org) with the default parameters was
used to catalog all the predicted genes into subsystems
according to functional categories [29, 30]. CGView was used
to produce the maps of the circular genomes with gene fea-
ture information [31]. Genome alignments with locally col-
linear blocks were performed with MAUVE [32].

2.3. Phylogenetic Analysis. The whole genome-based phylo-
genetic analysis was performed by using the CVTree 3.0
online server [33, 34]. Fourteen genome sequences were
obtained from GenBank. A phylogenetic tree was con-
structed by the neighbor-joining method using MEGA
analysis [35-37]. In addition, FusionDB was used to ana-
lyze the functional repertories of B. megaterium NCT-2
and identify the nearest “neighbors” based on the func-
tional similarities [38, 39].

3. Results and Discussion

3.1. General Genomic Characteristics. A total of ~1,189 Mb
raw data and ~1,147 Mb clean data were obtained after filter-
ing the low-quality reads generated by the HiSeq platform.
The PacBio platform yielded 48,392 polymerase reads (with
the average size of 12.9kb) and 622 Mb subreads after quality
control. The complete genome was assembled by taking
advantage of the higher accuracy short reads from the HiSeq
platform and the long subreads from the PacBio platform.
The genome consists of a circular chromosome of 5.19 Mb
with an average GC content of 38.2% (accession number:
CP032527.2) and ten circular plasmids designated as the
plasmid pNCT2-1 to pNCT2-10 (accession numbers:
CP032528.1-CP032537.1). Sequence information was visual-
ized in CG view Server (Figure 1 and S2). The total genome
size is 5.88 Mb with an average GC content of 37.87%. The
whole genome contains 6,039 genes, including 5,606 coding
sequences, 203 RNA genes, and 230 pseudo genes. There
are 127 identified tandem repeat sequences (TRF), 83 minis-
atellite DNA, and 7 microsatellite DNA.

The general features of B. megaterium NCT-2 were com-
pared with five genomes of Bacillus strains (Bacillus megater-
ium DSM 319, Bacillus megaterium QM B1551, Bacillus
subtilis subsp. subtilis str. 168, Bacillus cereus Q1, and Bacil-
lus licheniformis DSM 13) (Table 1). The genome GC con-
tents for three B. megaterium strains are around 38%.
Strain NCT-2 has the largest genome size and most coding
sequences and RNA genes, such as 53 rRNAs and 142 tRNAs.
There were 14 rRNA operons on the negative chain and one
rRNA operon on the positive strand with a 16S-23S-5S orga-
nization. In addition, the positive chain had one unusual
rRNA operon with a 16S-23S-5S-5S organization and a single
5S rRNA. The microbial genome size is positively correlated
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NCT-2, chromosome
length: 5,193,616 bp

I CDS BLAST NCT-2 B GC content
I tRNA BLAST DSM 319 M GC skew+
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FIGURE 1: Genetic and physical map of the genome of B. megaterium NCT-2 prepared using CGView. Circles from the outside to the
inside show the position of protein-coding sequences (blue), tRNA gene (red), and rRNA genes (pink) on the positive (circle 1) and
negative (circle 2) strands. Circles 3-5 show the positions of BLAST hits detected through BLASTx comparisons of B. megaterium
NCT-2 against itself (circle 3), B. megaterium DSM 319 (circle 4), and B. megaterium QM B1551 (circle 5). Circles 6 and 7 show
plots of GC content and GC skew plotted as the deviation from the average for the entire sequence.

TABLE 1: General genome features of B. megaterium NCT-2 compared with other five Bacillus strains.

B. megaterium  B. megaterium  B. megaterium B. licheniformis

Strain NCT-2 QM B1551 DSM 319 B. subtilis 168  B. cereus Q1 DSM 13
Genome size (Mb) 5.88 5.52 5.10 4.22 5.51 4.22
Chromosome size (Mb) 5.19 5.10 5.10 4.22 521 4.22
G+C content (%) 37.8 37.97 38.1 435 35.5 46.2
Chromosomal G+C content (%) 38.2 38.3 38.1 43.5 35.6 46.2
Gene number 6039 5674 5245 4536 5856 4382
Coding sequence number 5606 5379 4941 4237 5513 4219
RNA gene number 203 182 153 116 137 98
rRNA genes 53 37 33 30 39 21
(58, 16S, and 239) (19, 17, 17) (13, 12, 12) (11, 11, 11) (10,10, 10) (13, 13, 13) (7,7,7)
tRNA gene number 142 137 114 86 93 72
Plasmid number 10 7 0 0 2 0

with their environment adaptability [40]. One typical charac-
teristic of soil microorganisms is the high number of rRNAs,
which is helpful for fast growth, successful sporulation, ger-
mination, and rapid response to changing the availability of
nutrients [41-44]. These features indicate that strain NCT-
2 has great ability of adaptation to various environments.
Most strains of Bacillus megaterium carry multiple plas-
mids, such as strain QM B1551 has seven resident plasmids

[18], Bacillus megaterium strain 216 has ten plasmids [45],
and Bacillus megaterium NBRC 15308 has six plasmids. As
for the ten plasmids in strain NCT-2, the sizes range from
9,625bp to over 132kb making up 11.7% of the whole
genome (Table S1). The plasmids have significantly lower
GC contents than the chromosome (33.7-37.0% versus
38.2%). There are 761 coding sequences and 23 RNA genes.
Both plasmids pNCT2-2 and pNCT2-6 had one tRNA. In



addition, pNCT2-7 had 18 tRNAs, one 5S RNA, one large
subunit ribosomal RNA (LSU rRNA), and one small
subunit ribosomal RNA (SSU rRNA). Additional rRNA
operons carried on plasmids slowed the growth rates of
E. coli on poor carbon sources [46]. Further investigations
are needed to clarify the role of plasmids in bacterial
growth and adaptations to high-nitrate environments in
bioremediation of the secondary salinization soils.

3.2. Phylogenetic Lineage Analysis. We used CVTree 3.0 to
construct a phylogenetic tree based on the complete pro-
teomes with Macrococcus caseolyticus JCSC5402 as an out-
group. The obtained tree (Figure 2(a)) indicated that B.
megaterium NCT-2 was most homologous to B. megaterium
DSM 319 and then B. megateriumn QM B1551. Similarly,
genome comparison using the RAST Prokaryotic Genome
Annotation Server also showed that the genomic sequence
of NCT-2 had a higher comparison score with B. megaterium
QM BI1551 and B. megaterium DSM 319 (Figure S3).
Furthermore, 16S rDNA sequences from 15 Bacillus strains
were used to construct a phylogenetic tree by MEGA7 with
the neighbor-joining method. The neighbor-joining
phylogenetic tree shows that strain NCT-2 is closest to B.
megaterium QM B1551, B. megaterium DSM 319, and B.
megaterium WSH 002 (Figure 2(b)). Whole-genome
alignment of B. megaterium NCT-2 to closely related QM
B1551 and DSM 319 by using MAUVE revealed that the
chromosomes of the three strains showed overall
collinearity (Figure 2(c)).

3.3. Functional Annotations of B. megaterium NCT-2. To
investigate the function of the 5,606 coding sequences, the
GO database, the KEGG database, the COG database, and
RAST web server were used. The 3,159 genes annotated by
GO were classified into biological processes, cellular compo-
nents, and molecular functions (Figure S4). The top five
categories were catalytic activity (1,822), metabolic process
(1,786), cellular process (1,567), single-organism process
(1,400), and binding (1,214).

2,338 chromosomal genes (44%) were assigned into 477
subsystems by RAST (Figure S5a). Subsystem -category
comparisons among six related Bacillus strains showed that
the number of genes involved in “Amino Acids and
Derivatives” and “Carbohydrates” was highest in the
genome of the six strains (Figure 3(a)). In addition, Bacillus
megaterium has more genes involved in “Cofactors,
Vitamins, Prosthetic Groups, Pigments.” The top five
categories in strain NCT-2 were the “Amino Acids and
Derivatives” (538), “Carbohydrates” (500), “Cofactors,
Vitamins, Prosthetic Groups, Pigments” (340), “Protein
Metabolism” (283), and “Fatty Acids, Lipids, and
Isoprenoids” (180).

Likewise, 2,962 genes annotated by the KEGG database
were assigned to 38 pathways (Figure 3(b)). The top five
enriched pathways were “Biosynthesis of other secondary
metabolism” (710), “Signaling molecules and interaction in
Environmental information processing” (542), “Substance
dependence” (540), “Nucleotide metabolism” (475), and
“Immune disease” (472).
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Like most strains of B. megaterium, which carry more
than four plasmids, strain NCT-2 harbors ten indigenous
plasmids. Only 75 genes (10%) were assigned into 37 subsys-
tems by RAST (Figure S5b), including genes for riboflavin
metabolism, butanol biosynthesis, and xylose utilization,
and parts of genes in benzoate degradation and metabolism
of central aromatic intermediates. There are also genes for
cobalt-zinc-cadmium resistance, oxidative stress, and
nitrosative stress.

3.4. Microbial Functional Similarities. The translated protein
sequence of B. megaterium NCT-2 was downloaded from
RAST and submitted to the FusionDB web server (https://
services.bromberglab.org/fusiondb/mapping) [38]. The sub-
mitted proteome (containing 5,364 proteins) matched to
3,662 FusionDB functions, while 228 proteins could not be
mapped to any function in their database. The functional
similarities of B. megaterium NCT-2 with 1,374 taxonomi-
cally distinct bacteria (with similarity > 40%) were shown in
Table S2, most of them were soil bacterium. Strain NCT-2
is most functionally similar to B. megaterium DSM 319
(90%) and B. megaterium QM B1551 (89%). The functional
relationships ~among nine  Bacillus  strains  were
demonstrated by the fusion+ networks (Figure 4(a)). There
were 1,290 functions shared by all of them. The common
functional annotations related to nitrogen metabolism were
nitrite transporter NirC, nitrogen-fixing NifU domain
protein, nitroreductase, nitrate transport protein, and 2-
nitropropane dioxygenase. Notably, there are 3,047
functions shared among three strains of B. megaterium
(strain NCT-2, strain QM B1551, and strain DSM 319)
(Figure 4(b)). Strain NCT-2 has most of the core genes
and pathways, including vitamin biosynthesis and nitrogen
metabolism. The nitrogen metabolism-related genes, such
as those encoding nitrate transport protein, nitrate/nitrite
sensor protein, nitric oxide reductase activation protein,
nitrite reductase [NAD(P)H] large subunit, nitrite
reductase [NAD(P)H] small subunit, nitrite transporter,
nitrite-sensitive  transcriptional = repressor,  nitrogen
regulatory protein P-II, nitrogen-fixing NifU domain
protein, nitroreductase, and nitroreductase family protein,
were located on the chromosome of the three strains.
Furthermore, only strain NCT-2 carries the gene encoding
for periplasmic nitrate reductase.

3.5. Genome Inventory for Nitrogen Metabolism. In our field
experiment, strain NCT-2 shows high nitrate-reducing
capacity in secondary salinization soil (unpublished). The
functional nitrate assimilation-related genes that are involved
in the process of converting nitrate to glutamine have been
identified [20]. The genes encoding nitrate and nitrite reduc-
tase were cloned and overexpressed in Escherichia coli [47].
Here, the whole genomic analysis also revealed the genes
encoding sensor, transporter, and enzymes are involved in
nitrogen metabolism. The genes were scattered in the chro-
mosome. Genes encoding nitrite-sensitive transcriptional
repressor (NsrR), which is directly sensitive to nitrosative
stress, were found in both the chromosome and the plasmid
(Table S3 and Figure S6). B. megaterium NCT-2 possessed
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F1GURE 2: Phylogenetic tree showing the position of Bacillus megaterium NCT-2. (a) The tree was constructed based on the frequency of >6-
string predicted peptides from the whole genome sequences by using CVTree 3.0. (b) The tree is based on 16S rDNA phylogenetic analysis by
using MEGA7 with the neighbor-joining method. The bootstrap consensus tree inferred from 1,000 replicates is taken to represent the
evolutionary history of the taxa analyzed. (c) Chromosomal similarity among strain NCT-2, DSM 319, and QM B1551 by using Mauve
alignments. Three local collinear blocks (LCBs) on the chromosomes were identified and joined by connecting lines in the three genomes.
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nitrate/nitrite sensor protein (NaNiS) and nitrate/nitrite assimilatory nitrate reductase (NaRas) and nitrite reductase
transporter (NaNiT) for sensing and transporting the NO,”  (NiRas) catalyzed the reduction of nitrate to ammonia
and NO,". In the process of nitrate and nitrite ammonification,  through nitrite [48]. Then, ammonia was assimilated into
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amino acids through L-Glutamine and L-Glutamate by
glutamine synthetase type I (GSI), Ferredoxin-dependent
glutamate synthase (GOGATF), glutamate synthase [NADPH]
large chain (GOGDP1), and glutamate synthase [NADPH]
small chain (GOGDP2). Ammonium transporter (Amt)
was also encoded in the genome. Ammonium is an
important nitrogen source for plant growth. Environmental
NH,"/NH, was imported across membranes by Amt for
cell growth in prokaryotes and plants [49]. Bacterial Amt
proteins act as passive channels for the uncharged gas
ammonia (NH;) [50]. It means that B. megaterium NCT-2
might scavenge NH,"/NH, in soil instead of providing. In
the face of nitrosative stress, genes encoding nitrite-sensitive
transcriptional repressor (NsrR) were found in both the
chromosome and the plasmid. NsrR played a pivotal role in
the regulation of NirK (nitrite reductase), which was expressed
aerobically in response to the increasing concentration of NO,
and decreasing pH [51]. However, no functional NirK could
be found. Instead, two nitric oxide reductase activation
proteins (NorD and NorQ) for denitrifying reductase gene
clusters were found but without nitric oxide reductase, making
the function of denitrification highly unlikely. Thus, the
genome analysis proposed that B. megaterium NCT-2 could
convert nitrate from secondary salinization soil into biomass

through glutamate rather than reduce nitrate to nitrous oxide
or dinitrogen, which are lost from the soil (Figure 5). It is an
effective bioremediation approach to remove nitrate from soils.

3.6. Genes Associated with Plant Growth-Promoting Features.
Our previous studies on the plant growth promotion of B.
megaterium NCT-2 revealed that it could produce organic
acids (lactic acid, acetic acid, propionic acid, and gluconic
acid) and phosphatase in culture medium, showing signifi-
cant phosphate-solubilizing ability [5]. Inoculation with B.
megaterium NCT-2 significantly increased the root fresh
weight of maize [6]. The genome of NCT-2 contains genes
encoding for glucose 1-dehydrogenase (EC 1.1.1.47) and
alkaline phosphatase (EC 3.1.3.1). Glucose dehydrogenase
can oxidize glucose to gluconic acid, which is the most fre-
quent organic acid produced by phosphate-solubilizing bac-
teria [52]. Additionally, the phosphate starvation system for
phosphate uptake encoded by pstS, pstC, pstA, and pstB was
also found in the genome. The phosphate solubilization
capacity of strain NCT-2 plays a positive role in promoting
plant growth by dissolving unavailable P (PO,>) in soil to
plant available forms.

Many plant growth-promoting bacteria have the ability
to synthesize plant auxins (indole-3-acetic acid, IAA)
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[53, 54], which is a key regulator for plant growth and devel-
opment, such as cell division and elongation, lateral root pro-
duction, and flowering [55]. Large-scale genomic analysis of
IAA synthesis pathways suggested that plenty of bacteria
could synthesize IAA via multiple incomplete pathways,
and Firmicutes genomes had the simplest Trp-dependent
IAA synthetic system [56]. According to the KEGG analysis,
strain NCT-2 could assimilate tryptophan (Trp) (Figure S7)
but had incomplete Trp-dependent TAA synthesis pathways,
such as the indole-3-acetamide (IAM) pathway and indole-
3-pyruvate (IPA) pathway (Figure S8). It had aldehyde
dehydrogenase (NAD') (EC 1.2.1.3) and amidase (EC
3.5.1.4) catalyzing the final step of IAA synthesis. However,
we could not find the enzymes which convert Trp into IAM
and IPA. These results suggested that strain NCT-2 might
synthesize IAA from intermediates.

Both the phosphate solubilization and IAA synthesis
play important roles in plant growth promotion of strain
NCT-2 during biocontrol and bioremediation of the sec-
ondary salinization soils.

3.7. Genes Involved in Stress Response. B. megaterium NCT-2
showed high salinity adaptation in secondary salinization soil
in our previous study [4]. From the genome perspective, we
can see genes involved in cation transporters (magnesium
transport and copper transport system) and stress response,
such as osmotic stress, oxidative stress, and detoxification.
Glycine betaine, a very efficient osmoprotectant, can be
synthesized or acquired from exogenous sources [57].
There are glycine betaine ABC transport systems (opuA,
opuC, and opuD) for choline uptake and genes for the gly-
cine betaine biosynthetic enzymes (choline dehydrogenase,
gbsB, and betaine-aldehyde dehydrogenase, gbsA) in strain

NCT-2 genome. Moreover, the genome contains genes
encoding for superoxide dismutase (EC 1.15.1.1), catalase
(EC 1.11.1.6), and ferroxidase (EC 1.16.3.1), protecting
bacteria from oxidative stress. It implied that NCT-2 has
great ability of adaption to environments.

4. Conclusion

A hybrid approach with multiple assembler was used to
assemble the complete genome of B. megaterium NCT-2.
The deeper investigation identified clues associated with the
features of the bioremediation of secondary salinization soil
and plant growth promotion at the gene level, such as nitro-
gen metabolism, phosphate uptake, synthesis of organic acids
and phosphatase for phosphate-solubilizing ability, and Trp-
dependent TAA synthetic system. Furthermore, the genes
involved in cation transporters, osmotic stress, and oxidative
stress implied that NCT-2 has great ability of adaption to
environments. In summary, these results provide valuable
genomic resources for further studies and applications of
using B. megaterium NCT-2 in bioremediation processes of
secondary salinization soil.
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Actinobacillus pleuropneumoniae is the etiologic agent of porcine pleuropneumonia. Currently, there are 18 different serotypes;
the serotype 8 is the most widely distributed in the United States, Canada, United Kingdom, and southeastern Brazil. In this
study, genomes of seven A. pleuropneumoniae serotype 8 clinical isolates were compared to the other genomes of twelve
serotypes. The analyses of serotype 8 genomes resulted in a set of 2352 protein-coding sequences. Of these sequences,
76.6% are present in all serotypes, 18.5% are shared with some serotypes, and 4.9% were differential. This differential
portion was characterized as a series of hypothetical and regulatory protein sequences: mobile element sequence. Synteny
analysis demonstrated possible events of gene recombination and acquisition by horizontal gene transfer (HGT) in this
species. A total of 30 sequences related to prophages were identified in the genomes. These sequences represented 0.3 to
3.5% of the genome of the strains analyzed, and 16 of them contained complete prophages. Similarity analysis between
complete prophage sequences evidenced a possible HGT with species belonging to the family Pasteurellaceae. Thus, mobile
genetic elements, such as prophages, are important components of the differential portion of the A. pleuropneumoniae
genome and demonstrate a central role in the evolution of the species. This study represents the first study done to
understand the genome of A. pleuropneumoniae serotype 8.

1. Introduction

Pork is an important source of animal protein and is cur-
rently one of the most commonly consumed meat products
in the world [1]. However, the use of an intensive production
system has frequently given rise to the occurrence of respira-
tory diseases, having a major impact on production, causing
significant economic losses in pig farming [2, 3]. Porcine
pleuropneumonia is one of the most important respiratory
diseases in pigs and is caused by the bacterium Actinobacillus
pleuropneumoniae; this species can be divided into two bio-

types according to their dependence on nicotinamide ade-
nine dinucleotide (NAD) [4]. Currently, this species is
classified into 18 serotypes based on the antigenic properties
of capsule polysaccharides [5-7].

The pathogenesis of porcine pleuropneumonia is complex
and involves different virulence factors produced by the bac-
terium [8-10]. Virulence is multifactorial and is related to a
combination of factors such as toxins from the RTX family,
composition and structure of capsule polysaccharides, outer
membrane lipopolysaccharide (LPS), iron siderophores,
biofilm formation, and adhesins [8]. In addition to the


https://orcid.org/0000-0003-4456-8303
https://orcid.org/0000-0002-5116-9856
https://orcid.org/0000-0002-0371-6966
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/9354204

2 International Journal of Genomics

TaBLE 1: A. pleuropneumoniae genomes used in this study.
Strain/serotype Genome size (pb) CDS % GC Accession code (WGS) Reference
4074/1 2318649 2135 41.2 CP029003.1 Xu et al,, [16]
4226/2 2314083 2228 41.2 ADXNO00000000.1 Zhan et al., 2010
JLO3, 3 2242062 2115 41.2 CP000687.1 Xu et al., 2008
M62/4 2260565 2186 41.2 ADOF00000000.1 Xu et al., [16]
1L20/5b 2274482 2168 41.3 CP000569.1 Foote et al., 2008
Femo/6 2302700 2300 41.0 ADOG00000000.1 Xu et al.,, [16]
AP76/7 2345435 2234 41.2 CP001091.1 Linke et al., 2008
MV460/8 2213381 2116 41.1 JSVG00000000.1
MV518/8 2275540 2189 41.1 JSVZ00000000.1
MV597/8 2219395 2115 41.1 JSVX00000000.1 .

Pereira et al., [23]

MV780/8 2274000 2179 41.1 JSVV00000000.1
MV1022/8 2262828 2179 41.1 JSVEF00000000.1
MV5651/8 2264279 2179 41.1 JSVY00000000.1
MIDG2331/8 2337633 2235 41.1 LN908249.1 Bossé et al., [22]
CV]J13261/9 2256417 2163 41.2 ADOI00000000.1
D13039/10 2266276 2155 41.2 ADOJ00000000.1
56153/11 2257884 2154 41.2 ADOKO00000000.1 Xu et al., [16]
1096/12 2185499 2082 41.2 ADOL00000000.1
N273/13 2236660 2148 41.2 ADOMO00000000.1

abovementioned virulence factors, some A. pleuropneumo-
niae serotypes present natural competence, and therefore,
the occurrence of natural transformation is common in this
species and dissemination of resistance genes in Pasteurella-
ceae family members, as A. pleuropneumoniae, is common
[11-13]. Finally, virulence is complex, and antimicrobial resis-
tance genes that can be encoded by both the chromosome and
plasmids are essential depending on the specific niche, as in
the natural hosts and in specific conditions [14, 15].

Although comparative genomic studies with different
genotypes of A. pleuropneumoniae serotypes were carried
out [16], no information on A. pleuropneumoniae serotype
8 was provided so far. Over the years, A. pleuropneumoniae
serotype 8 has been neglected in identification studies due
to failures in serotyping techniques, and as a result, genomic
studies involving this serotype are nonexistent. Although
recent studies have showed a wide distribution of this serotype
in several regions, such as the United Kingdom [17, 18], North
America [19], and Brazil [20], just recently A. pleuropneumo-
niae serotype 8 genome sequence was available [21, 22].

A study carried out by our research group using the
alternative host, Galleria mellonella larvae, detected different
virulence patterns in clinical isolates of serotype 8 A. pleurop-
neumoniae [23]. Based on the results obtained from that
study, six isolates with different phenotypic profiles were
selected for genomic sequencing. Clinical isolates from A.
pleuropneumoniae serotype 8 have virulence complexity [9],
but no specific information on genotypic variability is avail-
able so far. Then, this study is the first to describe A. pleurop-
neumoniae serotype 8 genomic from comparative analysis
between A. pleuropneumoniae serotype 8 genomes (clinical
isolates: Brazilian origin [21], one of English origin [22])

and twelve genomes of different serotypes of A. pleuropneu-
moniae deposited in databases.

2. Materials and Methods

2.1. Actinobacillus pleuropneumoniae Genome Sequences.
Nineteen genomes from different serotypes of A. pleuropneu-
moniae available at the GenBank database (https://www.ncbi
.nlm.nih.gov/genbank/) were used in the present study. The
genomes of A. pleuropneumoniae serotypes 1 (4074), 13
(JLO3), 5 (L20), 7 (AP76), and 8 (MIDG2331) are closed.
The genomes of the other serotypes are in contigs (Table 1).

2.2. Determination of Protein-Coding Sequence Set in A.
pleuropneumoniae Serotype 8. The set of clusters of the cod-
ing DNA sequences (CDS) predicted for A. pleuropneumo-
niae serotype 8 was based on the seven genomes of clinical
isolates taken from pig farms, six from Brazil [21] and one
from the United Kingdom [22]. In this analysis, the CD-
HIT v.4.6.1 program [24, 25] was used to consider an identity
threshold of 0.85 to cluster the CDS. For the functional anno-
tation of the A. pleuropneumoniae serotype 8 reference
genome, five databases were used: COG [26], CDD [27],
PFAM [28], SMART [29], and UNIPROT [30]. The similar-
ity searches were carried out using the BLAST algorithm [31]
considering an E value < 10,

2.3. Comparative Analysis of Predicted CDS of Serotype 8 and
the Other 12 Different Serotypes of A. pleuropneumoniae. In
this analysis, 12 genomes of A. pleuropneumoniae different
serotypes (1, 2, 3, 4, 5b, 6,7, 9, 10, 11, 12, and 13) were used
(Table 1). These sequences are deposited in the UNIPROT
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database [30]. The comparative analysis was carried out
using the BLAST algorithm [31], contrasting the genomes
of the serotypes analyzed against the A. pleuropneumoniae
serotype 8 reference assembled in this study.

2.4. Analysis of A. pleuropneumoniae Orthologous Gene
Groups. From the predicted CDS of the 12 different serotypes
and 7 serotype 8 A. pleuropneumoniae genomes, a database
containing 28002 CDS corresponding to all serotypes of the
species was assembled. Using the CD-HIT v.4.6.1 program
[24, 25], with an identity threshold of 0.70 identity to cluster
the sequences, an analysis was carried out to characterize the
total set of CDS of the species. The CD-HIT was used for
clustering the sequence and for reducing redundancy among
them, to improve the results.

The groups of CDS identified by the CD-HIT were classi-
fied as core, shared, or differential. Additionally, the predicted
protein sequences of A. pleuropneumoniae serotype 8 were
individually compared to the predicted protein sequences of
the other serotypes using the BLAST algorithm [31].

2.5. Genome-Wide Analysis of Preferential Codon Usage and
GC%. The analysis of the preferential use of codons and
GC content was carried out using the EMBOSS program
[32] for the different serotype genomes of A. pleuropneumo-
niae. The use of each synonymous codon was determined by
calculating the RSCU (Relative Synonymous Codon Usage).
The RSCU value calculated for each codon was the parameter
used to evaluate the codon selection type, with values =1
characteristic of codons used with equal frequency; values
> 1 were positive selection and <1 negative selection.

2.6. Synteny Analysis. The analyses were derived from the
closed genomes of A. pleuropneumoniae serotypes 03 (JL03),
5b (L20), 7 (AP76), and 8 (MIDG2331) and from the six
genomes of A. pleuropneumoniae serotype 8 isolates of Bra-
zilian origin (MV460, MV518, MV597, MV780, MV1022,
and MV5651). Multiple alignments of the sequences of the
A. pleuropneumoniae genomes were derived from the Pro-
gressive Mauve v.2.3.1 software program [33].

2.7. Analysis of Sequences Similar to Prophages. Sequences
similar to the prophages present in all the A. pleuropneumo-
niae genomes used in this study were obtained through the
PHASTER program [34]. The prophage sequences were
aligned by MAFFT [35], and the alignment was edited using
the GBLOCKS program [36]. A dendrogram using the
Neighbor-Joining genetic distance grouping method was
generated by the MEGA 6 program [37] with a bootstrap
containing 2000 replicates. Prophage complete sequences
were compared using BLAST [31] against the GenBank data-
bases to identify possible horizontal gene transfers between
bacteria. For this, a coverage and identity above 70% and
an E value less than 10" were used as cutoff points. After
editing, the alignment was obtained using the GBLOCKS
program. Using the same complete sequences of prophages,
an alignment was done with the Clustal Omega [38]. From
the values of the identity matrix provided, a heat map was
constructed with software R under version 3.5.1.

3. Results

3.1. Genomic Analysis of A. pleuropneumoniae Serotype 8.
The total set of predicted CDS of A. pleuropneumoniae sero-
type 8 generated from the seven clinical isolates corresponded
to 2352 sequences (Table 2). Of these, 1801 (76.6%) were con-
sidered core, 436 (18.5%) were shared with other serotypes,
though not all, and 115 (4.9%) were predicted to be differential
to A. pleuropneumoniae serotype 8 genomes. Among the
2352 CDS of A. pleuropneumoniae serotype 8, 1925 (81.8%)
were categorized into the COG database. Among these were
1542 (80.1%) encode proteins with known functional cate-
gories (excluding “Unknown function” and “Prediction of
general functions”).

From the distinction of the core, shared and differen-
tial regions of A. pleuropneumoniae serotype 8 CDS and
clusters of ortholog groups were analyzed. Of the 1801
sequences comprising the core portion, 1685 were affiliated
to the categories of the COG database. Among these, 1358
sequences (80.6%) represent known functional categories
(Table 2). The majority of sequences characterized as core
are related to amino acid metabolism and transport; ribo-
somal translation, structure, and biogenesis processes; bio-
genesis of the wall, membrane, and cell envelope; and
production and conservation of energy, among other activ-
ities considered essential to the survival of the pathogen
(Table 2).

As regards the shared portion, of the 436 sequences, 220
were affiliated with the COG database categories, of which
166 (75.5%) were known functional categories. Most
sequences are related to the metabolism and transport of
inorganic ions; biogenesis of the cellular envelope; replica-
tion, recombination, and DNA repair; and metabolism in
general (Table 2; Supplementary Data Table 1).

The differential portion of the A. pleuropneumoniae
serotype 8 genomes showed 115 CDS. Only 20 sequences
were affiliated to the COG database categories, of which
18 (90.0%) were known functional categories (Table 2).
These differential C are related to the regulatory processes
and HGT mechanisms such as plasmids and prophages
(Table 2; Supplementary Data Table 1). In this portion, CDS
related to resistance to antibiotics such as tetracycline and
florfenicol genes, transcriptional regulators such as LysR,
DNA repair protein, transposon gamma-delta resolvase,
transport proteins such as sodium and glutamate symmetric
acetyltransferase, and prophage-related protein-coding
sequences were reported (Table 2).

3.2. The Pangenome of A. pleuropneumoniae. From the
2984 clusters obtained from the total set of CDS of the spe-
cies, the general characterization of the CDS with the dis-
tinction of the core, shared, and differential portions was
carried out. Of the total, 1737 clusters were characterized
as core region, present in the thirteen serotypes analyzed;
756 were clusters of CDS of shared proteins, and 491 clusters
corresponded to CDS of differential proteins of each sero-
type. As regards the total genome of each serotype, the core
portion averaged 82.5% (Table 3) showing conservation
among the different serotypes.
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TaBLE 2: Coding sequences of A. pleuropneumoniae serotype 8.
COG Description of COG classes Core Shared Differential Total
A RNA modification and processing 1 0 0 1
C Conversion and production of energy 117 9 0 126
D Cycle control and cell division, chromosome partitioning 25 3 0 28
E Amino acid metabolism and transport 158 10 1 169
F Nucleotide metabolism and transport 60 2 0 62
G Carbohydrate metabolism and transport 117 11 2 130
H Coenzyme metabolism and transport 91 10 1 102
I Lipid metabolism and transport 39 3 0 42
] Translation, ribosomal structure, and biogenesis 153 7 2 162
K Transcript 77 10 7 94
L Replication, recombination, and repair 95 20 4 119
M Biogenesis of cell wall, membrane, and envelope 127 21 0 148
N Cellular motility 6 1 1 8
O Posttranslational modification, protein turnover, and chaperones 96 6 0 102
P Metabolism and transport of inorganic ions 104 24 0 128
Q Biosynthesis of secondary metabolites, transport, and catabolism 8 5 0 13
T Signal transduction mechanisms 31 1 0 32
U Intracellular traffic, secretion, and vesicular transport 33 5 0 38
\% Defense mechanisms 20 18 0 38
R Prediction of general functions 158 23 2 183
S Unknown function 169 31 0 200
NC Proteins not categorized on COG 116 216 95 427
Total of affiliated proteins 1685 220 20 1925
Total of serotype 8 proteins 1801 436 115 2352

TaBLE 3: Characterization of protein groups in different serotypes of
A. pleuropneumoniae.

Serotype Tota}l C.ore Shgred Diffe.rential
proteins Proteins (%) Proteins (%) Proteins (%)
Serotype 1 2176 1765 (81.1) 404 (18.6) 7(0.3)
Serotype2 2064 1774 (86.0) 275 (13.3) 15 (0.7)
Serotype 3 2026 1756 (86.7) 260 (12.8) 10 (0.5)
Serotype 4 2219 1790 (80.7) 325 (14.7) 104 (4.7)
Serotype 5b 2004 1765 (88.1) 208 (10.4) 31 (1.6)
Serotype 6 2211 1768 (80.0) 384 (17.4) 59 (2.7)
Serotype 7 2113 1774 (84.0) 327 (15.5) 12 (0.6)
Serotype 8* 2352 1801 (76.6) 436 (18.5) 115 (4.9)
Serotype 9 2197 1779 (81.0) 416 (18.9) 2(0.1)
Serotype 10 2170 1774 (82.0) 321 (14.8) 75 (3.5)
Serotype 11 2184 1767 (81.0) 414 (19.0) 3(0.1)
Serotype 12 2081 1771 (85.1) 294 (14.1) 16 (0.8)
Serotype 13 2145 1760 (82.1) 381 (17.8) 4(0.2)

*Reference genome represents all the sequences encoding the seven clinical
isolate genomes previously sequenced.

3.3. Similarity Analysis between the Amino Acid Sequences
Predicted for A. pleuropneumoniae Serotype 8 and Other
Serotypes. An alignment between predicted amino acid

sequences of A. pleuropneumoniae serotype 8 was created
against all other A. pleuropneumoniae amino acid sequences
used in this study generating clusters based on the pattern of
similarity (Figure 1). Of the total 2352 amino acid sequences,
2196 (93.4%) had similarity patterns higher than 95%, thus
revealing high serotype 8 sequence conservation in relation
to the others. Based on the analysis of the BLAST results,
three main groups of similarity related to high, medium,
and low virulence standards were obtained. There was a
greater sharing of the predicted CDS of serotype 8 with the
serotype 6 sequences, followed by serotype 3 (Figure 1).

3.4. Codon Preferential Usage. As regards the codon analysis,
a high standard of conservation was observed in the use of
codons among all A. pleuropneumoniae serotypes investi-
gated, which includes the clinical isolates of serotype 8
analyzed in this study. In Figure 2, we have represented
the use of codons by A. pleuropneumoniae. Codons with
higher RSCU values result in higher positive selection for
their respective amino acids (Figure 2). We observed no sig-
nificant differences in the proportions of the use of amino
acids between the different isolates nor between the sero-
types. The most commonly used amino acids were leucine
(L: 10.6%), alanine (A: 8.7%), isoleucine (I: 6.8%), and valine
(V:6.8%), while cysteine (C: 1.0%) and tryptophan (W: 1.2%)
were the most rarely used (Figure 2).
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FIGURE 1: Analysis of similarity between predicted amino acid sequences of A. pleuropneumoniae serotype 8 and the other serotypes. The
protein-coding sequences were clustered according to similarity in percentages to serotype 8. The serotypes were also characterized in

relation to virulence.

3.5. Synteny Analysis of A. pleuropneumoniae. In the align-
ment between the genotype-representative contigs of the six
Brazilian clinical isolates of A. pleuropneumoniae serotype
8 and closed genomes of serotypes 3 (JL03), 5b (L20), 7
(AP76), and 8 (MIDG2331), we verified conservation in the
genome structure (Figure 3). The genomes of A. pleurop-
neumoniae share practically the same blocks, denomi-
nated LCBs: “Selecting Locally Collinear Blocks.” Although
genome alignment conservation was found, it was possible
to observe regions of acquisition/loss of genetic material
and rearrangements (Figure 3). The presence of a differential
and conserved block in the genomes of serotypes 5 (L20)
and 7 (AP76) as well as in four of the clinical isolates of
serotype 8 (MV518, MV780, MV1022, and MV5651) was
observed (Figure 3). In this block composed of approximately
42.206 pb and with GC content of 40.4%, there are sequences
encoding proteins related to integrase (WP_005620278.1),
pyrophosphatase (WP_005620280.1), RdgC recombina-
tion protein (WP_011848390.1), DNA methyltransferase
(WP_011848391.1), antirepressor (WP_011848395.1, WP_
011848414.1), DNA methylase (WP_011848397.1), endo-
deoxyribonuclease RuvA (WP_011848399.1), terminase
(WP_043880767.1), peptidase (WP_043877971.1), and vari-
ous phage proteins (WP_011848407.1, WP_011848405.1,
WP_011848408.1,and WP_011848412.1). In a second differ-
ential genomic segment, present only in serotype 7, a region
of inversion and rearrangement of a block of approximately
59.649 bp and GC content of 40.9% was present (Figure 3).
In this segment, we found sequences corresponding to genes
encoding carboxylase enzymes (WP_005617934.1, WP_

005602033.1), oxidoreductases (WP_005598646.1, WP_
005602054.1, and WP_012478542.1), reductase (WP_
005598644.1), virulence factors involved in iron uptake
(WP_005602070.1), integrase (WP_005617888.1), and trans-
posases (WP_005599960.1).

Minor variations were also observed between the dif-
ferent genomes (Figure 3). Among these differences, we
found a small region of approximately 13000 pb present
only in the seven genomes of A. pleuropneumoniae sero-
type 8 and the CDS found were for tRNA-glutamate ligase
(WP_005608501.1), tRNA-Ala (WP_005612726.1), prepro-
tein translocase (WP_005612726.1), transcriptional regula-
tor of the Rha family (WP_039768145.1), antirepressor
(WP_058230489.1), propanediol utilization protein (WP_
039768152.1), host death prevention protein family (Phd)
(WP_005598318.1), YoeB toxin (WP_005605064.1), tetracyl
disaccharide kinase (WP_005598320.1, WP_005608502.1),
and nine sequences encoding hypothetical proteins (WP_
039709488.1, WP_039768147.1, WP_039709486.1, WP_
039709484.1, WP_039709483.1, WP_052250595.1, WP_
014991324.1, WP_039768150.1, and WP_014991326.1).
Another region of approximately 13180 pb was found in the
genomes of A. pleuropneumoniae serotype 5 (L20), sero-
type 7 (AP76), and in three serotype 8 clinical isolates
(MIDG2331, MV1022, and MV518). Sequences correspond-
ing to genes present in this region were encoded for flpC
operon (WP_039709641.1), flpB operon (WP_039709034.1,
WP_011848427.1), fimbriae protein (WP_058230512.1,
WP_039709035.1, WP_005611759.1, and WP_011848428.1),
ATP-dependent ATP-RhI-RNA (WP_039709036.1), ATP-
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FIGURE 2: Use of codons and their respective amino acids of A. pleuropneumoniae. (a) The trend in the use of codons is represented in the
circular map. Methionine, tryptophan, and stop codons were omitted. Synonymous codons for an amino acid used with equal frequency
have RSCU = 1, indicated by the red circular line. (b) Percentage of the use of amino acids represented in the circular map. A: alanine; C:
cysteine; D: aspartic acid; E: glutamic acid; F: phenylalanine; G: glycine; H: histidine; I: isoleucine; K: lysine; L: leucine; M: methionine; N:
asparagine; P: proline; Q: glutamine; R: arginine; S: serine; T: threonine; V: valine; W: tryptophan; Y: tyrosine.

binding protein (WP_005611764.1), iron-ABC transport
substrate binding (WP_005611765.1), and three hypothetical
proteins (WP_005611761.1, WP_009875478.1, and WP_
005611761.1).

3.6. Analysis of Prophage Sequences. 30 sequences similar
to the prophages were found in the 19 strains of A. pleur-
opneumoniae analyzed. From the total of sequences similar
to prophages, 16 were classified by the PHASTER program
as complete, 11 as incomplete, and 3 as questionable (Sup-
plementary Data Table 2). Incomplete and questionable
sequences were considered genomic regions containing
sequences derived from phages. The regions containing
prophage-related genes represent 0.3 to 3.5% of the
genomes analyzed (Supplementary Data Table 2). The
largest prophage identified had 48.1kb and the smallest
22.4kb, identified in the MV1022 and M62 strains,
respectively (Supplementary Data Table 2). The GC content
of the identified prophages varied between 39.3 and 44.6%
(Supplementary Data Table 2).

The Neighbor-Joining method to cluster analysis
between sequences similar to complete prophages allowed
us to identify four different clusters (P1-P4) (Figure 4).
Analysis of the complete prophages using the BLAST algo-
rithm against sequences from the GenBank database showed
that the sequences contained in the P3 cluster (prophage
2 (4074 strain), prophage 1 (4226 strain), prophage 1
(CVJ13261), and prophage 2 (56153 strain)), the M62 pro-
phage 2, and the AP76 prophage 2 share over 70% identity
and were found in genomes of Haemophilus ducreyi
(AE017143.1), Mannheimia haemolytica (KP137440.1), and

Actinobacillus suis (CP009159.1), respectively (Table 4). For
the other 13 complete prophages, no significant identity or
sequence coverage was found in GenBank.

The heat map distribution showed a high identity among
the prophage 1 from 518, 780, and 5651 (serotype 8) and
femo (serotype 6) (Figure 5). This could also be observed
among prophage 2 from 56153 (serotype 11) and 4074 (sero-
type 1) and prophage 1 from CV]13261 (serotype 9) and
4226 (serotype 2). A considerable identity also was observed
among prophage 1 from 518, 780, and 5651 (serotype 8),
femo (serotype 6), and N273 (serotype 13). Similarly, it also
was observed between N273 (serotype 13) and AP76 (sero-
type 7) and L20 (serotype 5) and AP76 (serotype 7).

4. Discussion

Analyses of GC content, codon usage, and amino acid use
among the different A. pleuropneumoniae serotypes showed
that they share a set of conserved CDS. The core portion of
the genome that is well conserved among the serotypes also
reinforces these results. Among the most commonly used
amino acids are branched chain amino acids, such as leucine,
isoleucine, and valine. These branched chain amino acids are
required for the survival and virulence of A. pleuropneumo-
niae in swine, capable of synthesizing these amino acids crit-
ical for respiratory tract pathogens [39].

In the analyses of clusters from the set of CDS shared
between serotypes, the pattern of clustering by similarity
was compatible with the classification of serotypes into three
virulence categories [16]: low, medium, and high virulence.
We observed that serotype 8 shares a high number of
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FIGURE 3: Synteny analysis of A. pleuropneumoniae genomes. The genomes represented correspond to serotype 3 (JLO3 strain), serotype 5
(L20 strain), serotype 7 (AP76), and serotype 8 (MIDG2331, MV460, MV518, MV597, MV780, MV1022, and MV5651 strains).
Horizontal bars represent the size of the genome (kb). The region identified in 1 represents the acquisition and loss of genomic

information, and region 2 represents a recombination event.

protein-coding sequences with the serotypes characterized
as having medium virulence, such as serotypes 2, 4, 6, 7,
and 12. The characteristic of the serotypes considered as
medium virulence category is associated with the persistence
of the pathogen in the environment [8]. Additionally, a
large sharing of CDS for serotype 8 proteins was observed
in serotype 6, followed by serotype 3. As already reported
in serotyping analyses, certain groups may cross-react and be
mischaracterized. Serotypes 3, 6, and 8 of A. pleuropneumo-
niae in serotyping studies in North America constitute a sin-
gle group, and discrimination of these three serotypes within
this group is extremely difficult when using the antiserum
technique [19].

In the COG analyses of the predicted amino acid
sequences of A. pleuropneumoniae serotype 8, the core region
is characterized by housekeeping genes. However, genes
belonging to the core region may have differences in the level
of DNA sequences. A number of genes classified as core like
those encoding anaerobic glycerol-3-phosphate dehydrogenase
subunit A (glpA), oxygen-independent coproporphyrinogen-
III oxidase (hemN), heptosyltransferase family (mutM),
tellurite resistance protein (tehA), sulfate transport system
permease (cysW), thiazole biosynthesis protein (thiH),
haloacid dehalogenase-like hydrolases (had) superfamily

(cof), nucleoside diphosphate sugar epimerase, and oligo-
peptide transporter testify to positive selection in A. pleurop-
neumoniae [40]. In general, these genes are involved in the
transporting of nutrients and cellular metabolism that show
that A. pleuropneumoniae has responded to different envi-
ronmental pressures.

In the core portion, we also found genes that, according
to [41], have increased expression during the acute phase of
natural infection of A. pleuropneumoniae in pigs. These
genes were related, for example, to the assembly of curli
fibers, important in the formation of biofilms [42]; to the
maltose operon that may increase the competition capacity
in some strains of pathogenic bacteria [43]; and to the ula
operon involved with an ascorbate transport system under
anaerobic conditions that can also be considered an impor-
tant virulence factor for this species [41].

The accessory portion, comprising the shared portion
and the differential, is characterized by genes that confer ben-
efits to the microorganism under certain environmental con-
ditions. The differential portion, as observed in in silico
assays, has a strong relationship with HGT processes, con-
taining sequence-encoding proteins common to plasmids
and phages. This region can result in important adaptations,
influencing the differentiated interaction of the pathogen
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The scale is represented below, with 0.1 nucleotide substitutions per site.

TaBLE 4: Identification of complete prophage sequences of A. pleuropneumoniae.

Strain/serotype Prophage sequence identified Organism/accession ID % Coverage E value
4074/1 2 Haemophilus ducreyi/ AE017143.1 97 85 0.0
4226/2 1 Haemophilus ducreyi/ AE017143.1 98 95 0.0
M62/4 2 Actinobacillus equuli/CP007715.1 94 7 0.0
M62/4 4 Mannheimia haemolytica/KP137440.1 86 76 0.0
L20/5b 1 Mannheimia sp./CP006942.1 87 23 0.0
Femo/6 1 Mannheimia haemolytica/ CP004753.1 89 25 0.0

1 Mannheimia sp./CP006942.1 89 26 0.0
AP76/7 : . .

2 Actinobacillus suis/CP009159.1 89 86 0.0
MV518/8 1 Mannheimia haemolytica/ CP004753.1 86 12 0.0
MV780/8 1 Mannheimia haemolytica/ CP004753.1 86 14 0.0
MV1022/8 1 Mannheimia haemolytica/ CP004753.1 86 12 0.0
MV5651/8 1 Mannheimia haemolytica/ CP004753.1 86 15 0.0
CVJ13261/9 1 Haemophilus ducreyi/ AE017143.1 97 89 0.0
D13039/10 1 Mannheimia haemolytica/ CP004753.1 83 23 0.0
56153/11 2 Haemophilus ducreyi/ AE017143.1 97 85 0.0
N273/13 1 Mannheimia haemolytica/ CP004753.1 86 14 0.0

with the host, as well as having an important role in the dif-
ferentiation of serotypes and mechanisms of virulence. As
regards the differential portion, few differential C were affili-
ated with the COG categories. As this part of the genome has
not been studied in a judicious way, we have a great network
of sequences that codify proteins characterized as hypo-
thetical, which are not categorized in the COG analysis.
Among the sequences found in the differential portion, two
sequences relating to the LysR family are present in the refer-

ence genome of A. pleuropneumoniae serotype 8. LysR is a
family of transcriptional regulators that regulate a diverse
set of genes, including those involved in virulence, metabo-
lism, quorum sensing, and motility [44]. This regulator has
also been related to processes of regulation of genes that
code for urease in pathogenic bacteria [45]. In the differen-
tial portion of reference genome serotype 8, sequences
encoding tetracycline, florfenicol, and sulfonamide resis-
tance proteins were also found. In previous studies, the
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FIGURE 5: Heat map analysis from identity matrix generated by global alignment of 16 complete prophage genomes. The alignment was
done using Clustal Omega, and the identity matrix generated was used to create the heat map by R software.

presence of plasmids in A. pleuropneumoniae and other
members of the family Pasteurellaceae, conferring resis-
tance to florfenicol, chloramphenicol, and tetracycline, has
been characterized [13, 46, 47].

Alignment of the A. pleuropneumoniae genomes allowed
for the determination of gain/loss and sequence rearrange-
ments between serotypes. In the serotype 7 strains, there
are rearrangements relating to the presence of insertion ele-
ments, indicating a process of integration of moving ele-
ments. Transposable elements have the ability to move
within the genome, and their insertion close to the coding
regions may alter gene expression [48]. Transposable ele-
ments if present in multiple copies can serve as sites for
ectopic recombination events in the genome. Finally, these
elements can incorporate additional genes and subsequently
act as vectors for these genes. Any change, insertion, deletion,
or rearrangement that may occur in a genome may alter the
expression of adjacent genes and generate a substantial
impact on gene expression and pathogenesis of the micro-
organism [49, 50]. The alignment of the genomes also

demonstrated the existence of variations between the sero-
types analyzed. The differences in alignments largely corre-
spond to sequences relating to the HGT process such as
prophages. Prophages are phages that integrate into the bac-
terial genome, in which they play an important role in geno-
mic diversity and may be related to the acquisition of
virulence factors for the host cell [51]. The acquisition of for-
eign sequences to the genome may be related to the fact that
A. pleuropneumoniae is capable of performing natural trans-
formation and has different levels of competence among sero-
types and even among isolates of the same serotype [11, 12].

The results observed in Figure 5 showed consistent rela-
tion with the phylogenetic analysis. It was possible to see
because the prophage sequences that showed considerable
or high identity are present at the same or close groups in
the phylogenetic tree.

In this study, 16 putative sequences related to the com-
plete prophages were identified in the 19 genomes analyzed.
Similarity analysis of the complete prophage sequences
found in A. pleuropneumoniae against the GenBank database



10

identified high similarity and coverage with sequences pres-
ent in the genomes of A. suis, M. haemolytica, and H. ducreyi,
which may be related to HGT among species belonging to the
family Pasteurellaceae. A. suis is commonly found in swine as
tonsil commensal, but in the presence of unknown stimuli, it
may invade the bloodstream, causing septicemia and
sequelae, such as meningitis and arthritis, and even lead to
the death of the host [52]. On the other hand, M. haemolytica
is frequently involved in respiratory diseases in cattle [53]
while H. ducreyi is a bacterium that causes soft chancre, a
sexually transmitted disease in humans, and which has pigs
as a model for studying the disease [54, 55]. Of the 6
sequences with high similarity and coverage identified in
GenBank, only prophage 4 of the M62 strain had significant
alignment correspondence with the phage sequence already
described in the literature. This prophage was found in M.
haemolytica and named vB_MhM_3927AP2 by the authors,
being a phage belonging to the Myoviridae family [56]. The
remaining 13 prophages have low identity and coverage in
biological databases, suggesting that they may be phages
unique to this species or not reported yet.

In conclusion, the genome of A. pleuropneumoniae sero-
type 8 is conserved in relation to the other serotypes, being
more related to serotypes 3 and 6, which justifies the prob-
lems of serotyping to distinguish these three serotypes. We
detected strong evidence of DNA sequence acquisition and
recombination in the genomes of the different isolates/sero-
types, and these differences were attributed to the presence
of mobile genetic material, mainly prophages. In this study,
we have identified 16 complete prophages, 6 of which may
have suffered HGT among species belonging to the family
Pasteurellaceae. However, the other prophages seem to be
exclusive of A. pleuropneumoniae and not yet reported in
the literature. Thus, prophages seem to play a key role in
the restructuring of genomes and in the emergence of new
strains of this pathogen.
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Streptococcus halichoeri is an emerging pathogen with a variety of host species and zoonotic potential. It has been isolated from
grey seals and other marine mammals as well as from human infections. Beginning in 2010, two concurrent epidemics were
identified in Finland, in fur animals and domestic dogs, respectively. The fur animals suffered from a new disease fur animal
epidemic necrotic pyoderma (FENP) and the dogs presented with ear infections with poor treatment response. S. halichoeri was
isolated in both studies, albeit among other pathogens, indicating a possible role in the disease etiologies. The aim was to find a
possible common origin of the fur animal and dog isolates and study the virulence factors to assess pathogenic potential. Isolates
from seal, human, dogs, and fur animals were obtained for comparison. The whole genomes were sequenced from 20 different
strains using the Illumina MiSeq platform and annotated using an automatic annotation pipeline RAST. The core and
pangenomes were formed by comparing the genomes against each other in an all-against-all comparison. A phylogenetic tree
was constructed using the genes of the core genome. Virulence factors were assessed using the Virulence Factor Database
(VFDB) concentrating on the previously confirmed streptococcal factors. A core genome was formed which encompassed
approximately half of the genes in Streptococcus halichoeri. The resulting core was nearly saturated and would not change
significantly by adding more genomes. The remaining genes formed the pangenome which was highly variable and would still
evolve after additional genomes. The results highlight the great adaptability of this bacterium possibly explaining the ease at
which it switches hosts and environments. Virulence factors were also analyzed and were found primarily in the core genome.
They represented many classes and functions, but the largest single category was adhesins which again supports the marine
origin of this species.

the latter has also been found in farmed marine aquacultures
and humans and has a significant pathogen potential [1]. S.

Streptococcus halichoeri was first described in 2004. It was
isolated from grey seals (Halichoerus grypus) wherein it
derives its name. The bacteria were found from wounds that
had been inflicted by other seals, but evidence of systemic
infection was also found [1]. S. halichoeri is one of only three
Streptococcus species associated with marine mammals; the
other two are Streptococcus phocae and Streptococcus iniae;

halichoeri was found to be Gram-positive and belonging to
the Lancefield group B. They are cocciforms that grow in
pairs or short chains. In addition, they are nonhemolytic, fac-
ultatively anaerobic, and catalase-negative [1].

S. halichoeri has subsequently been found in humans in
2014 in a man with postoperative empyema [2] and in a dia-
betic man with infectious cellulitis [3]. In addition, several
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isolates have been obtained from human blood of both septi-
cemic patients and others with unknown symptoms in the
United States of America. The bacterium is hence considered
an emerging pathogen that can cause serious disease in
humans [4]. Subsequently, this bacterium has also been
found in Steller sea lion (Eumetopias jubatus) [5] and the
European badger (Meles meles) in which it was found to
cause serious clinical symptoms [6].

During 2007, a novel and severe disease emerged in fur
animals and was named “fur animal epidemic necrotic pyo-
derma” (FENP). The pathogen most strongly associated with
the disease was Arcanobacterium phocae [7] previously only
detected in marine mammals. The source of the original host
shift of A. phocae is thought to have been infected seal meat
used as feed [8]. During the investigation of the FENP out-
break, a Streptococcus species, previously undetected in fur
animals, was also found in many samples, especially from
mink. It was unclear whether this Streptococcus spp. together
with a few other bacteria contributed to the disease [7]. The
Streptococcus was later identified as Streptococcus halichoeri.
While investigating the FENP epidemic, it has been found
additionally in a quality control sample of herring from the
Gulf of Finland used to prepare feed for the mink (unpub-
lished observation). At the same time period as the outbreak
of FENP, Finnish pet dogs were afflicted with an ear infec-
tion with poor treatment response and S. halichoeri was
isolated from samples of the diseased dogs. Later on, this
bacterium was also isolated from skin infections of dogs.
These isolates were characterized by Eklund and colleagues
[9] using conventional bacteriological, biochemical, and
sequencing methods.

Our study focuses on further characterizing this emerg-
ing pathogen through sequencing the whole genomes of 20
isolates. This approach permits analysis of the core genome
and virulence factors of S. halichoeri, allows more reliable
phylogenetic analyses and attempts to trace the direction
and frequency of previous bacterial introductions and
(cross-species) transmissions.

2. Materials and Methods

2.1. Bacterial Isolates, Growth Conditions, and DNA
Extraction. The bacterial strains (n = 20) included in this pro-
ject have been characterized by Eklund et al., and the selec-
tion of strains was based on clustering in PFGE [9]. Ten
isolates were from canine infections, five from mink, two
from Finnraccoon, and one from a blue fox. The canine iso-
lates are all from diagnostic samples of superficial or deep pus
from cases of otitis or dermatitis. The clinical significance is
unclear as all of these findings were of mixed culture most
often together with Staphylococcus pseudintermedius. The
eight fur animal isolates are all from severe dermatitis lesions.
Findings from Nordgren et al. [10] suggest a possible role for
S. halichoeri in the pathogenesis of FENP. Also, two reference
strains were included, one from a seal (CCUG 48324) [1] and
one from human isolate (CCUG 67100) [4]. The origin of the
strains and their characteristics are listed in Table 1.

The bacteria were grown on blood agar plates with 4%
defibrinated sheep blood, overnight. A single colony was then
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inoculated into 2ml of Super Broth medium. They were
grown at +37°C with mild shaking for 24 hours and harvested
by centrifugation for 5 minutes at 4,500 g. The cells were
stored in -20°C awaiting extraction. The DNA was extracted
using the Epicentre by Lucigen MasterPure Gram Positive
DNA Purification Kit (Lucigen Corp., Wisconsin, USA)
according to the kit instructions. An overnight lysozyme
treatment, stated optional in the kit, was used to ensure
bacterial lysis.

2.2. Genome Sequencing and Annotation. Genomes of the 20
S. halichoeri isolates were sequenced at the Institute of Bio-
technology (University of Helsinki, Finland) using next-
generation sequencing platforms. Genomic DNA (0.5 mg)
was sheared using a Bioruptor NGS Sonicator (Diagenode)
to approximately 600bp fragments. The fragments were
polished, A-tailed, and ligated to a TruSeq truncated adapter.
Purification of the ligation reaction was done using AMPure
XP beads (Agencourt, Beckman Coulter). PCR of the librar-
ies were done using Phusion Hot Start II DNA Polymerase
(Thermo Fisher) and index P7 primers and full-length P5
adapter primers. The reactions were pooled and purified with
AMPure XP beads. Size selection of the pool was done
according to Lundin et al. [11]. The obtained library pool
was paired-end sequenced on a MISeq Sequencer using the
v3 600 cycle kit (Illumina).

Genomes of the 20 newly sequenced S. halichoeri strains
were deposited in GenBank under the accession numbers
listed in Table 1. The annotation was performed using the
assembled DNA sequences of the 20 new draft genomes
from these isolates. The genomes were run through an auto-
matic annotation pipeline RAST (Rapid Annotation using
Subsystem Technology) [12], followed by manual curation
in few cases.

2.3. Orthologous Gene Prediction and Genome Sequence
Comparison. Identification of orthologous genes for 20 S.
halichoeri genomes was performed by an all-against-all com-
parison of the genes of all genomes using blastp [13] with the
standard scoring matrix BLOSUMS62 and an initial E-value
cut-off of 1e7°°. The bit score of every blast hit was set into
proportion to the best bit score possible, the bit score of a
hit of the query gene against itself. The outcome for this
was a score ratio value (SRV) between 0 and 100 that
reflected the quality of the hit much better than the raw blast
bit score [14].

Two genes were acknowledged orthologous if a reciprocal
best blast hit existed among them, and both hits had an
SRV > 32. The SRV threshold is computed from distribution
of blast hits between analyzed sequences as described in the
supplement of Blom et al. [15]. Based on this orthology prin-
ciple, the core genome was calculated as the set of genes that
had orthologous genes in all other analyzed strains.

The pangenome was estimated as the set of all unique
genes of a set of genomes. All genes of one reference genome
were considered the basic set for the calculation. Afterwards,
the genes of a second genome were matched with this set, and
all genes in the second genome that had no orthologous gene
in the starting gene set were added to this set. This process
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was iteratively repeated for all genomes of the compared set,
leading to the pangenome. The circular plot comparing 20
genomes was generated with BioCircos [16].

2.4. Phylogenetic Construction. The phylogenetic tree was cal-
culated using a somewhat modified version of the pipeline
proposed by Zbodnov and Bork [17]. Alignments of each
core gene set are compiled using MUSCLE [18], the numer-
ous resulting multiple alignments were concatenated, and
poorly aligned positions were removed using GBLOCKS
[19]. The trimmed multiple alignment was used to create a
phylogenetic tree using the neighbour-joining operation of
PHYLIP [20].

2.5. Identification of the Putative Virulence Factors in the
Genomes. The Virulence Factor Database (VFDB) [21] as
well as known virulence factors of Streptococci was used as
guidelines when choosing the putative virulence factors to
be sought. The Virulence Factor Database is based on exper-
imentally validated or strongly suspected bacterial virulence
factors from multiple bacterial species. There are listed
known virulence factors from twenty different species of
streptococci encompassing 56 different strains with 75 rec-
ognized virulence factors. The closest genetic relative to S.
halichoeri in this database is Streptococcus agalactiae which
also correlated with the identified virulence factors. Two
different approaches were used to analyze these factors,
utilizing either the core genome or the annotated pangen-
ome. This enabled recognition of the virulence factors with
most importance as well as the more dispensable ones.

3. Results and Discussion

3.1. General Features of the Genomes of 20 Streptococcus
halichoeri Isolates. In this study, we have constructed
sequences of 20 S. halichoeri isolates via high-throughput
sequencing. The assembled draft sequences were initially
annotated using an automated pipeline for gene identifica-
tion and then afterwards improved by additional manual
curation. Plasmid DNA sequences were excluded from this
annotation process. A list of the annotated genes predicted
for the 20 newly sequenced genomes is given as supporting
information (Table S1), with each genomic sequence
deposited into GenBank (Table 1). The general features of
the 20 new S. halichoeri genomes included and analyzed in
this study are presented in Table 1. Here, genomes were
characterized from dog [10], mink [5], Finnraccoon [2],
human [1], blue fox [1], and seal [1] hosts. Till date, there
are no other S. halichoeri genome sequences present in the
NCBI RefSeq database making this study the first genomic
study of S. halichoeri.

Despite the fact that all 20 genomes are draft assemblies,
they still represent good quality sequence data for performing
genomic comparisons (Figure S1). The average coverage of
the genome sequencing ranges widely from 61-fold (S212)
to 280-fold (CCUG48324). Furthermore, the number of
contigs in the assembled genomes was between 32 and 244
(P1033 and P399, respectively). The genome size was
ranging between 1.89 (CCUG48324) and 2.26 (P399) Mbps.
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The total GC content varies only slightly and ranged between
41.2 and 41.8%. The numbers of predicted protein-encoding
open-reading frames (ORFs) in the 20 isolates varied from
1,873 (CCUG48324) to 2,198 (P399) suggesting reasonable
diversity in the species of S. halichoeri.

3.2. Phylogeny. Pangenomic studies are usually performed
without referencing the individual ecological niches the iso-
lates are derived from. However, the host source of the bacte-
rial strains should be considered an essential parameter for
the pangenome to be deciphered correctly. Reconstructing a
core genome-based phylogenic tree from our 20 S. halichoeri
strains offers additional understanding between the inciden-
tal phyletic associations and of any common origins by pre-
senting possible correlations. Comparison of the 20
genomes illustrated in Figure S1 shows the wide strain
diversity of S. halichoeri.

A phylogenic tree of 20 S. halichoeri strains was con-
structed using a multiple alignment of 1,456 core proteins
as illustrated in Figure 1. Most S. halichoeri genomes grouped
together into individual clades according to their host-
derived origins. Interestingly, there were two separate clades;
one was roughly dominated by dogs while the other clade
comprised mostly of mink, blue foxes, and Finnraccoons.
Similar results were seen by Eklund et al. when partial
sequences were compared [9]. The clustering of the dog
strains together seems expected, as sharing the same host
would likely reflect a same origin for these strains while also
niche adaptation could play a role. The grouping of mink-,
Finnraccoon-, and blue fox-associated strains was also
expected, indicating a common origin of S. halichoeri strains
in these animals. The human strain (CCUG67100) clustered
closely together with three of the dog strains (P399, P408,
and P1033) indicating a potential zoonotic connection. It is
noteworthy however that the human strain is from the
United States of America and the dog strains are all from Fin-
land. Another interesting finding was that the seal strain
(CCUG48324) was somewhat different from all the other S.
halichoeri strains. Most of the mink-associated strains were
scattered in different clades except for two strains (5258
and S212), which formed a separate, distinct clade suggesting
that there has been more than one introduction of this bacte-
ria into the fur animal community. Interestingly, the dog
strain P791 did not cluster with any of the clades and when
investigating this further, it was found that this dog came
from a different geographic area (eastern Finland) than all
the other dogs which were all from the Uusimaa region
(south) of Finland. There is also a single mink strain which
groups together with the dog strains. Dogs and mink do have
some contact within farms so direct transmission is not
impossible although likely rare.

3.3. Pan, Core, and Accessory Genomes of 20 S. halichoeri
Strains. We used the genome sequences of 20 S. halichoeri
isolates to construct the pangenome. The numerous genetic
loci from the pangenome essential and necessary for the sur-
vival of the bacteria is the core genome of a particular species.
These genes are largely involved with different metabolic,
catabolic, transport activities and degradation of nucleic
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FIGURE 1: Phylogenetic tree based on core genome (1,456 genes).

acids, ribosomes, and proteins essential for basic housekeep-
ing functions [22, 23]. As a group, these 20 genomes yielded
a pangenome of 3,433 genes (Table S1), of which only 42%
(1,456 genes) formed the core genome (Table S2),
revealing a slightly high interspecies diversity (Figure 2)
[24-28]. When the number of genes in pangenome was
plotted against the number of S. halichoeri genomes using
Heap’s Law calculation (Tettelin et al., [22, 23]), the obtained
a-value of 0.81 indicated that the pangenome is still open
(Figure 3). In a detailed examination of the pangenome
development data, it was noticed that the pangenome
curve starts to level at approximately 3,000 genes. Genomes
added after 13™ genome contribute only few genes to the
pangenome implying pangenome of S. halichoeri is eventually
proceeding to a closed status. Addition of a few more strains
would eventually close the pangenome representing the entire
genetic repertoire of S. halichoeri. Similar trends were
observed with the core genome development plot (Figure 3)
with fewer gene reduction from the core genome after the
8™ genome. The comparatively low number of core genes
(1,456) in S. halichoeri species indicates a broad genome
structure, suggesting a large accessory genome. Even with
likely possibility of moderately growing pangenome, S.
halichoeri are undoubtedly a dynamically evolving species
with multiple habitats.

The part of S. halichoeri pangenome which is not
included in the core genome is generally referred to as an
accessory genome. These genes are apparently not essential
but can provide reasonable advantages to different strains
of this species. Accessory genome basically outlines the diver-
sity of the S. halichoeri species [22, 23]. The 20 S. halichoeri
strains encompass an accessory genome of 1,977 genes with
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FIGURE 2: Streptococcus halichoeri pangenome (3,433 genes)
representing the individual strain-specific genes.

438 genes (Figure 2) belonging to strain-specific genes that
can only be found in one strain of S. halichoeri but absent
in all other strains (also called unique genes). The numbers
of unique genes per each genome are indicated in Figure 2.
Two of the S. halichoeri strains (P380, P399) with the highest
numbers of contigs (70, 244) could have many partial/split
genes which can inflate the count for unique genes in these
strains. Interestingly, majority of the dispensable genes of
S. halichoeri were annotated as hypothetical proteins or
proteins with an unknown function (Table S1), and as
most variations exist with unknown and uncharacterized
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functionalities, it is very problematic to associate any type of
adaptive role or benefits for the S. halichoeri strains.
Nevertheless, in a small number of strains, their unique genes
were annotated with a selection of predicted functions
from transport and metabolism to phage-related proteins,
transposases, and mobile elements.

3.4. Virulence. The bacterium is able to jump species and
adapt with ease to new environments. This in addition to
pathogenic potential could be explained through virulence
factors. We were able to identify 19 different streptococcal
virulence factors in the core genome. These belong to 5 cate-
gories based on their mechanism. These factors are listed in
Table 2. The category most represented in the core virulence
factors is adhesion-associated products followed by proteases
and toxins. These would benefit bacteria inhabiting skin and
mucosa and also contribute to necrotizing infection. We
identified a non-streptococci-specific factor, multidrug resis-
tance gene which helps bacteria fight host-derived antibacte-
rials and hormones as well as some antibiotics [29]. We
further identified a core protein capsule biosynthesis protein
capA which is a suspected virulence factor and enables the
bacteria to survive in high salt concentrations [30]. This pro-
tein is especially interesting as it would support the hypothe-
sis that this bacterium is of marine origin. The core genome
also carries two separate antigen A genes which are used in
diagnostics and vaccines in other bacteria and may also have
immunomodulatory or evasive functions [31, 32]. Interest-
ingly, the strains also had hemolysin and catalase genes
despite the original isolates testing catalase negative. When
studying the dog and fur animal isolates, Eklund et al. found
varying degrees of catalase activity [9] and the genomic find-
ings support this. The expression of the gene may be depen-
dent on environmental factors and warrants further study.
Evidence of many potential mobile genetic elements
(MGE) in the genomes was also noted. Several operon-like
clusters related to phages were found throughout the
genomes. This suggests phages act as transporters of impor-
tant genes between bacterial hosts. The presence of plasmids,

TaBLe 2: Virulence factors found in the core genome of
Streptococcus halichoeri.

Group Virulence factor

Putative choline binding protein
Fibronectin-binding protein
Fibronectin/fibrinogen-binding protein

Adherence Laminin—binfling surf'ftce protein
M-like protein
Sortase A, LPXTG specific
Collagen-like surface protein

Streptococcal lipoprotein rotamase A

Enolase
Enzyme
Streptodornase D

Pneumococcal vaccine
antigen A homolog

Manganese
uptake

C3-degrading proteinase
Immunoglobulin G-endopeptidase
(IdeS)/Mac/secreted
immunoglobulin-binding protein (Sib38)

Protease Serine protease, DegP/HtrA, do-like

Streptococcal cysteine protease (streptopain)/
streptococcal pyrogenic exotoxin B (SpeB)

Streptokinase

C3 family ADP-ribosyltransferase
CAMP factor
Hemolysin IIT

Toxin

Immune

. Multidrug resistance protein*
evasion

Capsid Capsule biosynthesis protein capA*

*These proteins are additional to the known streptococcal virulence factors.

phages, and integrative conjugative element (ICE) indicates
the possibility of lateral gene transfer. Other streptococcal
species have been found to have similar attributes, most
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TaBLE 3: Virulence factors found in the accessory genome.

Group Virulence factor

Agglutinin receptor
Adherence Choline-binding protein A

Antiphagocytic M protein

Phage hyaluronidase

Enzyme . .
Mitogenic factor 2
Protease Cb5a peptidase
) Streptococcal pyrogenic exotoxin A (SpeA)

Superantigen

Streptococcal pyrogenic exotoxin K (SpeK)

notably S. canis which is the closest genetic relative of Strep-
tococcus halichoeri [33].

The accessory genome had a further eight virulence fac-
tors. These did not correlate between the different host spe-
cies of the isolates except the agglutinin receptor, also
adherence enabler, which was absent only in the human
strain but present in all the others. These virulence factors
are listed in Table 3. Streptococcal pyrogenic exotoxin A
(SpeA) was only present in one strain P380. Equally interest-
ing is the absence of pili-associated genes. Pili are common in
pathogenic streptococci and assist with adherence. S. hali-
choeri had multiple adherence genes but not this very com-
mon one. Pili also enable motility and are especially found
in intestinal bacteria which may suggest another niche for
S. halichoeri. Earlier results by Eklund et al. showed antibiotic
resistance to erythromycin, clindamycin, and tetracycline in
selected dog strains and tetracycline resistance in two mink
strains. The core genome had only one antibiotic resistance
gene patB, but the pangenome had further three ermB, tetO,
and inuC. The ermB is often found in streptococci and is
known to code for erythromycin and clindamycin resistance.
Tetracycline resistance is more commonly coded by the tetM
gene, but tetO is also found. All of these are usually in trans-
posons so would possibly be found in the missing parts of the
current genomes.

Interestingly, the majority of these well-established strep-
tococcal virulence factors were found in the core genome
despite it representing less than half of the genes in a given
isolate. This highlights the importance of these genes to the
survival of the species. More virulence factors and putative
factors can be found in the genome especially as we learn
more about the hypothetical proteins within.

4. Conclusions

We find that S. halichoeri is a highly variable species with
several virulence factors which suggest potential for signif-
icant pathogenicity. This is supported by the relatively
severe human cases as well as the data on the seal and
badger isolates. The many varieties of tissue, host selec-
tion, and geographic diversity suggest a diverse niche
wherein the potential for lateral gene transfer gives way
for a rapid adaptation to new growth environments. The
core genome is saturated, but the fact that the already
large dispensable genome is still somewhat incomplete

suggests we have yet to see the full potential of this bacte-
rium’s adaptability and host species flexibility.

We found very little host species-specific markers in the
genomes but rather loose clustering according to species as
though adaptation is still incomplete. This suggests the host
switches into dogs, humans, and fur animals which were
rather recent and ongoing, possibly coinciding with the
beginning of the FENP epidemic. Some further analysis of
the virulence factors is called for as there are many more
not directly associated with streptococci but which could play
a critical role in the pathogenesis of this bacterium. Expres-
sion studies should also be made to verify the role and activ-
ity of these genes.

Genetic factors such as great numbers of adhesins and
salt tolerance proteins as well as the fact that the first isolates
were from marine mammals suggest this bacterium may have
marine origins. This would also correlate well with the
known history of FENP pathogen and that A. phocae also
associates with seals. In the FENP study, S. halichoeri was
mainly found in mink which are fed with locally caught fish
much more than Finnraccoons and foxes. This together with
our finding of S. halichoeri from a batch of herring would
suggest a possible source of transmission. The Finnish dogs
are also fed with raw fish occasionally, but we do not know
how often or in what quantities so it is difficult to assess the
level of risk and potential exposure. Other possible routes
of infection may occur between the animals, both dogs and
fur animals, especially in crowded farm environments,
between a dog and an owner while other routes may not have
been yet found. Fish handling by humans alone has been
connected with infections by other marine mammal-
associated pathogens. On the other hand, the recent isolation
of S. halichoeri in a clinical sample from a badger with no
contact to marine environment [6] suggests the ecological
niche of this bacterium may already be much wider and pos-
sibly underdiagnosed. This is supported by at least one
human finding wherein no contact to marine environment
could be shown. The presence of this plausibly pathogenic
bacterium in domestic dogs suggests further an opportunity
for more zoonotic transfers making it important to alert diag-
nostic laboratories in both human and veterinary medicine.

Current data is not enough to confirm or rule out any
suggested transmission or entry routes and this requires fur-
ther studies. The pathogenic potential of this bacterium
should also be studied more. Altogether, this study shows
the great adaptability of Streptococcus halichoeri and we are
yet to see the full potential of this emerging pathogen.
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