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ABSTRACT 
 
 

esearch on the important swine zoonotic pathogen 
Streptococcus suis is disproportionately directed 
towards serotype 2 since this is the most common 
and virulent serotype. However, mechanisms of 
epidemiology and pathogenesis of possibly 

opportunistic serotypes like serotype 1/2, also common in pigs, 
are usually understudied. S. suis research in swine in the 
Philippines is severely lacking, with only two publications in the 
past half-decade. Hence, this study performed a genome-based 
evaluation of the Philippine S. suis strain 8-57C serotype 1/2 
isolated from diseased pig lung to determine characteristics 
beneficial to pathogen fitness, like the presence of antimicrobial 
resistance (AMR) genes, virulence factors (VFs), and 
biosynthetic gene clusters (BGCs). PCR-based AMR gene 
screening and antimicrobial susceptibility testing were also 
performed to verify the predicted AMR activity. Genome 
analysis revealed the presence of several VF classes (adherence, 
enzyme, immune evasion, and protease) which could aid 
pathogenesis with the ability to adhere to cells and organs, cross 
the blood-brain barrier, protect against phagocytosis, and exhibit 
hemolytic activity. Genome-based AMR prediction, PCR-based 
AMR profiling, and antimicrobial susceptibility testing showed 

that S. suis strain 8-57C was resistant to lincosamides, 
macrolides, streptogramin B, tetracycline, and amphenicol 
antibiotic classes. Additionally, BGC prediction identified a 
lanthipeptide BGC similar to the bacteriocin suicin 90-1330. 
Further experimentation is recommended to verify if these 
virulence factors and metabolites are expressed and if they 
contribute to pathogen fitness. These findings could pave the 
way for exploring characteristics relevant to the pathogen fitness 
of other non-serotype 2 S. suis serovars in the Philippines. 
 
 
INTRODUCTION 
 
Streptococcus suis is a gram-positive bacterium of global 
economic and epidemiological importance in the pig industry 
with associated diseases exemplified by arthritis, endocarditis, 
meningitis, polyserositis, and septicemia, as well as the zoonotic 
potential that in extreme cases leads to fatality (Estrada et al. 
2019). However, S. suis also normally and harmlessly populates 
the upper respiratory tract of almost all pigs globally as a 
commensal (Votsch et al. 2018; Neila-Ibañez et al. 2023). This 
dual characteristic makes S. suis a pathobiont, sub-clinically 
infecting pigs until homeostasis is disrupted to allow 
pathogenesis (Votsch et al. 2018). The switching of S. suis from 
a porcine commensal to a disease-causing pathogen is 
determined by a range of factors, inclusive of environmental 
conditions, host health, as well as a combination of S. suis 
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characteristics (e.g., serotype, sequence type, virulence factors, 
antimicrobial resistance genes, and capacity to produce 
secondary metabolites) that shape the host microbiota in favor 
of S. suis (Votsch et al. 2018; Estrada et al. 2019; Aradanas et 
al. 2021; Obradovic et al. 2021; Dresen et al. 2023). 
 
There are already numerous studies on S. suis, particularly on 
pathogenesis, virulence factors and markers, vaccine 
development, immune response, taxonomy, genetic comparative 
analysis, epidemiology, and public health responses (Segura et 
al. 2017; Segura et al. 2020). However, they mostly focus on 
serotype 2, the most common and virulent serotype, leaving 
other serotypes understudied (Goyette-Desjardins et al. 2014; 
Segura 2015; Rieckmann et al. 2020). S. suis serotype 1/2 is 
another highly isolated serotype from diseased pigs worldwide 
(Goyette-Desjardins et al. 2014) and is usually mischaracterized 
as serotype 2. Estrada et al. (2019) established that serotype 1/2 
is the most predominant serotype in diseased pigs in North 
America, while a study in Spain revealed that as much as 43% 
of isolates initially classified as serotype 2 belong instead to 
serotype 1/2 (Rilo et al. 2024).  
 
Roy et al. (2017) determined that serotypes 2 and 1/2 have high 
similarity between their capsular polysaccharides, which is 
conventionally used in serotyping, and only a single nucleotide 
polymorphism at the glycosyltransferase (cpsK) gene could 
differentiate between them. Like serotype 2, serotype 1/2 can be 
classified as a pathogenic pathotype that can infect the brain or 
meninges, heart, joints, or liver of pigs, causing meningitis, 
epicarditis, arthritis, or septicemia. (Estrada et al. 2019). A study 
on diseased growing-finishing pigs showed that serotype 1/2 has 
a high lung isolation frequency (Wu et al. 2023). However,  
serotype 1/2  isolated from pigs’ lungs that do not have other 
signs of neurological or systemic disease are usually classified 
as possibly opportunistic (Estrada et al. 2019), making this organ 
a relatively underexplored S. suis infection site. 
 
Global multilocus sequence typing (MLST) studies of S. suis 
identified ST1, ST25, and ST28 as the most prevalent sequence 
types (STs) in swine (Onishi et al., 2012) with ST28 as 
associated with the pathogenic pathotype of swine and human 
disease (Goyette-Desjardins et al. 2014). With S. suis serotype 
1/2 and ST28 associated as pathogenic, investigating a S. suis 
serotype 1/2 ST28 from diseased pig lungs could determine 
beneficial characteristics that improve the survivability and 
eventual pathogenesis of this possibly opportunistic serotype. 
Identifying the attributes leading to pathogen fitness in S. suis is 
significant in identifying possible pathogenic strains (Estrada et 
al. 2019), understanding the epidemiological role of S. suis in 
disease progression and transmission (Gottschalk et al. 2010), 
formulating strategies in preventing its infection and spread in 
pigs at different production stages (Wu et al. 2023), and 
constructing diagnostic tools for pathogen surveillance (Segura 
et al. 2017). Furthermore, expanding the investigation of 
virulence traits to other S. suis serotypes can enhance the 
inhibition and control of this strain (Estrada et al. 2019). 
 
Locally, S. suis research in the Philippines is severely lacking as 
compared with its Asian neighbors (Huong et al. 2014), with the 
first isolates from local swine published just in 2020 (Sedano et 
al. 2020), which included biochemical profiling and phenotypic 
testing of antimicrobial resistance. Most recently, Sedano et al. 
(2023) studied 269 S. suis isolates of varying serotypes across 
nine provinces in the Philippines and performed serotyping, 
sequence typing, and identification of putatively critical 
virulence factors such as muramidase-released protein (mrp), 
extracellular protein factor (epf), and suilysin (sly) (Nicholson 
and Bayles 2022). To further address the S. suis information gap 
in the Philippines, this current study performed the first whole 

genome sequencing of Philippine S. suis strain 8-57C which was 
identified as serotype 1/2 ST28 isolated from a diseased pig lung 
and determined attributes beneficial to pathogenicity such as 
virulence factors (VFs), antimicrobial resistance (AMR) and 
prediction of biosynthetic gene clusters (BGCs). With the 
inherent limitations of in silico WGS predictions (Ellington et 
al. 2017), predicted AMR genotypes were supplemented with 
amplification-based AMR gene testing and phenotypic 
antimicrobial susceptibility testing. 
 
  
MATERIALS AND METHOD  
 
Sample Collection and Bacterial Isolation 
The slaughterhouse was inspected and properly sanitized before 
and after the slaughter operations.  Prior to the operations, all the 
visible debris and organic matter were removed. The floors, 
walls and equipment were washed with 50 ppm calcium 
hypochlorite solution and rinsed thoroughly with clean water.  
The tools used were thoroughly cleaned and disinfected after 
each use. A separate area was designated for sample collection 
to prevent cross contamination. After the operations, all the 
remnants of the carcass and organic waste were properly 
disposed of. The surfaces were scrubbed with detergent and 
clean water, followed with disinfection of the floors, walls, and 
equipment, and sanitation of knives, hooks and machinery. 
These sanitation procedures were duly enforced by the 
slaughterhouse supervisor to ensure the prevention of cross-
contamination in the slaughterhouse. 
 
Oropharyngeal, nasopharyngeal swabs, and lung samples were 
collected from 264 asymptomatic finisher pigs from April 2020 
to March 2022 in a selected abattoir in Laguna. Swab samples 
were placed in an AMIES transport medium (OxoidTM, UK), 
while lung samples were kept on ice before processing in the 
laboratory. For the lung samples, the workers in the abattoir 
were informed of the desired diseased lungs as samples. Once 
the lungs were removed from the slaughtered pigs and identified 
as diseased, a portion of approximately 250 g was sliced by the 
butcher. This was immediately placed in resealable bags and 
kept on ice. The lungs were seared with a hot spatula before 
processing for isolation.  
 
Lung tissues were acquired aseptically and then suspended in a 
sterile normal saline solution for at least 2 hours. Aliquots of 0.1 
mL lung tissue suspensions were serially diluted and spread on 
Columbia Blood agar (CBA) plates containing 5% defibrinated 
sheep blood with and without added Streptococcal  supplement 
(OxoidTM, UK). The plates were incubated at 37 oC for 24 hours 
at 5% CO2. Meanwhile, serial dilutions of the AMIES transport 
medium were prepared, and 0.1 mL of the various dilutions was 
spread plated on CBA and incubated as previously mentioned. 
 
A total of 506 S. suis strains were isolated from this collection. 
All of these isolates were confirmed as S. suis using the recN 
primers, underwent biochemical characterization, serotyped by 
multiplex PCR and subjected to PCR-based screening of AMR 
genes. However, in this paper, only the S. suis strain 8-57C 
serotype 1/2 isolated from diseased lung tissues was studied for 
molecular and genomic characteristics to determine attributes 
beneficial to its pathogenicity. 
  
Biochemical Characterization 
Small, translucent, and α-hemolytic colonies that cause greenish 
discoloration in the medium were selected and successively 
purified on CBA. Using a sterile toothpick, a smear of the colony 
was placed on a glass slide and tested for catalase by adding a 
drop of 10% hydrogen peroxide. The absence of bubbles 
indicates the typical reaction of S. suis. 
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Genomic DNA Isolation 
The crude DNA extract of S. suis strain 8-57C was used in PCR-
based identification of S. suis using the recN gene, multiplex 
PCR-based serotyping of Streptococcus suis, and PCR-based 
AMR gene screening. Crude DNA extract was obtained by 
inoculating a sufficient amount of bacterial cells in 0.1 M NaOH 
solution and boiling it for 5-7 minutes at 100°C. This was used 
as the template for PCR. On the other hand, genomic DNA was 
isolated using the Monarch Genomic DNA Purification Kit 
(New England Biolabs USA) following the manufacturer’s 
protocol for whole genome sequencing. No modifications were 
made to the procedure. 
 
PCR-Based Identification of S. suis using the recN Gene 
PCR-based identification of S. suis strain 8-57C was done 
following the amplification method of Ishida et al. (2014) with 
a few modifications. The recombination/repair protein gene 
(recN) was amplified using SSrecN forward (5’-
CTACAAACAGCTCTCTTCT-3’) and SSrecN reverse primers 
(5’-ACAACAGCCAATTCATGGCGTGATT-3’), producing a 
336 bp-sized amplicon. The PCR reaction was performed in 25 
µL total volume using 1x MyTaq HS Red Mix (Meridian 
Bioscience, UK), a final concentration of 0.2 µM each of recN-
specific forward and reverse primers, and 1 µl of crude DNA 
extract as template. Amplification was carried out in a Techne 
Prime thermal cycler (Cole Parmer, USA) with the following 
conditions: an initial denaturation step at 94oC for 2 min, 
followed by 30 cycles of denaturation at 94oC for 30 s, annealing 
at 58oC for 10 s and extension at 68oC for 30 s, and a final 
extension step at 68oC for 5 min. The amplified PCR products 
were loaded in a 2% agarose gel in 0.5% TBE and 
electrophoresed for 30 min at a constant voltage of 100V (Mini 
Gel II, Select Bioproducts, USA). DNA staining solution 
(Biotium GelRed, Fremont, California, USA) was added to the 
PCR products and subjected to UV light using a gel 
documentation system (Syngene GBOX, United Kingdom). The 
sizes of the PCR products were determined by comparison with 
a 100 bp molecular size standard (Vivantis, Malaysia). Genomic 
DNA from S. suis serotype 2 (DSM 28762) was used as the recN 
positive control.  
 
Serotyping of Streptococcus suis 
The crude DNA extract of S. suis strain 8-57C was used for 
serotyping using a four-reaction set multiplex PCR targeting the 
capsular polysaccharide synthesis (cps) genes by Kerdsin et al. 
(2014). Set 1 included the primers for serotypes 1/2, 1, 2, 3, 7, 
9, 11, 14 and 16; Set 2 for serotypes 4, 5, 8, 12, 18, 19, 24 and 
25; Set 3 for serotypes 6, 10, 13, 15, 17, 23 and 31; and Set 4 for 
serotypes 21, 27, 28, 29 and 30. The PCR mixture contained 1x 
MyTaq HS Red Mix (Meridian Bioscience, UK) and 0.2 µM of 
each primer for each set of PCR. Crude DNA extract (1 µl) was 
used as the template. The reference strains of S. suis serotypes 
1, 1/2, 2, 3, 7, 11, 14, and 16 used as positive controls in the 
multiplex PCR reaction were gifted by Dr. Anusak Kerdsin of 
the Faculty of Public Health, Kasetsart University 
Chalermphrakiat Sakon Nakhon Province, Thailand (Kerdsin et 
al., 2014). 
 
The following PCR thermal profile of PCR was used: initial 
activation of DNA polymerase and initial DNA denaturation at 
95 °C for 3 min; 30 cycles of denaturation at 95 °C for 20 s, 
primer annealing and extension at 62 °C for 90 s, and a final 
extension at 72 °C for 5 min (Techne Prime Large-Format 
Thermal Cycler, Cole Parmer, USA). The amplified PCR 
products were loaded in a 2% agarose gel in 0.5% TBE and 
electrophoresed for 30 min at a constant voltage of 100V (Mini 
Gel II, Select Bioproducts, USA). DNA staining solution 
(Biotium GelRed, Fremont, California, USA) was added to the 
PCR products and subjected to UV light using a gel 
documentation system (Syngene GBOX, United Kingdom). The 

sizes of the PCR products were determined by comparison with 
a 100bp molecular size standard (Vivantis, Malaysia). Primer 
sequences are presented in Table S1. Further in silico 
verification was performed using serotype-specific cpsK 
sequences by Matiasovic et al. (2020) to verify if the strain 
belonged to serotype 1/2 and not the closely similar serotypes 1, 
2, or 14. The cpsK sequence specific to serotype 1/2  was 5’ 
GGTGGCCTGTAATAAAC 3’, wherein thymine at position 10 
is specific for the serotype 1/2 cpsK gene. 
 
Whole Genome Sequencing 
The S. suis strain 8-57C genome was sequenced by Macrogen, 
Korea, using the HiSeq Illumina platform. Genomic DNA was 
isolated using the Monarch Genomic DNA Purification Kit 
(New England Biolabs USA) following the manufacturer’s 
protocol. The genome library was prepared using the TruSeq 
Nano DNA Kit (Illumina, USA) by Macrogen, Korea. Bridge 
amplification was then used to amplify distinct clonal clusters, 
and the resulting templates were sequenced using the Illumina 
HiSeq 4000 platform with 100 bp paired-end and 0.5 Gb 
throughput. The resulting raw fastq files were subjected to 
trimming of adapters and end-bases coupled with an average 
quality cutoff of 20 using Trimmomatic v0.36 (Bolger et al. 
2014) and FastQC v0.11.5. GC (%), Q20 (%), Q30 (%) were 
calculated before and after filtering (Table S4). Heterozygosity, 
k-mer coverage, and estimated genome size were determined 
using Jellyfish v.2.2.10 (Marcais and Kingsford 2011). De novo 
assembly was done using the SPAdes v3.13.0 assembler 
(Bankevich et al. 2012), and the assembled genome was 
validated using a self-mapping strategy and Benchmarking 
Universal Single-Copy Orthologs (BUSCO, v.3.0) analysis 
(Simão et al. 2015).  
 
For submission to the GenBank database, the NCBI Prokaryotic 
Genomes Automatic Annotation Pipeline (PGAAP) (v6.5) (Li et 
al. 2021) was used to annotate the assembled genome of S. suis 
strain 8-57C. The Genome Annotation Service in the Bacterial 
and Viral Bioinformatics Resource Center (BV-BRC) 
(https://www.bv-brc.org/) (Olson et al. 2023) was utilized to 
generate the genome map containing coding sequences (CDSs) 
classified into subsystems of specific biological processes. The 
resulting genome was deposited in GenBank under the accession 
number JASFZV000000000.1. 
 
Phylogenetic and phylogenomic analyses 
Phylogenetic analysis using the S. suis strain 8-57C 16S rRNA 
and phylogenomic analyses using its genome sequence were 
performed using the Type Strain Genome Server (TYGS) 
(Meier-Kolthoff and Göker 2019). TYGS compared the S. suis 
strain 8-57C genome against all the type strains in its database 
using the MASH algorithm which allows fast approximation of 
intergenomic relatedness. Ten type strains with the smallest 
MASH distances were chosen. TYGS also added at least 10 
closely related type strains based on the 16S rRNA gene 
sequences. The S. suis strain 8-57C  full length 16S rRNA 
sequence (1.5 kb) was extracted from its genome using the 
RNAmmer program and BLASTed against the 16S rRNA 
sequences in the TYGS database. This was used as a proxy to 
find the best matched type strains based on bitscore. The precise 
distances were calculated using Genome BLAST Distance 
Phylogeny approach (GBDP) under the  algorithm 'coverage' 
and distance formula d5. A phylogenetic tree was generated 
based on pairwise comparisons among sets of genomes using the 
GBDP approach. Accurate intergenomic distances were inferred 
under the algorithm “trimming” and distance formula d5. The 
resulting intergenomic distances were used to infer a balanced 
minimum evolution tree with branch support via FASTME 
2.1.6.1, including subtree pruning and regrafting (SPR) 
postprocessing. Branch support was inferred from 100 pseudo-
bootstrap replicates each. Default settings were used to generate 
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the phylogenetic trees. 
 
Sequence Typing Using MLST 
Genome sequence-based sequence typing of S. suis strain 8-57C 
was performed using Multilocus Sequence Typing (MLST) 
2.0.9 with database version 06/19/2023 by the Center of 
Genomic Epidemiology 
(https://cge.food.dtu.dk/services/MLST/) (Larsen et al. 2012). 
Determination of S. suis sequence types (ST) using the MLST 
scheme was determined using seven housekeeping genes: aroA 
(5-enolpyruvylshikimate-3-phosphate synthase), cpn60 (60 kDa 
chaperonin), dpr (Dps-like peroxide resistance protein), recA 
(homologous recombination factor A), gki (glucose kinase), 
mutS (DNA mismatch repair protein), and thrA (aspartokinase 
A).   
 
Genotypic Assessment of Antimicrobial Resistance, 
Virulence Factors and Secondary Metabolite Gene Cluster 
Identification of antimicrobial resistance, virulence factors, and 
secondary metabolite gene clusters was determined using the S. 
suis strain 8-57C genome sequence. Identification of acquired 
genes or chromosomal mutations that mediated antimicrobial 
resistance was performed using ResFinder 4.1 
(http://genepi.food.dtu.dk/resfinder) by the Center for Genomic 
Epidemiology (Bortolaia et al. 2020). Virulence factors were 
predicted using VFAnalyzer through the virulence factor 
database (VFDB) (http://www.mgc.ac.cn/cgi-
bin/VFs/v5/main.cgi) (Liu et al 2022), while the prediction for 
BGCs encoding compounds which may be beneficial for S. suis 
infection was assessed using antiSMASH 7.0  
(https://antismash.secondarymetabolites.org/#) (Blin et al. 
2023). 
  
PCR-Based AMR Gene Screening 
S. suis strain 8-57C was also subjected to PCR-based detection 
of AMR genes such as aminoglycoside resistance genes 
(Vakulenko et al., 2003), macrolide and tetracycline resistance 
genes (Malhotra-Kumar et al., 2005), florfenicol resistance 
genes (Kehrenberg and Schwarz, 2006), as well as phenicol and 
oxazolidinone resistance genes (Shang et al., 2019; Brenciani et 
al., 2019). The amplification of the corresponding sizes of the 
target AMR gene being analyzed was evaluated  as positive. The 
summaries of the target genes, their antimicrobial resistance 
phenotype, primer sequences, amplicon size, and PCR profiles 
are shown in Tables S2 and S3. 
 
Phenotypic Antimicrobial Susceptibility Profiling   
The antibiotic susceptibility profile of S. suis strain 8-57C was 
further evaluated using the disk diffusion assay from the 
standard protocol of the Clinical and Laboratory Standards 
Institute (CLSI 2023) and Sedano et al. (2020) with minor 
modifications. A single colony of S. suis strain 8-57C was 
picked and grown overnight in CBA plates and incubated at 
37°C with 5% CO2. The bacterial lawn was harvested, 
suspended in 0.85 % normal saline solution, and adjusted to 0.5 
McFarland. The resulting bacterial suspension was spread plated 
(100 µL) on Mueller-Hinton agar supplemented with 5% sheep 
blood and used as assay plates. Sterile 6 mm circular paper disks 
were then aseptically placed onto the assay plates. The 
antibiotics added on the paper disks included ampicillin (AMP) 
(10 µg), cefalexin (CN) (30 µg), cefotaxime (CTX) (30 µg), 
ceftriaxone (CTR) (30 µg), penicillin (PEN) (10 units), 
azithromycin (AZM) (15 µg), erythromycin (E) (15 µg), 
doxycycline (DO) (30 µg), tetracycline (TE) (30 µg), gentamicin 
(GEN), chloramphenicol (CLM) (30 µg), levofloxacin (LE) (5 
µg) and clindamycin (CD) (2 µg). The antibiotic disk assay was 
done in triplicate. Streptococcus pneumoniae ATCC 49169 was 
used as a control. The assay plates were incubated at 36oC for 
24 hr using the microaerophilic method, and the zones of 

inhibition were measured. Zone measurements were assessed as 
susceptible, intermediate, or resistant according to CLSI (2023), 
except for GEN, which used those of Sedano et al. (2020). 
 
 
RESULTS AND DISCUSSION 
 
Sample Collection and Bacterial Isolation 
S. suis was detected in 133 out of the 264 samples of 
asymptomatic finisher pigs obtained from April 2020 to March 
2022 in a selected abattoir in Laguna, and a total of 506 S. suis 
strains were isolated. Out of these S. suis isolates, 248 strains 
were isolated from oropharyngeal swabs, 242 from 
nasopharyngeal samples, and 46 from diseased lung samples. S. 
suis strains isolated from the laryngeal, tonsil, or nasal tissues 
are classified as commensals that can reside in or on the body 
without harming human health, while those isolated from lung 
tissues without signs of neurological or systemic disease are 
classified as possibly opportunistic. Out of the 46 S. suis strains 
isolated from lung tissues, 7 were identified as serotype 2 or 1/2. 
Serotypes 2 and 1/2 are the most virulent serotypes and the most 
frequently isolated from diseased animals in North America 
(Estrada et al. 2019). S. suis strain 8-57C isolated from diseased 
lung tissues, was identified at serotype 1/2 and ST28, which is a 
known causative agent of swine and human disease (Goyette-
Desjardins et a., 2014). Because of this, this strain was further 
studied for molecular and genomic characteristics to determine 
attributes beneficial to its pathogenicity. 
 
Phenotypic, Biochemical, and Molecular Characterization 
S. suis strain 8-57C which was isolated from a diseased pig lung, 
displayed typical S. suis characteristics such as the presence of 
whitish translucent colonies, green-colored, alpha-hemolytic 
reaction in Columbia Blood Agar plates (Goyette-Desjardins et 
al. 2014), and negative catalase reaction (Xia et al. 2019). 
Likewise, the putative S. suis isolate amplified the recN gene 
previously used for S. suis identification (Tien et al. 2013; Ishida 
et al. 2014).  
 
S. suis lung isolates are rarely assessed for virulence. These are 
usually classified as possibly opportunistic (Estrada et al. 2019; 
Wileman et al. 2019), unlike those from the upper respiratory 
tract, which are commensals (Votsch et al. 2018; Neila-Ibañez 
et al. 2023) and those from systemic (heart, joints) or 
neurological (brain/meninges) tissues, which are identified as 
primary pathogens (Estrada et al. 2019). This is due to the 
common path of S. suis pathogenesis involving the colonization 
of the mucus and epithelial cells of the swine’s upper respiratory 
tract to infiltrate the bloodstream, where it induces a range of 
diseases and avoids phagocytosis (Segura et al. 2016).  
 
Serotyping 
Serotypes 2 or 1/2, 3, 7, 9, 11, and 16 were identified from the 
S. suis strains obtained from the Laguna abattoir collection, 
wherein serotype 3 was the most prevalent. These serotypes 
were associated with causing similar infections in pigs and 
humans. Multiplex PCR results classified S. suis strain 8-57C as 
serotype 1/2. However, most PCR-based techniques are unable 
to accurately discriminate between serotypes 2 and 1/2 due to 
the very high similarity between the cpsK loci of these serotypes, 
which differ by only a single nucleotide in position 481 (Okura 
et al. 2014; Athey et al. 2016). Therefore, a secondary genome 
sequence-based serotype verification was performed using a 
serovar 1/2 -specific cpsK sequence (Matiasovic et al. 2020). 
This confirmed the multiplex PCR result showing that S. suis 
strain 8-57C belonged to serotype 1/2. 
 
The serotyping result of S. suis strain 8-57C from diseased pig 
lung concurred with previous reports in the United States that a 
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greater proportion of serotype 1/2 isolates are associated with 
the pathogenic pathotype (Estrada et al. 2019). Likewise, most 
S. suis serotype 1/2 were found in the lungs of diseased growing-
finishing pigs in Taiwan based on a study by Wu et al. (2023). 
Serotypes 1/2, along with serotypes 2 and 3, are identified 
globally as crucial serotypes regarding clinical infections 
(Segura et al. 2020).   
 
In the Philippines, however, serotype 1/2 appears to have low 
prevalence. In the collection of S. suis isolates from Laguna 
abattoir done in this study, only 18/506 (3.55%) were identified 
as serotype 2 or 1/2. Out of the 18 serotype 2 or 1/2 detected, 7 
strains were isolated from diseased lung tissues. In a separate 
study done by Sedano et al. (2023), S. suis serotype 1/2 was not 
detected from the 269 S. suis tonsil isolates serotyped across 9 
provinces in Luzon (Albay, Batangas, Marinduque), Visayas 
(Bohol, Cebu, Iloilo) and Mindanao (Misamis Occidental, 
Misamis Oriental, Zamboanga del Norte). However, the absence 
of serotype 1/2 in this isolation matrix could be attributed to 
serotype 1/2 to be more likely to exist in the lungs of pigs (Wu 
et al. 2023), while mostly commensal S. suis strains are found 
on the upper respiratory tract (tonsil, nose) of asymptomatic pigs 
(Estrada et al. 2019).  
 
Genome Features 
Whole genome sequencing of S. suis strain 8-57C revealed a 
total genome size of 2,172,039 bp consisting of 40 contigs with 
an average depth of 417, an N50 of 95,379, G+C of 41.06%, and 
a total of 2,011 coding sequences. BUSCO analysis was done 
using bacteria_odb10 lineage (4085 genomes, 124 BUSCOs), 
resulting in  97.58% complete and single-copy BUSCO (121 
BUSCOs) and 2.42% fragmented BUSCOs (3 BUSCOs). The 
summary of the contig features is presented in Table 1, while 
Figure 1 shows the S. suis strain 8-57C genome map. The S. suis 
strain 8-57C genome was analyzed to determine phylogenetic 
relationships, perform MLST, identify genes associated with 
pathogen fitness, such as AMR and VFs, and predict the 
presence of BGCs. 
 

Table 1: Annotated genome features of Streptococcus suis strain 8-
57C isolated from diseased pig lung 

Features Total 
Total read bases (bp) 1,035,059,918 
Total reads (bp) 10,248,118 
Assembly length (bp) 2,107,130 
GC content (%) 41.06 
Longest contig (bp) 209,331 
Number of contigs 40 
N50 (bp) 95,379 
Average genome coverage (%) 100% 
Depth  409.12 
Complete BUSCOs  
   Complete and single-copy (121 BUSCOs) 97.58 % 
   Complete and duplicated BUSCOs (0 BUSCOs) 0% 
   Fragmented BUSCOs (3 BUSCOs) 2.42 % 
   Missing BUSCOs (0 BUSCOs) 0% 
Genes (Total) 2,106 
CDS (Total) 2,064 
Genes (coding) 2,011 
CDSs (with protein) 2,011 
Genes (RNA) 42 
rRNA 3, 1, 1 (5S, 

16S, 23S) 
Complete rRNAs 1, 1, 1 (5S, 

16S, 23S) 
Partial rRNAs 2 (5S) 
tRNA 33 
ncRNA 4 
Pseudo Genes (total) 53 
CRISPR Arrays 1 

 

 
Figure 1: Genome map of Streptococcus suis strain 8-57C isolated from diseased pig lung. The graphical display includes, from outer to inner rings, 
the contigs (dark blue), CDS on the forward strand, CDS on the reverse strand, RNA genes, CDS with homology to known antimicrobial resistance 
genes, CDS with homology to known virulence factors, GC content, and GC skew. An overview of the subsystems for the Streptococcus suis strain 8-
57C genome is also presented on the right.
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Phylogenetic and Phylogenomic Analysis 
Phylogenetic relationships of S. suis strain 8-57C based on the 
16S rRNA gene and pairwise genome sequence alignment using 
the Type Strain Genome Server showed that it grouped with 
Streptococcus suis S735 with a bootstrap value of 100% (Figure 

2). This supports the earlier putative identification of strain 8-
57C as S. suis using morphological, biochemical, and PCR-
based analyses.   
 

 
Figure 2: Phylogenetic relationship of S. suis strain 8-57C with other Streptococcus species based on the full length 16S rRNA (1.5 kb) (A) and pairwise 
genome sequence alignment (B) using the Type Strain Genome Server. The phylogenetic relationship was inferred with FastME 2.1.6.1 from Genome 
BLAST Distance Phylogeny (GBDP) distances calculated from 16S rDNA gene sequences. The branch lengths are scaled in terms of the GBDP 
distance formula d5. The numbers above the branches are GBDP pseudo-bootstrap support values > 60 % from 100 replications, with an average 
branch support of 64.0 %. The tree was rooted at the midpoint. On the other hand, the phylogenetic relationship of the genome sequences was also 
calculated with FastME 2.1.6.1 from 1 GBDP distances. The branch lengths are scaled in terms of the GBDP distance formula d5. The values above 
branches are GBDP pseudo-bootstrap support values > 60 % from 100 replications, with an average branch support of 42.1 %. The tree was also 
rooted at the midpoint. Default settings were used to generate the phylogenetic trees.

Multilocus Sequence Typing of S. suis 
Using the MLST scheme, S. suis strain 8-57C was identified as 
ST 28. Globally, S. suis STs 1, 25, and 28 represent the highest 
isolation frequency in swine (Estrada et al. 2019). While ST28 
is prevalent in diseased pigs in North America (United States 
and Canada) (Estrada et al. 2019; Segura et al. 2020), it is also 
present in significant proportions in diseased pigs in Asia, 
particularly Japan and China (Tang et al. 2011; Onishi et al. 
2012; Chen et al. 2013).  
 
In the United States, an association was proposed between most 
S. suis ST 28 to the pathogenic pathotype (Estrada et al. 2019). 
Aside from pigs, ST 25 and 28 were verified to be causative 
agents of human disease (Goyette-Desjardins et al. 2014). 
However, ST on its own is inconclusive in the prediction of 
virulence as it leaves out significant and relevant genomic 
information (e.g., DNA polymorphisms outside the 
housekeeping genes, gene variability in mobile genetic 
elements, etc.) (Athey et al. 2015). Indeed, virulence variation 
exists between ST 28 strains (Athey et al. 2015), with several 
previous reports implicating it with low virulence (Fittipaldi et 
al. 2011; Goyette-Desjardins et al. 2014; Yao et al. 2015). 

However, experimental disease modeling predicts that a portion 
of ST 28 strains are capable of causing severe disease (Athey et 
al. 2015). 
 
Evaluation of Characteristics Beneficial to Pathogen Fitness 
Antimicrobial Resistance Profiling  
Prediction for S. suis strain 8-57C AMR genes using ResFinder 
identified the erm(B) gene, which encoded for resistance to 
lincosamides, macrolides, streptogramin b; and the tet(O) gene, 
which coded for tetracycline resistance (Table 2). With errors 
associated with inherent algorithm limitations of genome 
assemblers (Ellington et al. 2017), in silico AMR gene 
prediction was coupled with PCR-based detection of resistance 
genes specific to aminoglycosides, tetracyclines, macrolides, 
and lincosamides, among others (Table 3), which are main 
antibiotic classes used for clinical treatment of S. suis (Haenni 
et al. 2018). AMR genes (e.g., fexA, poxtA, optrA, and cfr) that 
confer resistance to phenicols and oxazolidinone were also 
included (Table 3). PCR analysis verified the presence of tet(O), 
optrA, and cfr genes but not the erm(B) gene as presented in 
Table 3. 
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Table 2: Summary of identified antimicrobial resistance genes in Streptococcus suis strain 8-57C isolated from diseased pig lung using ResFinder 4.1. 
Antimicrobial Class WGS-Predicted phenotype Genetic background 
Clindamycin Lincosamide Resistant erm(B) (erm(B)_JN899585), erm(B) 

(erm(B)_X72021) 
Lincomycin erm(B) (erm(B)_JN899585), erm(B) 

(erm(B)_X72021) 
Erythromycin Macrolide Resistant erm(B) (erm(B)_JN899585), erm(B) 

(erm(B)_X72021) 
Pristinamycin Ia Streptogramin b Resistant erm(B) (erm(B)_JN899585), erm(B) 

(erm(B)_X72021) 
Quinupristin Resistant erm(B) (erm(B)_JN899585), erm(B) 

(erm(B)_X72021) 
Virginiamycin S Resistant erm(B) (erm(B)_JN899585), erm(B) 

(erm(B)_X72021) 
Doxycycline Tetracycline Resistant tet(O) (tet(O)_Y07780) 
Minocycline Resistant tet(O) (tet(O)_Y07780) 
Tetracycline Resistant tet(O) (tet(O)_Y07780) 

 Table 3: Targeted molecular-based antimicrobial resistance gene profiling of Streptococcus suis strain 8-57C isolated from diseased pig lung 
Gene Antimicrobial Resistance Phenotype Presence 

aac(6’)-Ie, aph(2")-Ia Aminoglycoside acetyltransferase  (-) 
aph(3’)-IIIa Aminoglycoside phosphotransferase (-) 
ant(4’)-Ia Aminoglycoside nucleotidyltransferase (-) 
ant(4’)-Ia (-) 
aph(2")-Ib Aminoglycoside phosphotransferase (-) 
aph(2")-Ic (-) 
aph(2")-Id (-) 
tet(K) Tetracycline (-) 
tet(L) (-) 
tet(M) (-) 
tet(O) (+) 
mef(A) Macrolide (-) 
mef(E) (-) 
erm(A) Streptogramin A and B, Macrolide, Lincosamide (-) 
erm(B) (-) 
fexA Phenicol (-) 
optrA Phenicol, Oxazolidinone (+) 
poxtA Phenicol, Oxazolidinone, Tetracycline (-) 
cfr Phenicol, Oxazolidinone, Lincosamide, Streptogramin (+) 

The negative amplification of the erm(B) gene could be 
attributed to the crude DNA that was used as the template for 
PCR. Crude DNA extracts often contain contaminants such as 
polysaccharides, proteins, lipids, and phenolic compounds that 
may interfere with the activity of the polymerase enzyme, thus 
causing false negative results. Furthermore, other than post- and 
pre- ribosomal modifications by methylation encoded by 
erythromycin ribosome methylase (erm), the Streptococcus 
genus has other resistance mechanisms for macrolides which 
includes, macrolide expulsion by the major facilitator 
superfamily (MFS) efflux pumps (macrolide efflux family, mef) 
and target protection (Berbel et al. 2022). These mechanisms 
could have been utilized by S. suis strain 8-57C for the exhibited 
phenotypic macrolide resistance.  
 
Meanwhile, manual checking for the hybridization of the optrA 
and cfr primers, which are specific for amphenicol resistance 
genes, to the S. suis strain 8-57C genome sequence yielded 
negative results. This suggested that the genes responsible for 
amphenicol resistance in S. suis strain 8-57C may be contained 
in a plasmid that was not resolved properly during whole 
genome sequencing. Han et al. (2023) isolated S. parasuis 
strains that carry a chromosomal optrA gene and a plasmid-
borne cfr(D) gene showing that the cfr(D) gene can be associated 
with a plasmid. The most utilized genome sequencing platform 
for bacteria uses short-read sequencing technology such as 
Illumina-based platforms.  While useful, it could also lead to 
fragmented genome assemblies, wherein plasmid sequences 
become challenging to reconstruct, especially for large plasmids 

that are larger than 50 kb or those containing repetitive 
sequences from transposons or insertion sequences (Harris and 
Alexander, 2021).  
 
A study of plasmid assemblers (PlasmidSPAdes, Recycler, cBar 
and PlasmidFinder) by Arredondo-Alonso et al. (2017) showed 
that while these programs can correctly predict majority of 
plasmids, predictions still resulted in fragmented, contaminated 
by chromosomal sequences or incomplete plasmid sequences. 
Furthermore, without a reference plasmid sequence, the binning 
of sequences into separate plasmids was unclear and 
challenging. This could explain the negative detection of the 
amphenicol resistance genes in the S. suis strain 8-57C genome. 
Furthermore, a study by Lemon et al. (2017) showed a similar 
occurrence wherein the erm(B) gene was not found in the E. coli 
genome assembled using SPAdes. This was attributed to 
difficulty in assembling highly repetitive plasmid sequences 
from short reads as well as low representation of the plasmids in 
the DNA used for whole genome sequencing, highlighting the 
importance of long-read sequencing for improving genome 
assembly and resolving repetitive domains. This is one of the 
reasons why genome sequence-based, PCR-based, and 
phenotypic characterization should be done in AMR 
characterization. 
 
Antimicrobial resistance profiling of S. suis strain 8-57C 
revealed that it was resistant to tetracyclines, macrolides, 
lincosamides, and amphenicol (Table 4). These results showed 
that S. suis strain 8-57C was a multi-drug resistant (MDR) strain 
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with resistance to more than three antibiotic classes (Schwarz et 
al. 2010). This has significant implications for the management 
and prevention of S. suis disease since macrolides, lincosamides, 
and tetracyclines are antibiotic options for the biocontrol and 
clinical treatment of S. suis (Haenni et al. 2018). Except for 
chloramphenicol, results of this study follow the global trend of 

S. suis AMR with comparatively higher incidences of resistance 
to tetracyclines, lincosamides, and macrolides as opposed to 
other antimicrobial classes such as aminoglycosides, beta-
lactams, chloramphenicol, fluoroquinolones, and trimethoprim-
sulfamethoxazole, (Van Hout et al. 2016; Aradanas et al. 2021).  
 

Table 4: Phenotypic antibiotic susceptibility profile of Streptococcus suis strain 8-57C isolated from diseased pig lung. 
Class Mode of Action Antibiotic Amount per 

disk 
Susceptibility 

Category 
Aminoglycosides Breaks cell wall formation 

and disrupts protein synthesis 
Gentamicin 10 µg Susceptible 

Beta-Lactams Inhibits cell wall synthesis Ampicillin 10 µg Susceptible 
Cefotaxime 30 µg Susceptible 
Cephalexin 30 µg Susceptible 
Ceftriaxone 30 µg Susceptible 
Penicillin 10 Units Susceptible 

Amphenicol Disrupts protein synthesis Chloramphenicol 30 µg Resistant 
Fluoroquinolone Inhibits DNA gyrase Levofloxacin 5 µg Susceptible 
Lincosamide Disrupts protein synthesis Clindamycin 2 µg Resistant 
Macrolides Disrupts protein synthesis Azithromycin 15 µg Resistant 

Erythromycin 15 µg Resistant 
Tetracyclines Disrupts protein synthesis Doxycycline 30 µg Intermediate 

Tetracycline 30 µg Resistant 

AMR, particularly in bacterial pathogens, is a worldwide issue 
with extensive morbidity and mortality implications in clinical 
settings (Akova 2016). Globally, the occurrence of AMR in S. 
suis is widespread, with an assortment of identified AMR-
associated genes conferring resistance to various antibiotic 
classes, which are corroborated with empirical evidence of the 
corresponding AMR phenotype (Segura et al. 2020; Tan et al. 
2021; Nicholson et al. 2021). Aside from the clinical and 
epidemiological importance of AMR in S. suis, the pathogen is 
also known to have the capacity to harbor and transfer 
antimicrobial resistance genes to other S. suis strains as well as 
other relevant Streptococcal pathogens like S. pyogenes, S. 
pneumoniae, and S. agalactiae (Huang et al. 2016b; Chen et al. 
2021).  
 
MDR strains like S. suis strain 8-57C could have been obtained 
by pigs in the abattoir environment. Previous research in Brazil 
revealed that isolates from a butchery environment are usually 
resistant to multiple drugs.  In the Philippines, Sedano et al. 
(2020) found a different AMR profile for S. suis isolated in 

Laguna backyard farms, with at least a single isolate having 
resistance to beta-lactams, aminoglycosides, and tetracyclines. 
However, their testing did not include the macrolide antibiotic 
class. Overall, the multi-drug resistance of the putatively 
opportunistic pathogen S. suis strain 8-57C presents an 
epidemiological advantage in swine, which could eventually 
lead to pathogenesis upon disruption of homeostasis (Votsch et 
al. 2018; Liang et al. 2022), especially in the presence of 
antimicrobial pressures in the pig industry with indiscriminate 
and improper antimicrobial use (Varela et al. 2013; Hadjirin et 
al. 2021; Uruen et al. 2022).   
 
Genotypic Identification of Putative Virulence Factors 
Based on genome sequence prediction for VFs using 
VFAnalyzer, S. suis strain 8-57C has four classes of VFs, which 
include adherence, enzyme, immune evasion, and protease 
(Table 5). S. suis typically infects the upper respiratory tract of 
pigs asymptomatically. Virulence only occurs when triggered by 
a range of biotic and abiotic factors (Votsch et al. 2018). 
 

Table 5: Virulence-associated factors predicted in Streptococcus suis strain 8-57C isolated from diseased pig lung using ResFinder 4.1 
Virulence Factor Class Virulence Factors Related Genes 
Adherence Agglutinin receptor Undetermined* 

Choline-binding proteins cbpD 
Fibronectin-binding proteins pavA 
Muramidase-released protein mrp 
Streptococcal plasmin receptor/ GAPDH Plr/gapA 

Enzyme Streptococcal enolase eno 
Immune evasion Capsule Undetermined 
Protease Trigger factor tig/ropA 

Zinc metalloproteinase zmpC 
*Undetermined: The database does not have information on related genes associated with a virulence factor class.

Adhesion, along with invasion, is usually considered among the 
first steps in host colonization of pathogens like S. suis 
(Fittipaldi et al. 2012). Adhesion VFs allow S. suis to cling to 
both epithelial and endothelial cells as well as organs like 
tracheal ring cells, joints, and the central nervous system among 
others (de Greef et al. 2002; Brassard et al. 2004; Wang and Lu 
2007). S. suis strain 8-57C adhesion VFs included agglutinin 
receptor, choline-binding proteins, fibronectin-binding proteins 
(fbp), muramidase-released protein (mrp), and streptococcal 

plasmin receptor/GAPDH (Table 5). The mrp VF is one of the 
most important to virulence (Fittipaldi et al. 2012; Aradanas et 
al. 2021; Nicholson and Bayles 2022) and is putatively 
associated with zoonotic potential (Roodsant et al. 2021). 
However, its criticality to virulence is uncertain with mrp-
deficient strains still reported to cause disease (Segura et al. 
2017).  
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Streptococcal enolase is the only VF predicted under the enzyme 
category (Table 5). Its activity takes place after streptococcal 
infection, with the induction of various autoimmune diseases 
and pathological processes (Pancholi and Fischetti 1998). Sun et 
al. (2016) found that enolase, through interaction with astrocytes 
and porcine brain microvascular endothelial cells, is 
upregulated, which aids in the penetration of the blood-brain 
barrier. Aside from its role in direct pathogenesis, S. suis enolase 
is putatively ascribed with immune evasion properties with 
resistance to phagocytosis in the human blood bactericidal 
model (Huo et al. 2014).  
 
The capsule is among the most studied and important S. suis VFs 
(Fittipaldi et al. 2012; Nicholson and Bayles 2022) associated 
with immune evasion and imparting resistance to phagocytosis 
(Baums and Valentin-Weigand 2009; Okura et al. 2013). 
Contrary to VFDB results, which classify the function of 
capsule-related genes as undetermined, numerous studies point 
out that the cps gene cluster, which is frequently used in 
serotyping, is involved in the biosynthesis and differentiation of 
capsular polysaccharides in S. suis (Okura et al. 2013; Athey et 
al. 2015; Hatrongjit et al. 2020). 
 
Lastly, zinc metalloprotease (zmp) and trigger factor were 
identified in the S. suis strain 8-57C  genome, which represents 
VFs associated with proteases (Table 5). Zmp’s bioactivity is 
associated with the inactivation of type A immunoglobulins, 
which prevent epithelial cell adhesion of microorganisms 
(Zhang et al. 2010; Segura et al. 2016). Despite its prevalence in 
a portion of 300 S. suis isolates based on a study by Weinert et 
al. (2015), the criticality of this VF is also in question, as in vitro 
porcine bronchial epithelial cells or in vivo swine upper 
respiratory tract assays were unaffected by the absence of a 
functional S. suis zmp protein (Dumesnil et al. 2018).  
 
 
 

Trigger factor, on the other hand, is an important contributor to 
pathogenesis, with deficient strains losing hemolytic activity 
coupled with a significant reduction of adherence (Wu et al. 
2011). The trigger factor is also suggested to influence the 
expression of several virulence-related genes such as mrp, cps, 
fbps, sly, epf, hrcA, hyl, and rpob. This has important 
implications in S. suis strains, which are positive for sly and epf 
since the presence of sly, epf, mrp, and cps VFs is a crucial factor 
for virulence (Fittipaldi et al. 2012; Aradanas et al. 2021; 
Nicholson and Bayles 2022). 
 
Despite S. suis strain 8-57C being predicted to contain one or 
more VFs using a genome-based approach, previous studies on 
serotype 1/2 by Martinez et al. (2002) revealed that clinical 
diseases in swine were less likely caused by specific isolate 
virulence but more of the result of inherent herd factors. Similar 
to mrp, the presence of other virulence factors deemed important 
was not guaranteed for the development of disease (Segura et al. 
2017). Hence, further assessment is needed to assess whether S. 
suis disease in Philippine swine is related more to farming 
practices than VFs of S. suis strains. 
 
In silico Prediction of Secondary Metabolite Gene Clusters 
Gene cluster prediction of S. suis strain 8-57C using antiSMASH 
7.0 identified an unknown polyketide synthase type III BGC and 
a BGC with 100% similarity to suicin 90-1330. Suicin 90-1330 
is a lanthipeptide class I bacteriocin from a nonvirulent S. suis 
strain 90-1330, which has high homology with the bacteriocin, 
nisin U (LeBel et al., 2014) (Table 6). The genus Streptococcus 
are known producer of antimicrobial bacteriocins exemplified 
by BlpC from S. pneumoniae (Wholey et al. 2016), Smb from S. 
mutans (Yonezawa et al. 2008), Lcn 351 from S. suis strain 
WUSS351 (Liang et al. 2022) as well as suicins (e.g. suicin3908 
from S. suis strains 3908 and WUSS351; and suicin 90-1330 
from S. suis 90-1330) (LeBel et al. 2014; Vaillancourt et al. 
2015; Liang et al. 2022).  
 

Table 6: Biosynthetic gene clusters identified in Streptococcus suis strain 8-57C isolated from diseased pig lung using antiSMASH 7.0. 
Region Type From To Most similar known cluster Similarity 

Region 4.1 Lanthipeptide Class I 95,464 121,494 Suicin 90-
1330 

RiPP 100% 

Region 4.1 Polyketide synthase Type III 1 23,459 ND ND ND 

Bacteriocins are antimicrobial peptides that could allow a 
pathogen to shape complex host microbiota in favor of itself by 
targeting neighboring bacteria, either from different genera, 
species, or strains for lysis (Li et al. 2014; Wholey et al. 2016; 
Heilbronner et al. 2021). Previous research in Streptococcus 
species indicated that the production of bacteriocins, along with 
integral processes for pathogenesis such as host bacterial 
adhesion, biofilm formation, and virulence, were activated by 
quorum sensing (Wang and Kuramitsu 2005; Xue et al. 2022). 
The importance of quorum sensing in streptococcal antibiotic 
production is compounded by its usual coexistence with other 
bacterial species, including those of the same genera in host 
organs (Niazy et al. 2022).  
 
Studies have shown that suicin3908-producing S. suis in healthy 
pigs exhibit self-resistance to suicin3908 and also promote 
intraspecies competition by exerting biocontrol activities against 
non-suicin3908-producing pathogenic isolates belonging to 
sequence types 1, 25, and 28 and serotype 2 (Vaillancourt et al. 
2015; Liang et al. 2022). On the contrary, based on experiments 
by Liang et al. (2022), bacteriocin Lcn351 from S. suis strain 
WUSS351 only exerted antimicrobial activity against one strain 
(S. suis P 1/7) out of 11 tested isolates. This suggests that there 
is still a lack of information on whether these intraspecies 
antagonisms caused by bacteriocins are serovar or sequence-
type-specific or whether they only occur between non-

pathogenic and pathogenic strain combinations.   
 
Implication 
Identifying and understanding attributes that promote pathogen 
fitness in S. suis could primarily guide the formulation of 
strategies to mitigate the infection and spread of S. suis. This is 
economically beneficial for the pig industry to avoid losses due 
to death from the pathogen as well as the culling of other 
infected animals (Gottschalk and Segura, 2000). 
Epidemiologically, this is important in preventing the zoonotic 
transmission of the pathogen to other animals, including 
humans, with close contact to infected pigs or pork products 
(Gottschalk et al. 2010) as well as avoiding the development and 
further proliferation of antimicrobial resistance in both humans 
and animals (Huang et al. 2016a). Finally, the increased 
understanding of pathogen fitness factors could ultimately lead 
to better diagnostic tools for the surveillance of the pathogen 
within and outside of farm settings as well as effective 
therapeutics, both innovative and classical (e.g. vaccines) 
targeting these attributes or their associated pathways (Fittipaldi 
et al., 2012; Feng et al. 2014; Segura et al. 2017). 
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CONCLUSION 
 
Streptococcus suis strain 8-57C serotype 1/2 was isolated from 
a diseased pig lung tissue in the Philippines. This strain 
phenotypically showed multidrug resistance to tetracyclines, 
macrolides, lincosamides, and chloramphenicol. Inconsistencies 
were observed in validating the presence of AMR genes using 
PCR, in silico genome predictions, and phenotypic expression. 
It is strongly suggested that all three methods be used to verify 
the presence of AMR. S. suis strain 8-57C was the first 
Philippine S. suis strain to undergo whole genome sequencing. 
Genome analysis of this strain showed several genotypic factors 
that were predicted as beneficial to pathogen fitness, host 
survivability, and pathogenicity. These included: (1) 
categorizing S. suis strain 8-57C as ST28 which is commonly 
associated as a pathogenic pathotype of swine and human 
disease, (2) the verification of antimicrobial resistance genes for 
lincosamide, macrolide, streptogramin, and tetracycline drug 
classes, except for chloramphenicol, wherein the presence of 
these genes is advantageous in antibiotic pressure scenarios 
against non-AMR susceptible commensals and pathogens, (3) 
genome-based prediction of a range of virulence factors which 
could enable S. suis strain 8-57C adhesion to host cells and 
organs, protection against phagocytosis, ability to cross the 
blood-brain barrier and hemolytic activity and (4) the genome-
based identification of the presence of secondary metabolite 
gene clusters encoding for the production of suicin 90-1330 
which promotes intra- and interspecies competitive advantage in 
favor of S. suis. The analysis of S. suis strain 8-57C highlights 
the importance of significantly expanding Philippine S. suis 
research to other serovars beyond the common serovar 2 to 
establish their pathogenic potential in various aspects (virulence, 
AMR profiles, secondary metabolites beneficial to pathogen 
survival). Current Philippine S. suis studies primarily delve into 
the presence of S. suis serotypes in swine farms but lack 
comprehensive data on the isolates’ pathogen fitness attributes 
that could pose huge economic, epidemiological, and public 
health consequences in the long run if left unchecked. 
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SUPPLEMENTARY DATA 
 

 

Table S1: Oligonucleotide primers and target genes used in the multiplex PCR for S. suis serotyping. 

Serotype Sequence (5′→3′)* Gene Multiplex PCR 
reaction set 

Amplicon 
size (bp) Reference 

1 and 14 
F: AATCATGGAATAAAGCGGAGTACAG cps1J, 

cps14J 1 550 Kerdsin et al. 2012 
R: ACAATTGATACGTCAAAATCCTCACC 

2 and 1/2 
F: GATTTGTCGGGAGGGTTACTTG cps2J, 

cps1/2J 1 450 Kerdsin et al. 2012 
R: TAAATAATATGCCACTGTAGCGTCTC 

3 
F: TGGGAGAAGGCAGAAAGTACGAGA 

cps3J–cps3K 1 1273 Kerdsin et al. 2012 
R: ACCCCCAGAAGAGCCGAAGGA 

4 
F: ACTTGGAGTTGTCGGAGTAGTGCT cps4M–

cps4N 2 783 Kerdsin et al. 2012 
R: ACCGCGATGGATAGGCCGAC 

5 
F: TGATGGCGGAGTTTGGGTCGC 

cps5N 2 166 Kerdsin et al. 2012 
R: CGTAACAACCGCCCCAGCCG 

6 
F: TACGGTCTCCCTTGCCTGTA 

cps6I 3 325 Kerdsin et al. 2014 
R: AACTCAGCTAGTGCTCCACG 

7 
F: GATGATTTATGGCACCCGAGTAAGC 

cps7H 1 150 Kerdsin et al. 2014 
R: AGTCACAATTGCTGGTCCTGACACC 

8 
F: ATGGGCGTTGGCGGGAGTTT 

cps8H 2 320 Kerdsin et al. 2014 
R: TTACGGCCCCCATCACGCTG 

9 
F: GGGATGATTGCTCGACAGAT 

cps9H 1 300 Kerdsin et al. 2014 
R: CCGAAGTATCTGGGCTACTG 

10 
F: TTACGAGGGGATTCTGGGGT 

cps10M 3 153 Kerdsin et al. 2014 
R: CGGGACAACAGATGGAACCT 

11 
F: TACAGTGCTTGCAGCCCTAC 

cps11N 1 896 Kerdsin et al. 2014 
R: CGACTTGTCGTGCCCTGAT 

12 
F: TGTGGCGATAGGACAACAGG 

cps12J 2 209 Kerdsin et al. 2014 
R: ACCAAGAAGTTTCCGCCTGA 

13 
F: CTGGTGCTGCAATTTCGCTT 

cps13L 3 1135 Kerdsin et al. 2014 
R: GCAGACTAGCTGCAGTTCCA 

15 
F: GCAAGAAAGCTTCCGGATGGA 

cps15K 3 274 Kerdsin et al. 2014 
R: CAAGAGAGTGTGCAACCCCA 

16 
F: TGGAGGAGCATCTACAGCTCGGAAT 

cps16K 1 202 Kerdsin et al. 2014 
R: TTTGTTTGCTGGAATCTCAGGCACC 

17 
F: ACTTGGGTTGGAATGGCGAA 

cps17O 3 906 Kerdsin et al. 2014 
R: ACCACCGAAAGTCAGGTCAC 

18 
F: CGGGGCAGTCTTACTCATGG 

cps18N 2 432 Kerdsin et al. 2014 
R: ATGACAGCGAAACGGACAGA 

19 
F: AGCAGGGTTGCGTATGGCGG 

cps19L 2 1024 Kerdsin et al. 2014 
R: ACAAGCACCAGCAAAGACCGCA 
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Serotype Sequence (5′→3′)* Gene Multiplex PCR 
reaction set 

Amplicon 
size (bp) Reference 

21 
F: GGTGGCAAGGAGAGCAAAGT 

cps21N 4 325 Kerdsin et al. 2014 
R: ACATGGTAAGCCATTGCTGGA 

23 
F: TGCTCAACAAACGCAGCAAA 

cps23I 3 454 Kerdsin et al. 2014 
R: TGACTGGTACATCTGCAGCC 

24 
F: ACCCGGAAAAACCAGGAGTT 

cps24L 2 500 Kerdsin et al. 2014 
R: ACCAATCAATGCCAAGCGAC 

25 
F: GGAGGAGCTGCGGGCTCATA cps25M–

cps25N 2 1211 Kerdsin et al. 2012 
R: TGGCCACAACCTGGATGCGTT 

27 
F: CTACGCCAATCGAAGCCAGA 

cps27K 4 506 Kerdsin et al. 2014 
R: CCAGTAAGAAGCCTGTCGCA 

28 
F: GGACTTCGGTACCTTAGCGT 

cps28L 4 865 Kerdsin et al. 2014 
R: CTCCAGCACATTCCCGTACC 

29 
F: GTGCGGGCGTTATTTTTGGT 

cps29L 4 435 Kerdsin et al. 2014 
R: AGCCTTGCAACCCATTTCCT 

30 
F: CTTTAATTGCTTGCGCCCGT 

cps30I 4 170 Kerdsin et al. 2014 
R: ATTCGGGCTACCCATTGCAG 

31 F: GGAGTGCTCTATGCCACCTT cps31L 3 550 Kerdsin et al. 2014 

All 
F: TTCTGCAGCGTATTCTGTCAAACG 

gdh All reactions 695 Kerdsin et al. 2012 
R: TGTTCCATGGACAGATAAAGATGG 
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Table S2: Oligonucleotide primers used in PCR-based antimicrobial resistance genes gene detection. 

Primer Name Sequence (5′→3′)* Gene Amplicon Size 
(bp) Reference 

aac(6’)-Ie- F:   CAGGAATTTATCGAAAATGGTAGAAAAG aac(6’)-Ie- 369 Vakulenko et al. 
2003 R: CACAATCGACTAAAGAGTACCAATC 

aph(2")-Ia F: CAGAGCCTTGGGAAGATGAAG aph(2")-Ia 348 Vakulenko et al. 
2003 R: CCTCGTGTAATTCATGTTCTGGC 

aph(3’)-IIIa F: CCTCGTGTAATTCATGTTCTGGC aph(3’)-IIIa 523 Vakulenko et al. 
2003 R: CTTTAAAAAATCATACAGCTCGCG 

ant(4’)-Ia F:   CAAACTGCTAAATCGGTAGAAGCC ant(4’)-Ia 294 Vakulenko et al. 
2003 R:  GGAAAGTTGACCAGACATTACGAACT 

aph(2")-Ib F:  CTTGGACGCTGAGATATATGAGCAC aph(2")-Ib 867 Vakulenko et al. 
2003 R:  GTTTGTAGCAATTCAGAAACACCCTT 

aph(2")-Ic F:  CCACAATGATAATGACTCAGTTCCC aph(2")-Ic 444 Vakulenko et al. 
2003 R: CCACAGCTTCCGATAGCAAGAG 

aph(2")-Id F:  GTGGTTTTTACAGGAATGCCATC aph(2")-Id 641 Vakulenko et al. 
2003 R: CCCTCTTCATACCAATCCATATAACC 

tet(K) F: GATCAATTGTAGCTTTAGGTGAAGG tet(K) 155 Malhotra-Kumar 
et al. 2005 R: TTTTGTTGATTTACCAGGTACCATT 

tet(L) F:  TGGTGGAATGATAGCCCATT tet(L) 229 Malhotra-Kumar 
et al. 2005 R:  CAGGAATGACAGCACGCTAA 

tet(M) F:  GTGGACAAAGGTACAACGAG tet(M) 406 Malhotra-Kumar 
et al. 2005 R:  CGGTAAAGTTCGTCACACAC 

tet(O) F:  AACTTAGGCATTCTGGCTCAC tet(O) 515 Malhotra-Kumar 
et al. 2005 R:  TCCCACTGTTCCATATCGTCA 

mef(A/E) F:  CAATATGGGCAGGGCAAG mef(A) 317 Malhotra-Kumar 
et al. 2005 R:   AAGCTGTTCCAATGCTACGG 

erm(A) F:  CCCGAAAAATACGCAAAATTTCAT erm(A) 590 Malhotra-Kumar 
et al. 2005 R:   CCCTGTTTACCCATTTATAAACG 

erm(B) F:  TGGTATTCCAAATGCGTAATG erm(B) 745 Malhotra-Kumar 
et al. 2005 R:  CTGTGGTATGGCGGGTAAGT 

fex(A) F:   GTACTTGTAGGTGCAATTACGGCTGA fex(A) 1272 Kehrenberg and 
Schwarz 2006 

R:   CGCATCTGAGTAGGACATAGCGTC 

cfr F:   TGAAGTATAAAGCAGGTTGGGAGTCA cfr 746 R:   ACCATATAATTGACCACAAGCAGC 

optrA F:   GCACCAGACCAATACGATACAA optrA 794 Shang et al. 2019 R:   TCCTTCTTAACCTTCTCCTTCTCA 

poxtA F:   GAACGCTTGGAGTATTTCGACTTC poxtA 778 Brenciani et al. 
2019 R:  CTGGACTGAGAATACCCATC 
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Table S3: PCR cycling profile used in detecting antimicrobial resistance genes. 

Gene/s detected PCR conditions Reference 
PCR steps Temperature Time Cycle 

erm(A) 
erm(B) 
mef(A) 

Initial Denaturation 93 3 min 1 

Malhotra-Kumar et al. 
2005 

Denaturation 93 1 min 
30 Annealing 62 1 min 

Extension 65 4 min 
Final Extension 65 3 min 1 

tet(M) 
tet(O) 
tet(L) 

Initial Denaturation 93 3 min 1 
Denaturation 93 1 min 

30 Annealing 62 1 min 
Extension 65 4 min 

Final Extension 65 3 min 1 
aac(6’)-Ie-
aph(2")-Ia 

aph(3’)-IIIa 
ant(4’)-Ia 
aph(2")-Ib 
aph(2")-Ic 
aph(2")-Id 

Initial Denaturation 94 3 min 1 

Vakulenko et al. 2003 

Denaturation 94 40 sec 
35 Annealing 55 40 sec 

Extension 72 40 sec 
Final Extension 72 2 min 1 

optrA 

Initial Denaturation 94 1 min 1  
Denaturation 94 1 min 

34 Shang et al. 2019 Annealing 57 30 sec 
Extension 72 3 min 

Final Extension 72 7 min 1 

poxtA 

Initial Denaturation 94 1 min 1 

Brenciani et al. 2019 Denaturation 94 1 min 
34 Annealing 57 30 sec 

Extension 72 3 min 

cfr 

Initial Denaturation 94 1 min 1 

Kehrenberg and 
Schwarz 2006 

Denaturation 94 1 min 34 
Annealing 48 30 sec  
Extension 72 3 min  

 Final Extension 72 7 min 1 
fexA Initial Denaturation 94 1 min 1 

 Denaturation 94 1 min 34 
 Annealing 57 30 sec  
 Extension 72 3 min  
 Final Extension 72 7 min 1 

 
 
 
Table S4: Pre- and post-trimming FASTQC quality reports of the raw sequence files.  

Total Read Bases Total Reads GC (%) Q20 (%) Q30 (%) 

Raw data stats 1,035,059,918 10,248,118 40.83 96.83 94.64 

Filtered data stats 880,607,216 8,719,342 40.75 99.52 99.08 
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