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Abstract
Background Salmonella enterica serovar Typhimurium persists as one of the most frequent food-borne
zoonoses, causing a major public health concern worldwide. Furthermore, Salmonella infection has a
large economic impact. Globally, the main sources of infection for humans include the consumption of
contaminated poultry meat and eggs. In animals however, Salmonella transmission usually occurs
horizontally from infected birds and contaminated environments. Hence, to delve further on how the
impact of this disease can be lessened, an epidemiological study needs to be performed. It is vital to
determine the genomic sequences of microorganisms to understand their biology and functional
characterization. Thus, we determined the whole-genome sequence and virulence pro�le of S. enterica
serovar Typhimurium strain UPM 260 isolated from Perak, Malaysia. Whole genome sequencing (WGS)
using paired-end sequencing generated 107 contigs with a total genome size of 4.9 Mbp and 52% G+C
content. The contigs were annotated for phylogenetic and functional analysis.

Results Through the analysis, it is revealed that the genome were resistant to a number of antimicrobial
drug classes including aminoglycoside, �uoroquinolone, tetracycline and phenicol. Also found in UPM
260 genome were three intact prophages (Fels-1, Gifsy-2 and one unique prophage, mEp390). The
genome housed four types of restriction-modi�cation systems (RMS) and Type I-E subtype of CRISPR-
Cas system. Two metal resistance operons (mer and cop) and six pathogenicity islands (SPIs) were also
discovered in UPM 260 genome. The SPIs contributed mostly to the bacterial virulence properties since
1054 CDS were reported to be homologous to the virulence factors in the database VFDB.

Conclusion This study bene�ts us speci�cally in the �eld of genome engineering where gene-based
genetic manipulations can be applied in reducing the prevalence and pathogenicity in Salmonella.

Background
Salmonella enterica has been regarded as one of the most recurring food-borne pathogens isolated from
humans and animals alike. Outbreaks in developing countries have caused a huge economic burden,
particularly on the surveillance, prevention and treatments (Eng et. al., 2015). Food animal industries,
mainly poultry, are the most susceptible since the abattoirs are known to be the main reservoir of
Salmonella contamination. In United States of America alone, there are more than a million Salmonella
outbreaks reported, with almost 600 deaths each year (Leekitcharoenphon et. al, 2016). The prevalence of
salmonellosis in Malaysia, albeit rarely apparent, has doubled in recent years. In 2014, a study was done
to isolate Salmonella from poultry farms in Malaysia where 11.9% out of 12664 samples isolated were
identi�ed as Salmonella (Ong et. al., 2014). Interestingly, the number of Salmonella isolates were notably
low at farm level suggesting good farm practices were being implemented. However, a high level of cross
contamination was observed during transportation all the way through to slaughter and production
process.
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Poultry has been the ultimate host for Salmonella colonization and was deemed asymptomatic most of
the time. It is believed that the profound stress among the poultry during handling and transportation,
mainly due to the overcrowded cages and long travelling hours, has triggered an increase in the shedding
causing a serious case of lateral transmission. Presence of Salmonella isolates in the plastic cages
during transportation has been well documented (Nidaullah et. al., 2017). Additionally, the constant high
moisture in the slaughterhouse and wet market are thought to be an ideal niche for Salmonella to prosper
and colonize by attaching to surfaces like plastics, cement and steels, where they prominently produced
bio�lms. All these factors eventually leading to Salmonella being transmitted into our food chains.

Salmonella enterica serovar Typhimurium is a facultative anaerobe, Gram-negative �agellated rod-
shaped bacterium with approximate size of 2–5 microns in length and 0.5–1.5 microns in diameter, it is
one of the most frequently reported serovars along with S. enterica serovar Enteriditis in food-borne
outbreaks globally (Fabrega and Vila, 2013). S. Typhimurium caused the highest number of fatalities
compared to other serovars (Enteritidis, Heidelberg, Newport and Montevideo) in the U.S from 2007 to
2011, with 9 deaths from 84 recorded cases (Andino and Hanning, 2015), with poultry, produce, and eggs
as the main food vehicle attributing to the outbreaks. Since S. Typhimurium is not host-speci�c, it
possesses a great threat and can occur everywhere either through ingestion of food and water
contaminated with animals’ waste, direct contact with infected animals or consumption of raw,
undercooked meat.

Unlike S. Typhi, which induces typhoid fever, S. Typhimurium is mostly responsible for nontyphoidal
salmonellosis (NTS) where its infections are often associated with gastroenteritis, with symptoms
including non-bloody diarrhea, vomiting, nausea, headache, abdominal cramps and myalgias (Acheson
and Hohmann, 2001). Symptoms of NTS can develop in just 6 to 12 hours upon ingestion and can last
between 7 to 10 days. NTS infections can also lead to various complications including cholecystitis,
pancreatitis and appendicitis (Crump et. al., 2008).

Of late, the surfacing of multidrug resistance (MDR) of NTS isolated from humans has caused a
commotion in public health concerning the clinical management and relative prevention of the infection.
Van et. al. (2007) conducted a surveillance study where �ve out of ninety-one Salmonella isolates were
found to be multi-resistant (Albany, Anatum, Havana, London and Typhimurium). Unwarranted use of
antibiotics for disease treatments and prophylaxis in the farm were proposed to be the root of the
problem of MDR emergence (Hyeon et. al., 2011). Furthermore, the existence of MDR has created a
signi�cant impact on the use of antibiotics for treatments, since most isolates are often found to be
resistant to quinolones and third generation cephalosphorins. Ultimately, the lack of new antimicrobial
agents available for treating MDR-infected patients might lead to an increment of morbidity and mortality
rates. Furthermore, an epidemiological study carried out by Travers and Barza in 2002 reported that MDR
strains instigated severe and prolonged syndromes compared to susceptible strains, suggesting that
MDR strains are more pervasive and virulent.
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The logical approach to put a halt to the widespread of MDR strains is to control the infectivity at the
farm-level, hence lessening the outbreak. However, a Salmonella-free poultry farm entails excessive
expenditure especially on feed, hygiene and management. The costs, together with the injudicious use of
antibiotics, means that vaccination may be a suitable alternative. It has been shown that vaccinations in
poultry has helped prevent intestinal and cecal colonization, resulting in reduced fecal shedding and
minimized risk of vertical transmission and egg contamination (Gast, 2007). Live, attenuated vaccines
have long been an ideal vaccine construct since it can elicit cell-mediated immune response while still
maintaining its immunogenicity. An attenuated vaccine pivotal point is the various deletions subjected
onto the bacterial essential virulence factors and mutations on metabolic enzymes encoding genes
(Detmer and Glenting, 2006).

Salmonellae activity has been shown to be profoundly diverse in between serovars, dependent on
environmental stresses including temperature differences, types of chemicals present, and nutritional
conditions based on food sources available (Joerger et. al., 2009). However, upon successful invasion,
they thrive in the host cell by facilitating the clustered virulence factors presence within its genome.

Multiple studies have been done on virulence mechanisms of S. Typhimurium in mice and cattle, but little
has been recorded in chicken; the main vector of salmonellosis to man. Based on previous studies, there
are a few notable genes that have roles as an advance guard in order to maintain bacterial survival in the
infected host cells. Genes associated with outer membranes, metabolic and �mbrial formation are crucial
for colonization, while lipopolysaccharides-biosynthesis related genes are vital for both colonization and
systemic infections in the host (Morgan et. al., 2004). In addition, it has also been observed that �agella-
associated genes are necessary in the initial stages of host infection. However, there are more
possibilities left to be discovered pertaining to the virulence factors, thus, here we present an in-depth
study to identify the virulent determinants and their roles contributing to pervasiveness on the bacteria.
Globally, In Malaysia, there are very few whole genome sequencing and analysis studies done on S.
Typhimurium strains and very little information about the genome insight was revealed thus far.

In this study, we performed a whole genome sequencing on the strain S. Typhimurium UPM 260 in order
to obtain a precise reference genome for identi�cation of genomic features, virulence clusters, and
multidrug resistance gene analysis. This study also bene�ts us speci�cally in the �eld of genome
engineering where gene-based genetic manipulations can be applied in reducing the prevalence and
pathogenicity in Salmonella.

Methods And Materials
Strain Collection and Antimicrobial Susceptibility Testing

Salmonella enterica subsp. enterica serovar Typhimurium strain UPM 260 was collected in 2014 from a
broiler house located in Perak, Malaysia. Antimicrobial susceptibility testing was done on the strain by
implementing the disc diffusion method and results obtained were measured following the standards
and guidelines described by Clinical and Laboratory Standards Institute (CLSI, 2010) and European
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Committee on Antimicrobial Susceptibility Testing (EUCAST). The following discs (Oxoid, Basingstoke,
UK) represented the antibiotic drugs used: Ampicillin (AMP-10), Cefotaxime (CTX-5), Nalidixic Acid (NA-
30), Polymyxin B (PB-300), Tetracycline (TE-10) and Trimethoprim/sulphamethoxazole (SXT-25). The
strain then was subjected to whole genome sequencing.

Whole Genome Sequencing, De Novo Assembly and Annotation

The whole genome sequencing of S. Typhimurium UPM 260 was performed using paired-end sequencing
(2 x 250 bp read length) on the Illumina HiSeq platform. The de novo assembly process performed using
CLC Genomic Workbench version 7.5.1 (Qiagen, USA). The draft genome obtained from the assembly
was queried using BLASTn to obtain reference genomes for the scaffolding process. Five strains;
Salmonella enterica subsp. enterica serovar Typhimurium str. LT2 (Accession No.: NC_003197.2),
Salmonella enterica subsp. enterica serovar Typhimurium str. CDC 2009K-2059 (Accession No.:
CP014983.1), Salmonella enterica subsp. enterica serovar Typhimurium str. USDA-ARS-USMARC-1898
(Accession No.: CP014971.2), Salmonella enterica subsp. enterica serovar Typhimurium strain BL10
(Accession No.: CP024619.1) and Salmonella enterica subsp. enterica serovar Typhimurium strain
CFSAN018746 (Accession No.: CP028199.1) were chosen as reference genomes for they have the closest
sequence similarity with UPM 260. Contiguous sequences of S. Typhimurium UPM 260 were scaffolded
and gap-�lled using MeDuSa (Bosi et al., 2015) and GapBlaster (De Sá et al., 2016) respectively. The
scaffolds were concatenated by the addition of NNNNN that acted as linker sequence to form a
‘pseudogenome’. The draft genome of S. Typhimurium UPM 260 was annotated using RAST server (Aziz
et al., 2008) which predicted protein-encoding sequences, rRNA and tRNA genes, genes functions and
subsystems present in the genome. The annotated draft genome of S. Typhimurium UPM 260 has been
deposited in the European Nucleotide Archive with accession number GCA_902153325.1.

Sequence Analysis of the S. Typhimurium UPM 260

The S. Typhimurium UPM 260 draft genome was queried against a curated database for restriction
enzymes and related proteins; REBASE (Roberts et al., 2015) in search of restriction-modi�cation sites.
Presence of metal-resistance genes was predicted using the Antibacterial Biocide and Metal Resistance
Genes Database (BacMet) (http://bacmet.biomedicine.gu.se/) (Pal et al., 2014). Additionally, CRISPR
regions were investigated using CRISPRCasFinder (Couvin et al., 2018) where evidence level 1 implied a
CRISPR region with one to three spacers while evidence level 2 to 4 were termed as true CRISPR. The
presence of protospacers adjacent to CRISPR (Cas proteins) were identi�ed using the same tool with
‘Subtyping’ level of precision. The draft genome was then was queried for plasmid regions using
PlasmidFinder (Carattoli et al., 2014). Correspondingly, the identi�cation was also carried out using
PATRIC BLAST against the plasmid contig database for optimisation of results.

The detection of prophage sequences within the genome was executed using PHAge Search Tool
Enhanced Release (PHASTER) (http://phaster.ca/) (Arndt et al., 2016; Zhou et al., 2011). The identi�ed
prophages were further subjected against the Virulence Factor Database (VFDB) in search of potential
virulence genes existing within the prophage regions. The draft genome was queried against the

http://bacmet.biomedicine.gu.se/
http://phaster.ca/
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Comprehensive Antibiotic Resistance Database (CARD) (Jia et al., 2017) (https://card.mcmaster.ca/) to
uncover the acquired antimicrobial resistance genes. Subsequently, Salmonella pathogenicity islands
(SPIs) were identi�ed by utilizing SPIFinder (https://cge.cbs.dtu.dk/services/SPIFinder/). The predicted
SPIs were searched for the presence of virulence factors such as bacterial pathogens, toxins and
virulence genes against VFDB (Chen et al., 2005). Finally, virulence factors residing within the genome of
S. Typhimurium UPM 260 were classi�ed using VFDB (http://www.mgc.ac.cn/VFs/main.htm).

To proceed with the analysis, two S. enterica subsp. enterica Typhimurium genomes were chosen to
understand the virulence mechanisms and pathogenicity of these organisms. One strain, the complete
genome of S. enterica subsp. enterica Typhimurium LT2 (Accession number: NC_003197.2) is the most
studied Salmonella Typhimurium strain while the other one, S. enterica serovar I 4, [5], 12:i:- (Accession
number: PQNA00000000) was selected due to its geographical similarity.

Results And Discussion

Genome sequence information

The genome features of S. Typhimurium UPM 260, S. Typhimurium LT2 and S. I 4, [5],

12:i:- are summarized in Table 1. The draft genome of S. Typhimurium UPM 260 is

estimated to be 4,869,864 bp, with 52.0% GC content and 4,893 coding sequences (CDSs).

The circular representation of the genome is shown in Figure 1. A total of 49 tRNAs and

two rRNAs comprising one small subunit ribosomal RNA and one large subunit ribosomal

RNA were also detected in S. Typhimurium UPM 260.

 

Table 1: General genome characteristics of S. Typhimurium UPM 260, S. Typhimurium LT2

and S. Typhimurium I 4, [5], 12:i:-

Features UPM 260 LT2 I 4, [5], 12:i:-
Status Draft Complete Draft
Genome size (bp) 4,869,864 bp 4,857,432 bp 4,829,816 bp
GC content (%) 52% 53% 52.1%
Contigs 14 - 111
Scaffolds - - -
Total no. of CDS 4,893 4,489 4,933
Total no. of tRNA 51 85 75
Total no. of rRNA 4 22 10
References This work (McClelland et al., 2001) (Ngoi et. al., 2018)

https://cge.cbs.dtu.dk/services/SPIFinder/
http://www.mgc.ac.cn/VFs/main.htm
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Susceptibility to antimicrobial compounds and antimicrobial resistance-encoding genes

S. Typhimurium UPM 260 was susceptible to ampicillin (16 mm), nalidixic acid (18 mm)

and trimethoprim/sulphamethoxazole (24 mm) (Table 2). This isolate was also found to be

resistant to polymyxin B (13 mm) and tetracycline (0 mm). Whereas the strain shows

intermediate sensitivity towards cefotaxime (29mm).

 

Table 2: Antimicrobial susceptibility testing of S. Typhimurium UPM 260

Antibiotic Zone diameter breakpoint
(mm)

Results (mm)

S ≥ I R≤
Ampicilin (amp) 15 0 14 16(sensitive)
Cefotaxime (ctx) 30 24-29 23 29(intermediate)
Nalidixic acid (na) 18 0 17 18(sensitive)
Polymyxin B (pb) 15 15 14 13(resistant)
Tetracycline (te) 24 0 23 0(resistant)
Trimethoprim-sulphamethoxazole
(sxt)

17 14-16 13 24(sensitive)

 

A total of 35 genes were predicted to confer resistance against different antibiotics

categories. Additionally, UPM 260 contained antibiotic resistance-encoding genes related to

multiple chromosomally encoded efflux pump mechanisms comprised of ATP-binding

cassette (ABC), multidrug and toxic compound extrusion (MATE) transporters, major

facilitator superfamily (MFS) and resistance-nodulation-division (RND).

All antibiotic resistance genes identified in UPM 260 were associated with resistance to

fluoroquinolone, penicillin, macrolide, fosfomycin, peptide, aminocoumarin,

aminoglycoside, monobactam, carbapenem, rifamycin, triclosan, glycylcycline, tetracycline,

cephalosporin, phenicol, cephamycin, penems, carbapenem rhodamine, benzalkonium

chloride, streptogramin and nitroimidazole.
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There are a few unique genes predicted in the UPM 260 genome that are absent from LT2

and I 4,[5].12:i:- including AdeF, APH(3’)-Ia (aphA1), APH(3”)-Ib (StrA), APH(6)-Id (StrB),

as well as plasmid-encoded genes QnrS1 and VgaC (Table 3). All these unique genes were

previously reported to confer resistance towards kanamycin, streptomycin (Heinzal et al.,

1988), ciprofloxacin, tetracycline, trimethoprim (Sumrall et al., 2014) and streptogramin

(Novotna & Janata, 2006).

The emergence of multidrug-resistance bacteria has caused life-threatening problems in

cancer chemotherapy and the treatment of bacterial infections. The multidrug transporters

in bacteria are what trigger the resistance to drugs as they decrease cellular drug

accumulation (Zgurskaya and Nikaido, 2000). RND drug transporter genes, acrAB, acrD,

acrEF, or genes belonging to the MFS (emrB and mdfA), MATE (mdtK) and ABC (macAB)

transporter families were all present in the UPM 260 genome.

Gram-negative bacteria are usually much more resistant than Gram-positive bacteria to a

wide range of drugs due to the presence of outer membrane (OM) barrier (Vaara, 1993).

RND pumps in Gram-negative bacteria are predominantly effective in generating resistance

as they form a tripartite complex with the periplasmic proteins of the membrane fusion

protein family and the OM channels. This complex then pumped out drugs directly to the

external medium (Nikaido & Takatsuka, 2009). One RND pump out of the abundance

present in the UPM 260 genome is the multiple drug efflux pump AcrB, a pump that

contributes to multiple drugs resistance and is essential for virulence in S. enterica serovar

Typhimurium. This finding was supported by previous finding where AcrB was found to be

related to both intrinsic and acquired multidrug resistance of Salmonella (Nikaido et. al.,

1998).

Also present in Gram-negative bacteria is the lipopolysaccharide (LPS) that plays an

imperative role for antibiotic resistance (Peterson et al., 1987). Ultimately, complete

deletion of said efflux pump coupled with mutation of LPS could attenuate bacteria while

simultaneously achieving maximal susceptibility to several drugs including oxacillin,

nafcillin, and erythromycin (Stubbings et al., 2005).
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Restriction-modification systems (RMS)

A total of four restriction-modification systems (RMS) were determined in S. Typhimurium

UPM 260; Type I, Type II, Type III and Type IV. S.StyUK1II; a specificity subunit and

M.SenTFII; a methyltransferase are both Type I enzymes found in the strain. The Type I

methyltransferase was predicted to cleave at the GAGNNNNNNRTAYG recognition motif.

M.Sen641III and StyUK1IV are Type II and Type IIG methyltransferases respectively, where

M.Sen641III has an ATGCAT recognition sequence. One Type III RMS; M.Sen22462III, a

methyltransferase, was found in S. Typhimurium UPM 260. A Type IV restriction enzyme,

StyLT2Mrr was also predicted and is recognized as a methyl-directed restriction enzyme

with unknown cleavage site. UPM 260, LT2 and I 4,[5],12:i:- have the same Type I, Type II

and Type IV RMS (Table 4). While I 4,[5],12:i:- was void from any Type III (R-M), both UPM

260 and LT2 have M.Sen22462III and M.StyUK1I as their Type III RMS respectively.

Bacterial evolution has caused them to adapt strategies to recognize and distinguish

extraneous foreign DNA from self-DNA. Restriction-modification systems (RMS), operated

by two enzymatic activities consist of either restriction endonuclease (REases) or

methyltransferase (MTase) which functions involved cleaving the invading DNA and

methylating the host respectively.

 

Table 4: Summary of restriction-modification systems (RMS) in S. Typhimurium UPM 260,

LT2, and I 4,[5],12:i:-
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Restriction-
Modification

System

UPM 260 LT2 I 4,[5],12:i:- Function

Type I S.StyUK1II S.StyUK1II S.StyUK1II Specificity subunit
M.SenTFII M.SenTFII M.SenTFII Methyltransferase

Type II StyUK1IV StyUK1IV StyUK1IV Restriction
enzyme/methyltransferase

M.Sen641III M.Sen641III M.Sen641III Methyltransferase
Type III M.Sen22462III M.StyUK1I - Methyltransferase
Type IV StyLT2Mrr StyLT2Mrr StyLT2Mrr Methyl-directed

restriction enzyme

 

There has been no in depth study on M.Sen22462III, beside that it consists of both mod and

res genes which allow the genome to function either modification (Mod) or restriction (Res)

following site recognition (Mücke et. al., 2001). Whilst, StyLT2Mrr was primarily

recognized as an enzyme conferring genotoxicity on heterologous expression of some exotic

type II MTases in E. coli K12 (Ghosh et. al., 2014). One important finding has identified Mrr

to be an elicitor towards high (hydrostatic) pressure (HP)-induced SOS response (Artsen

and Michiels, 2005). It is believed that the StyLT2Mrr found in Salmonella genome aids in

generating bacteria adaptability by increasing the genetic repertory of bacterial

populations thus allowing the bacteria to rapidly adapt to their new environment (Cirz et.

al., 2005).

Antibacterial Biocides and Metals Resistance Genes

The UPM 260 genome was found to have metal resistance genes associated to ammonium,

arsenic, cadmium, cobalt, copper, chromium, magnesium, manganese, mercury, nickel,

phosphate, tellurium and zinc. Through an elaborate study on metal resistance and its

correlation with antibiotic resistance Pal et. al (2017) reported that resistance genes

against toxic metals and metalloids predated the antibiotic era. Furthermore, the industrial

revolution also contributed to the rapid increase in metal production in the environment.

Likewise, the presence of metal resistance genes (MRGs) in bacteria was also premediated

by protist predation, in which they exploited metal poisoning to inactivate and kill bacteria

(Hao et al., 2017). As a result, bacteria had evolved a new detoxification strategy against
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metal in order to avoid lethality by protists. Out of the abundance of metals used, mercury

resistance was particularly imperative as its transposons can amass various resistances

thus making it a possible vector for co-resistance (Summers, 2002).

A gene cluster that is responsible for mercury resistance constituting merA/G/R was

identified in UPM 260 genome. The merA gene constitutes the mer operon; an operon

accountable for storing mobile genetic elements containing transposases and plasmids

(Barkay et al., 2003). This finding suggests that mercury resistance in bacteria could be

transferred via horizontal gene transfer (HGT) among various bacterial species. A study by

McIntosh et al (2008) found that although the prevalence of a multi drug resistance (MDR)

strain was initially caused by the unwarranted use of antibiotic, it is possible for non-

antibiotic selective agents like heavy metals to be associated as potential carrier for

antibiotic resistance due to both elements often being located adjacent to each other in the

integrons. The genome also encoded a few proteins responsible for mercury resistance

including merR and merP; a regulatory protein of merA operon and transport protein

accordingly.

Additionally, a few genes associated with copper resistance were detected in the genome.

Copper resistance is regulated mostly by cue and cop systems, where the first is the

primary mechanism of copper efflux (Bondarczuk & Piotrowska-Seget, 2013), while the

latter is a plasmid-driven system found on chromosomes (Monchy et al., 2006). CueARO

and CopADFRS operons work in-sync to detoxify copper from the system. UPM 260 was

found to also be resistant towards silver. Interestingly, as suggested by Hao et. al. (2015),

the bacterial genome can acquire silver resistance loci due to the presence of copper

resistance for they are homologs (2015).

CRISPR-Cas system

The S. Typhimurium UPM 260 genome was predicted to contain one CRISPR region at the

lowest evidence level and two CRISPR regions with evidence level 4 (Table 5). CRISPR 2

and CRISPR 3 comprised of 4 and 21 spacers respectively and both regions were found

adjacent to CRISPR-associated helicase, Cas2, Cas1, Cas6, Cas5, Cas7, Cse2, Cse1 and
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Cas3. Out of 25 spacers found, 7 of them were classified as protospacers homologous to

plasmid sequences and one spacer (Spacer 12) is homologous to phage sequence.

 

Table 5: CRISPR regions identified in S. Typhimurium UPM 260 genome

CRISPR Locus Position Start End No. of spacers Evidence level
CRISPR Scaffold_1_1 2469729 2469838 1 1
CRISPR Scaffold_1_2 2680128 2680418 4 4
Cas cluster CAS-TypeIE 2680515 2688974 8  
CRISPR Scaffold_1_3 2696550 2697884 21 4

 

UPM 260 has the smallest number of spacers compared to other strains, both LT2 and I 4,

[5],12:i:- were reported to have three evidence 4 CRISPR locus 2,3,4 and 1,2,3 with 55 and

53 spacers respectively (Table 6). The CRISPR-Cas system; consisting of the CRISPR array

and cas gene is a versatile system in bacteria that procures immunity against exogenous

DNA (Karimi et. al., 2018). The spacers located within the array are responsible for

conferring protection upon integration of foreign elements. It works by transcribing and

processing the spacers into small non-coding interfering CRISPR RNAs (crRNAs) and

formed a guide-RNA (gRNA) by fusing with trans-activating CRISPR RNA (tracrRNA). The

gRNA will direct the Cas protein toward invading DNA for specific cleavage of homologous

sequences (Barrangou and Marraffini, 2014). It is hypothesized that strains with a greater

number of spacers were constantly exposed to phages and DNA invasion along the lineage

of the strain (Shariat et. al., 2015). This finding suggests that UPM 260 might have lower

exposure to phages. However, some spacers identified were found to be in the same

position within all studied strains which, as proposed by Mohammed and Cormican (2015),

showed consistency with the theory of common ancestors.

 

Table 6: Distribution of CRISPR loci found in different S. Typhimurium strains

https://crisprcas.i2bc.paris-saclay.fr/CrisprCasFinder/Viewing/636851194047330296
https://crisprcas.i2bc.paris-saclay.fr/CrisprCasFinder/Viewing/636851194047330296
https://crisprcas.i2bc.paris-saclay.fr/CrisprCasFinder/Viewing/636851194047330296
https://crisprcas.i2bc.paris-saclay.fr/CrisprCasFinder/Viewing/636851194047330296
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Strain Total no. of spacers in CRISPR
loci

Spacers no. in
CRISPR-2

Spacers no. in
CRISPR-3

UPM 260 25 4 (2680128-2680418) 21 (2696550-
2697884)

LT2 55 32 (2561070-
2563051)

17 (2579183-
2580251)

I 4,
[5],12:i:-

53 15 (17810-18756) 6 (18830-19224)

 

Plasmid and Prophage

One plasmid replicon, IncR, was found in the S. Typhimurium UPM 260 genome. IncR

plasmids are characterized to locate qnrS1; a gene that confers resistance towards

aminoglycosides, chloramphenicol and tetracycline (García-Fernández et. al., 2008).

However, the properties of the 250 bp IncR replicon in the UPM 260 genome are still poorly

studied and an initial query against BLAST revealed the replicon to be a fragment of the

RepB family plasmid replication initiator protein. The fragment was analyzed for any

potential plasmids and a short 9.3kb DNA sequence resembling an incomplete plasmid

tig00000003 of Klebsiella pneumoniae strain AR_0115 was discovered in Scaffold 3 (7520

bp – 16846 bp). The query covered 70% of the 39 kb plasmid with 99.9% nucleotide identity.

An extended analysis uncovered replication protein repB and the toxin-antitoxin addiction

system that promotes plasmid stable maintenance (Rychlik et. al., 2006) residing inside the

plasmid-associated genomic regions. An antibiotic resistance gene vgaC was also

characterized within the plasmid. VgaC belongs to ABC-F subfamily protein that provides

resistance towards streptogramin (Kadlec et. al., 2010).

A 4.5 kb fragment was also found in the same scaffold 3 (1 bp – 4543 bp) that bears

resemblance to plasmid pSH-01 of Salmonella sp. A few genes were identified including

impA, transposases and a DNA polymerase V (Pol V) subunit umuC. Both impA and umuC,

are vital in circumventing DNA damage following mutational changes or UV radiation

(Reuven et. al., 2009; Mints & Fives-Taylor, 2000). S. Typhimurium has been studied to

have a common 94-kb virulence plasmid, pSLT where both LT2 and I 4,[5],12:i:- were
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confirmed to have. However, the lack of an intact Typhimurium-specific pSLT plasmid in

the UPM 260 genome is still undetermined.

Among the four functional prophages conserved in S. Typhimurium LT2 (Fels-1 and -2,

Gifsy-1 and -2), two of them; Fels-1 (39.2 kb) and Gifsy-2 (59 kb) and one unique prophage

namely mEp390 (47.9 kb) were identified in the UPM 260 genome while I 4,[5],12:i:-

harbors Fels-1, Gifsy-1 and Gifsy-2. The differences in prophages between UPM 260 and I 4,

[5],12:i:- from LT2 could suggest both strains underwent different evolutionary pathways

from their respective ancestors. Since prophages are mobile elements, their acquisition

might be a crucial factor in developing strains with augmented virulence and pathogenicity

(Ngoi et. al., 2018).

Moreover, it has been widely shown that prophages increase intracellular survival rate of

the bacteria (Herrero-Fresno et. al., 2014). Fugueroa-Bossi et. al. (2001) found that most S.

Typhimurium have conserved Gifsy-1 and Gifsy-2 prophages in the genome (2001).

However, Gifsy-1 was not detected in the UPM 260 genome. The lack of conserved

prophages in bacterial genomes may suggest the strain has undergone genomic

degradation either by deletions, insertions or by manifestations of pseudogenes

(Panzenhagen et. al., 2018). mEp390, Fels-1 and Gifsy-2 in UPM 260 encoded for multiple

virulence genes including gtrA/B, grvA, sodCI, sseI/srfH and sspH1. Interestingly, Gifsy-2

harbored an antivirulence gene, grvA, where its null mutation, coupled with the presence of

sodCI will render the strain more virulent (Ho and Slauch, 2001). However, deletion of the

whole Gifsy-2 prophage is proven to reduce the strain virulence by more than 100-fold due

to the loss of periplasmic superoxide dismutase, SodCI, a protein that acts as protease

resistance and tether onto peptidoglycan (PGN) cell wall to combat phagocytic superoxide

(Krishnakumar et. al., 2007).

Salmonella Pathogenicity Islands (SPIs) and Virulence Factors

The complexity of Salmonella pathogenicity corelates with the presence of numerous

protective as well as offensive virulence factors (Groisman and Ochman, 1997). Virulence

factors contributing to adhesion, invasion and toxin genes are clustered in the chromosome
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are identified as “Salmonella pathogenicity islands” (SPI) (Santos et. al., 2003). Two of the

most important SPIs in S. enterica are Salmonella Pathogenicity Island-1 (SPI-1) and

Salmonella Pathogenicity Island-2 (SPI-2) which carry the effector proteins and facilitate

the direct injection of effector proteins into the cytosol of eukaryotic cells. Both SPIs also

encode for type III secretion systems (T3SS).

A total of 1054 (21.54%) out of 4893 CDS annotated were found to be homologous to the

virulence factors in the database VFDB. Among the virulence factors, 12 of them were

identified as T3SSs encoding gene clusters, in which eight of them are T3SS-1 related,

located in SPI-1 including hil, iac, inv, org, prg, sic, spa and spr. Four additional gene

clusters were recognized as T3SS-2 related genes, which are encoded in SPI-2 (ssa, ssc,

sse, ssr) (Figure 2). Additionally, 9 TTSS-1 translocated effectors encoding genes (avrA,

sipABC, sopA/B/D/E2 and sptP), as well as 11 T3SS-2 trans-located effectors encoding

genes (pipB/B2, sifA/B, sseF/I/J/K1/K2/L, sspH2), were found within the UPM 260 genome.

It has been suggested that type III secretion systems aid specifically in injecting effector

proteins into host cell (Weening et. al. 2005). S. Typhimurium UPM260 was found to

contain a further six pathogenicity islands, namely SPI-3, SPI-4, SPI-5, SPI-7, SPI-13, as

well as SPI-14.

Gene clusters encoding fimbrial adherence in UPM 260 genome included bcf, csg, fim, lpf,

saf, stb, stc, std, stf, sth, sti, stj and tcf. Seven of these adherence determinants (bcf, fim,

saf, stb, std, sth, sti) are conserved in most Salmonella serovars. These findings show that

these genes are vital in colonizing the host cell (Yue et. al. 2012). The UPM 260 genome

was also found to contain 52 flagella-encoding genes including

cheA/A2/B/D/R/V/V3/W/Y/Z, flgABCDEFGHIJKLMN, flhABCDEFG,

fliABCDEFGHIJKLMNOPQRST and motAB genes.   Flagella are proven to increase the

virulence of Salmonellae, whilst flagella monomers induce an intrinsic immune response to

aid in bacterial clearance from the host (Franchi et al., 2006; Miao et al., 2006). 

Despite years of in-depth studies on bacterial pathogenicity along with the existence of

countless antimicrobial drugs, new infections are still thriving in approximately 300 million
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reported cases with over 10 million deaths worldwide every year (WHO, 2014). To counter

this epidemic, it is rational to induce prophylactic protection by vaccination for it is

economical, safe and proven to be highly effective. With the continuous emergence of

infectious diseases, there is a desperate need of easy-to-handle and efficacious vaccines.

The utilization of an attenuated Salmonella strain as a potential vaccine vector has been

getting large attention over the past few decades mainly due to snowballing evidence that

they induced better protective immune response against infection by different species of

Salmonella in humans and animals compared to killed or subunit counterparts (Tennant

and Levine, 2015). Additionally, the avirulent derivatives were discovered to be powerful in

delivering heterologous antigens to the gut-associated lymphoid tissue (GALT) thereby

stimulating secretory as well as cellular and humoral immune responses to those antigens

(Pasetti et al., 2011).

To date, there have been many approaches in producing attenuated Salmonella strains by

means of auxotrophic requirements, truncated lipopolysaccharide structure or

hypersensitivity to host bactericidal activities, as all of these were deemed to be conditional

for full fledge virulence in vivo, suggesting that survival within macrophages is vital for

Salmonella. For example, the deletion of the auxotrophic gene aroA has rendered S.

Typhimurium to be avirulent due to the strain’s inability to synthesize aromatic amino acids

required for its growth (Felgner et al., 2016). Another instance is the mutation of asd,

aspartate-semialdehyde dehydrogenase encoding-gene, which is responsible for the

formation of diaminopimelic acid (DAP). DAP is a vital component for bacterial cell walls

and its absence in vivo would leave the bacteria unable to replicate within the host, and

thus quickly eradicated (Pascual et al., 2013). Aside from that, there is also a mutant

constructed by altering the gene responsible for the synthesis of carbohydrates such as

galE where the mutations hindered the production of normal lipopolysaccharide (LPS),

hence reducing its virulence in vivo (Nnalue and Stocker, 1987).

In S. Typhimurium, there are 83 regulators presumed to play roles in virulence (Yoon et al.,

2009) which were found to be abundant in the Salmonella pathogenicity island (SPI). The

role of both SPI-1 and SPI-2 have been well documented in various studies. It is known that
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both SPIs aid in inducing gastroenteritis (Wallis et al., 1999) and systemic infections (M. A.

Jones et al., 2007). Proteins found in SPI-1, SPI-5 and SopE were translocated by T3SS-1

into epithelial cell and interacted with host cell machinery. Once infected into the cell, SopE

activated Rho GTPases. This activation gives rise to the rearrangement of the actin

cytoskeleton and stimulates membrane ruffling to endorse internalization of bacteria into

non-phagocytic cells (Friebel et al., 2001). Genetic modification of SPI-1 reduces the

aptitude of S. Typhimurium from entering the intestinal epithelium, which correlates with

its ability to provoke an inflammatory response (Santos et al., 2003).

Alteration of the ssaU gene, a major structural component gene located in SPI-2 has

displayed considerable attenuation based on the bacterial numbers recovered from the liver

of infected birds. It has been suggested that the mutation has inhibited the SPI-2 machinery

production by hampering any production of effector proteins (Morgan et al., 2004). As a

result, the complete function of the T3SS was completely abrogated thus making it

attenuated.

Constructing an affectual vaccine candidate often required laborious screening for a

suitable virulence gene to be mutated, and there are thousands of genes in a bacterial

genome. There is also an impending risk of the mutation being inadequate in reducing the

virulence. Besides the usual virulence determinants deletion, a serious consideration should

also be placed towards the mutations of bacterial appendages. Bacterial appendages such

as flagella, pili, needles, and capsules are located on the cell surface, and their expression

is normally tightly controlled by the bacteria Pascual et al., 2013).  Moreover, bacterial

surface structures perform functions critical for pathogenesis and have evolved to

withstand forces exerted by the external environment and cope with defenses mounted by

the host immune system (Thanassi, Bliska and Christie, 2012).

S. Typhimurium induced membrane ruffling in two distinct cell types during its

internalization into the intestinal epithelial cells; absorptive epithelial cells and M cells

(Bäumler, Tsolis and Heffron, 1996). Bacterial invasion into M cells has inevitably caused

an upsurge of bacterial attachments onto Peyer’s patches due to an inclined tropism. It has



Page 18/31

been shown that lpfABCDE, an Typhimurium fimbrial operon, is largely involved in

colonization of murine Peyer's patches. Attenuation of lpfC, a fimbrial outer membrane

usher gene results in a 5-fold increased LD50 of S. typhimurium in mice infected

intragastrically. LpfC mutants were also recovered in lower numbers from systemic sites.

Conclusion
To summarize, we characterized the genome of S. enterica subsp. enterica serovar Typhimurium strain
UPM 260 through whole genome sequencing (WGS). Salmonellosis caused by S. Typhimurium persists
as a signi�cant global challenge. Given the polyphyletic nature of this serovar and its niche adaptation, it
remains vital to analyze the genome repertoire especially its antimicrobial resistance genes and virulence
factors. This characterization facilitates greatly in selection of genes for genetic manipulation. There is
no restriction in ruling out genes for editing, as long as the genes play signi�cant roles pertaining to
virulence and pervasiveness. This study demonstrates the need for more S. Typhimurium strains isolated
in Malaysia to be sequenced and documented to help in a deeper understanding of their virulence and
pathogenicity.
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Table

Table 3: Antimicrobial resistance and regulatory genes identified in S. Typhimurium UPM

260, LT2, and I 4,[5],12:i:-
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Resistance determinants UPM 260
LT2

(McClelland, 2001)

S. I 4,[5].12:i:-

(Ngoi et. al., 2018)

AAC(3)-IIa     +

AAC(6’)-Iaa + + +

AcrAB + + +

AcrD     +

AcrEF     +

AdeF +    

APH(3’)-Ia +    

APH(3”)-Ib (StrA) +    

APH(6)-Id (StrB) +    

BacA + + +

BaeR + + +

CpxA + + +

CRP + + +

EmrD     +

EmrRB + + +

GlpT variant + + +

GolS + +  

H-NS + + +

KdpE + + +

MacAB     +

MarA + + +

MarR + +  

MdfA +   +

MdsAC + +  

MdtK + + +

MsbA + + +
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MsrB     +

NfsA + +  

PatA     +

PBP3 + +  

Pmr operon + + +

QnrS1 +    

RamA     +

RobA     +

SdiA + + +

SoxRS + +  

Sul2      

BlaTEM-1     +

TetA      

TetB     +

TolC +   +

UhpT variant + + +

VgaC +    
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Figure 1

Circular representation of S. Typhimurium UPM 260 draft genome Tracks from the outermost are as
follows: Forward CDS, reverse CDS, tRNA, rRNA, virulence factors, SPIs and antimicrobial resistance
genes. The two inner tracks are G+C content and GC bias (innermost track). The circular map was
generated by using DNAPlotter (Carver et al., 2009).
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Figure 2

Genetic organization of virulence factors in (A) SPI-1, (B) SPI-2, (C) SPI-3, (D) SPI-5, (E) SPI-13


