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Abstract

Background

Significant changes in the epidemiology of methicillin-resistant Staphylococcus aureus (MRSA) were
recognised with the emergence of community-associated methicillin-resistant Staphylococcus aureus.
However, studies on the molecular epidemiology and the genomic investigation of MRSA are limited in
India. The aim of the study was to understand the molecular epidemiology of MRSA causing
bloodstream infection and also to investigate the origin and evolution of ST772 S. aureus isolated from
India.

Results

SCCmecV (42%) was the predominant gene followed by SCCmec Il (27%), SCCmec IV (13%), SCCmec |
(7%) and SCCmec I (3%). We demonstrate the presence of multiple SCCmec types in 18 isolates. MLST
analysis revealed ten different clonal complexes and three singletons. ST772 (27%), ST22 (19%) and
ST239 (16%) were the predominant MRSA genotypes in causing bloodstream infection. The spa types
were highly diverse. Phylogenetic analysis revealed that nearly three-fourth of the Indian STT72-SCCmec
V isolates belongs to dominant (ST772-A2) and emerging subgroups (ST772-A3). A prophage ® IND772
carrying PVL toxin and a staphylococcal enterotoxin A was noticed in all isolates, except two. In addition,
three distinct genomic islands (vSa-alpha, beta and gamma) were universally seen in all ST772 S. aureus
genomes. A pattern of increasing antimicrobial resistance was noticed in the dominant and emerging
subgroups. An integrated resistance plasmid encoding resistance clusters for beta-lactam (b/az),
macrolides (mphC, msrA), and aminoglycoside resistance (aphA-lll, sat-4, aadE) was identified in all
isolates, except four basal strains. ST772-SCCmecV was emerged on the Indian subcontinent in 1964
and diverged into a dominant subgroup in 1991. Furthermore, the expansion is likely to be associated
with the acqusition of mobile genetic elements such as integrated resistance plasmid and SCCmecV
(5C2) as well as the fixation of double serine mutation (S84L, S80Y) in the quinolone resistance
determining region.

Conclusions

ST772-SCCmecV has the multi-drug resistance trait of hospital-associated (HA) MRSA and the
epidemiological characteristics of CA-MRSA. ST772 S. aureus have consistent virulence and resistance
determinants which may results in successful survival in both community and hospital settings.

Background

Methicillin-resistant Staphylococcus aureus (MRSA) is of significant clinical concern in causing both
community-associated (CA) and healthcare-associated (HA) infections. MRSA was first reported in 1961
[1]. Methicillin resistance is conferred by the acqusition of staphylococcal cassette chromosome mec
(SCC mec) carrying methicillin resistance determinant mecA [2]. The HA-MRSA strains carry the SCCmec
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types |, Il or Il are often multi-drug resistant. Typically, the CA-MRSA strains carry the SCCmectypes IV or
V and a Panton-Valentine leukocidin (PVL) toxin are frequently susceptible to non-beta-lactam antibiotics
[3]. Most of the HA-MRSA clones belong to the clonal complex (CC), CC5, CC8, CC22, CC30 and CC45 [4].
In contrast, CA-MRSA clones are geographically more diverse. In the Asia-pacific region, five distinct
sequence types (STs); ST59, ST30, ST72, ST8, and ST772 are the predominant and often spread to
hospitals [5]. In India, MRSA accounts for 37% of S. aureus infections [6,7]. However, very few studies
have reported the molecular epidemiology of S. aureus.

In early 2000, in India, most of the MRSA isolates belongs to the lineage ST239-SCCmec Il and were
restricted only to hospitals [8-10]. In 2004, a novel CA-methicillin susceptible S. aureus (MSSA) clone,
ST772 was reported from a hospital in Bangladesh [11] and a ST772-SCCmecV (Bengal bay clone)
isolated from the community and hospitals in India have been described [12]. During the same year, a
variant of epidemic MRSA (EMRSA-15, ST22) carries SCCmec IV and a PVL have also been reported from
India [12]. Later, ST772 and ST22 were predominant from all infection sites have been reported in India
[13-18].

Studies have emphasized the contribution of mobile genetic elements (MGEs) in the emergence of
ST772-SCCmecV as a multi-drug resistant and highly virulent lineage [19,20]. The notable feature of
ST772-SCCmecV lineage including the presence of SCCmecV, PVL carrying ®IND772 prophage, three
distinct pathogenicity islands (vSa-alpha, beta, and gamma) and an integrated resistance plasmid (IRP)
encoding a cluster of resistant genes such as b/aZ (beta-lactam resistance), mphC and msrA (macrolide
resistance) aphA lll and a partial aadk (aminoglycoside resistance) as well as sat4 (streptothricin
resistance). A recent phylogenetic analysis predicted that Indian subcontinent was an early hub for
ST772-SCCmecV, from which it was disseminated across the globe [21]. However, only a limited number
of isolates from India have been included in this previous study. Consequently, understanding the
expansion of this lineage and the phylogenetic relationship of ST772 S. aureus isolates within India is
crucial.

Studies focusing on S. aureus genomics remain largely unexplored in India. Further, the use of a
phylogenomic approach to focus on the origin and spread of ST772 S. aureus is India has been hindered
by the lack of whole genome data and sparse geographic sampling. Therefore, the on-going public health
significance of this Bengal bay clone in India remains unknown. Here, we investigated the molecular
epidemiology of MRSA causing bloodstream infection in the hospital setting between 2013 and 2019.
Further, the genomes of ST772 S. aureus isolates from India were compared to understand the
introduction and expansion of this multi-drug resistant (MDR) lineages. Bayesian phylogenetic analysis
was performed for STT72 S. aureus isolates from India, to demonstrate the evolution of this lineage. In
addition, virulence and resistance profile were analysed and correlated with the previously defined ST772
S. aureus subgroups.

Results
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Molecular epidemiology of MRSA isolates

The distribution of SCCmec types and spa types among various STs of MRSA isolates is shown in Table
1. SCCmecV (42%) was the predominant gene followed by SCCmec Il (27%), SCCmec IV (13%), SCCmec
| (7%) and SCCmec Il (3%). Notably, eighteen isolates had multiple SCCmec types and the most common
combination was SCCmec lll with SCCmec V. MLST analysis revealed ten different CC and three
singletons (ST616, ST1598, ST1947) (Table 1). Three major CCs were CC1 (ST1, ST772), CC22 (ST22,
ST217,ST636,ST896, ST1037,ST2371,ST3976) and CC8 (ST8, ST239, ST368, ST630, ST1803,
ST3324) which accounted for 82% (n=192) of the isolates (Table 1). Thirty two distinct STs were
identified, ST772 was the most common followed by ST22, ST239 and ST368 (Additional file 1: Figure
S1). Although, STs were observed to be diverse, most of them were recognised as a SLV or DLV of the
dominant STs (Additional file 1: Table S1). Thirty distinct spa types were identified (Table 1), of them 1657
(34%) was predominant followed by t425 (18%), 1037 (12%), t852 (10%), and t030 (8%). The remaining 25
different spa types were found in fewer than five isolates. Furthermore, PVL gene was identified in 66%
(n=153) of the isolates and majority of them belongs to ST772 (34%, n=52) and ST22 (27%, n=42).

Genomic analysis of S. aureus ST772-SCCmecV
Phylogenetic analysis

A maximum likelihood phylogenetic tree was constructed using 32 MRSA genome (belongs to ST772-
SCCmec V) sequenced in this study and 273 S. aureus genomes belongs to ST772 from previous studies
(Additional file 1: Table S2). This collection comprised of MRSA (n=270) and MSSA (n=34), which also
includes ten basal strains (4 MSSA, 6 MRSA). A genomic comparison was made between the sequenced
ST772-SCCmecV MRSA (n=32) from Vellore and a collection of 273 S. aureus belongs to ST772 from 14
countries (including India) (Additional file 1: Figure S2). The earliest ST772 S. aureus isolates (n=7) in the
entire global collection were from India and Bangladesh (reported in 2004). The phylogenetic comparison
of ST772 S. aureus genome from India against the genomes available from other countries revealed that
Indian isolates were distributed across all the previously defined subgroups (Basal strains, ST772-A1,
ST772-A2 and ST772-A3) (Additional file 1: Figure S2). As expected, all the ST772-SCCmecV (n=32)
MRSA genome sequenced in this study (isolated from the year 2013 onwards) belongs to the successful
ST772-A clade (Fig 1). Nearly, half of the Indian isolates are clustered in the dominant subgroup ST772-
A2 (56%) followed by ST772-A1 (23%) and ST772-A3 (15%).

Most of the isolates, 71% (n=61) carried SCCmecV (5C2) variant, while the composite SCCmecV (5C2
and 5) was seen in only two isolates (Fig 1). A transposon Tn4001 carrying aminoglycoside resistance
gene (aacA-aphD) in SCCmec V was noticed in 73% (n=63) of the genomes. Furthermore, IRP was found
in all the isolates, except four basal strains.

Virulence and antimicrobial resistance
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There is no significant variation in the distribution of virulence genes among subgroups (Fig 2). A 59.4 kb
® IND772 prophage carrying PVL-operon (/ukS and /ukF) and a staphylococcal enterotoxin A (sea) was
noticed in all isolates, except two. In addition, three different genomic islands were identified in all
isolates (including basal strains); a 41 kb, vSa-alpha genomic island containing an exotoxin cluster (sets,
set7, set8, set10, set11, set12, set13, set14, set15), a 25.2 kb vSa-beta genomic island containing an
enterotoxin gene cluster (sec, seg, sei, sem, sen, seo), and a 24.6 kb, vSa-gamma genomic island contains
an extracellular fibrinogen binding protein (ecb), a fibrinogen binding protein (fbp), an alpha hemolysin
(hla) and an exfoliative toxin A (eta).

Screening of AMR genes revealed variable gene distribution and QRDR mutations within and across
subgroups (Fig 2). A pattern of increasing antimicrobial resistance was noticed in the dominant and
emerging subgroups. Among AMR genes, the penicillin resistance encoding b/aZ gene was identified in
all the isolates. Furthermore, methicillin resistance encoding mecA gene was distributed across
subgroups with the exception of basal strains (3 isolates) and ST772-A1 (14 isolates). In addition,
aminoglycoside resistant are predominantly seen in isolates of dominant and emerging subgroups. The
macrolide resistance encoding genes mph (C) and msr(A) were seen across the subgroups (ST772-A1,
A2, A3), except basal strains. Analysis of quinolone resistance mechanism revealed S84L in gyrA with
S80Y in griA were the most frequent double serine mutations (Fig 2). In the QRDR region, other mutations
such as S84L in gyrA, S80Y in grlA and S84L in gyrA with S80F in gr/A were also noticed.

Bayesian time scaled phylogenetic analysis

The root to tip analysis revealed a strong correlation (correlation coefficient 0.6862 and R squared
0.4709) between the time of isolation and distance from root suggesting the temporal clock like evolution
in the lineage (Additional file 1: Figure S3). Moreover, several demographic models were tested on the
Indian ST772 S. aureus genomes (n=86) and compared their marginal likelihood estimation. This
revealed that skyline model with strict clock was the best supported model (Additional file 1: Table S3).
The mean substitution rate was estimated to be 1.22 X10° substitution per site per year. Based on this
rate, the most recent common ancestor (MRCA) of ST772 S. aureus was estimated as 1964 (95% highest
posterior density [HPD], 1956-1970). Further, we then dated the acqusition and loss of various mobile
genetic elements associated with antimicrobial resistance as well as QRDR mutations. This analysis
suggests that IRP and SCCmec V (5C2) were gained in 1991 (95% HPD, 1988-1993). Bayesian
hierarchical clustering using core SNPs segregated S. aureus ST772 isolates that had IRP and a variant
of SCCmecV (5C2) into separate subgroups (Fig 3). The double serine mutation (S84L in gyrA with S80F
in griA) was predicted to be replaced by S84L with S80Y in ~1998. This infers that the ST772 S. aureus
multi-resistant subgroups are likely expanded rapidly after 1991 and has since sustained.

Discussion

In India, PVL positive ST772-SCCmecV and ST22-SCCmec IV are reported as the dominant lineages in
causing MRSA infections in community and hospitals [15-17]. This was confirmed in the present study.
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Remarkably, in this study, a high degree of variability was seen among PVL positive ST22 MRSA, which
affects not only the SCCmec marker but also the core genome. The presence of unusual SCCmectypes in
ST22 MRSA indicates an evolutionary genetic change and so demands deeper genomic investigation.
Studies have demonstrated the existence of multiple SCCmec types in MRSA [22-24]. In the present study,
6% of isolates had multiple SCCmectypes. This suggests that multiple transfer events of SCCmec types
may resulted in the integration of multiple ccrgene complexes in S. aureus [25].

Although, ST772 S. aureus has spread internationally, its expansion in India has not been previously
studied. In the present study, we provide evidence for the long term persistence of ST772 S. aureus clone
in India, with the recent dominance of ST772-SCCmec V(5C). Previously, three subgroups ST772-A1 (early
branching subgroup), ST772-A2 (a dominant subgroup), and ST772-A3 (emerging subgroup) were by
defined by Steinig et a/[21]. We also observed that early branching subgroup does no longer exist and
replaced with the dominant and emerging subgroups as previously reported. In India, the evolution
pattern of ST772-SCCmecV, is very similar to the previously reported global study [21]. Multi-drug
resistance appears to be the consistent feature of ST772-SCCmec V, which greatly limit the oral treatment
options (anti-staphylococcal B-lactams, erythromycin and trimethoprim-sulfamethoxazole) available for
the management of community- acquired MRSA infections.

The core genome of ST772 S. aureus remains stable suggesting the strength of these genomes in
adapting to evolutionary pressures for persistence. The substitution rate of ST772 S. aureus (1.22 X 10°)
estimated in this study, which is comparable to the previous estimate of 1.18 X 10®
substitutions/site/year [21]. Moreover, the mutation rate estimated in the present study is consistent with
the previous estimates of globally dominant S. aureus lineages ST22 (1.3 X 10%), ST239 (1.6 X 10®) and
USA 300 clone (1.3 X 10‘6) [26-28]. In this study, we demonstrate that the TMRCA of ST772 S. aureus
lineage was emerged on the Indian subcontinent in 1960s, which is in agreement with the recent findings
[21]. Our data shows temporal introduction of IRP with the sequential acgsuition of SCCmec V (5C2) and
accumulation of double serine mutation in 1991 resulted in the expansion of multi-drug resistant clones.

Multiple intercontinental spread from India to various countries in Europe, Australia and Asia have been
reported [21].In addition, outbreaks in the neonatal intensive care units in Ireland and a hospital in Norway
have also documented [29,30]. However, intense endemic dissemination of this clone is not evident
following intercontinental spread. Therefore, ST772-SCCmecV (Bengal bay clone) has a similar pattern
of dissemination as with that of other CA-MRSA such as USA300 clone and the ST80-SCCmec IV lineage.

Conclusions

In this study, ST772, ST22 and ST239 were observed as the predominant MRSA STs in causing
bloodstream infections. Phylogenetic reconstruction demonstrated that ST772 S. aureus is evolved by the
uptake of mobile genetic elements and the spread is likely depend on it. Interestingly, ST772 S. aureus
have consistent virulence and resistant determinants that probably results in adaptation and has
important implications for outbreak in hospitals. ST772-SCCmecV (Bengal bay clone) was emerged on
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the Indian subcontinent in 1964 and diverged into a dominant clade in 1991. Moreover, acquisition of IRP,
SCCmecV (5C2) and the double serine mutations associated with fluroquinolone resistance are likely
attributes for the success of this lineage. Multi-drug resistance in ST772-SCCmecV, greatly limits the use
of oral antibiotics such as anti-staphylococcal beta-lactams, erythromycin and trimethoprim-
sulfamethoxazole in the management of community acquired infections. Further studies are required to
investigate the genetic basis for colonisation and transmission properties of hospital-adapted ST772-
SCCmecV lineage.

Methods

Bacterial isolates

Non-repetitive MRSA (n=233, one isolate per patient) isolated from the blood cultures between 2013 and
2019 at the Department of Clinical Microbiology, Christian Medical College and hospital, Vellore, India
were included in this study. MRSA isolates were identified using standard bacteriological methods
including gram staining, culture and tube coagulase test. The study was approved by the Institutional
Review Board of Christian Medical College, Vellore.

Molecular characterisation of MRSA

SCCmectypes were determined using multiplex PCR as described by Zhang et a/ and screened for the
presence of Panton Valentine Leukocidin (PVL) encoding gene as described by McClure et a/[31,32]. The
subtypes of SCCmec IV were identified as described previously [33]. MLST of S. aureus was performed as
defined by Enright et a/[34]. STs and CC were assigned according to the MLST database
(https://pubmlst.org/saureus/). spa typing was performed as described by Harmsen et a/ [35]
Assignment of the spa types were carried out using the public spa type database Ridom SpaServer
(www.spaserver.ridom.de).

Genome sequencing and assembly

We selected a subset of 32 MRSA isolates possessing SCCmecV and belong to ST772 with a similar
antimicrobial resistant profile (resistant to cefoxitin, gentamicin, erythromycin, ciprofloxacin and
trimethoprim-sulfamethoxazole) for whole genome sequencing and comparative analysis. The selected
subset contained isolates representing each year from 2013 to 2018.

lon Torrent sequencing

Whole genome sequencing was performed using lonTorrent PGM platform (Life Technologies, Carlsbad,
CA). The sequencing library was prepared using 200ng of genomic DNA which was sheared to a
fragment length of 400bp. Library preparation and sequencing were performed according to the
manufacturer’s instruction using lon Plus Fragment Library Kit (Life Technologies, California, United
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States). De novo assembly of the raw reads generated from ion torrent were assembled using
AssemblerSPAdes software v4.4.0.1 in Torrent suite server version 4.4.3.

Publicly available genome data:

The original ST772-SCCmec V global data of Steinig et a/[21], Prabhakara et a/[36] and Balakuntla et a/
[37] were supplemented with the genome of an additional 32 isolates sequenced in this study. Sequence
reads of S. aureus ST772 isolates (n=273) were retrieved from the NCBI and European Nucleotide Archive
(ENA) database and assembled with SPAdes v.3.12 [38]. DAR4145 (accession number CP010526)
deposited from Mumbai was used as the reference genome to assemble the previously sequenced
isolates (n=273) and the isolates sequenced in this study (n=32). Genomes of the isolates from veterinary
sources used by Steinig et al were excluded in this study [21].

Single nucleotide polymorphism (SNP) based phylogenetic analysis

Phylogenetic analysis of ST772 S. aureus was performed against the subset of publically available
global genomes (n=273). All ST772 S. aureus sequences were mapped to the DAR4145 (ST772-SCCmec
V; accession number CP010526) reference genome using BWA mem algorithm [39]. SNPs were called
against the reference using Snippy v.4.5.1 [40] and filtered using FreeBayes [41]. Further, the
recombination free core genome SNP alignment file generated by Gubbins was used as an input to
compute the mean evolutionary rate of the genomes and time of the most recent common ancestor
(MRCA) [42]. The RaXML-NG 0.5.0 was used to generate a maximum-likelihood (ML) tree based on 2612
(Indian genomes) and 6344 (global genomes) variant sites in the core genome [43]. The general time
reversible model (GTR + I') of nucleotide substitution was implemented with ascertainment bias
correction (Lewis) and 100 bootstrap replicates as suggested by Steinig et a/[21]. The tree with the
highest likelihood was midpoint rooted and visualised with iTOL [44]. Phylogenetic analysis was explored
for both global (including genomes from India) and only Indian S. aureus STT772 genome. The study
isolates and the clades were assigned to previously described lineages [21].

Bayesian time scaled phylogenetic analysis

The temporal phylogenetic structure was determined using Bayesian Evolutionary Analysis by Sampling
Trees (BEAST) v1.10.4 package after the initial assessment of the temporal signal [45]. Sources and date
of isolation of 305 ST772 S. aureus isolates used for temporal analysis, of them only Indian genomes
(n=86) were used for BEAST analysis. The relationship between root to tip distance and the time of
isolation were analyzed. Root-to-tip regressions (R2) may indicate the evolutionary rate and probable
outliers among the isolates. Evolutionary rates and tree topologies were determined with the generalized
time reversible (GTR) substitution models with gamma distributed among-site rate variation with four rate
categories (GTR+I4+l). The strict (assumes that branches in the tree evolves at constant evolution rate)
and uncorrelated relaxed molecular clocks (assumes that each branch in the tree have independent
evolution rate) were implemented with three demographic models, Constant size, Exponential and
Bayesian skyline coalescent tree priors. The MCMC chain was run for 500 million steps with sampling of
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20000 generations. We performed an additional duplicate run of 500 million steps and combined the log
using LogCombiner v1. 8.2 when the effective sample size (ESS) estimates did not reach 200 [46]. The
convergence and mixing of each run was manually inspected Tracer.v.1.7 to ensure that all the runs
converged to an ESS of >200 [47]. To determine the best-fitting coalescent model to describe changes in
effective population size over time, log marginal likelihoods were calculated using path sampling and
stepping stone sampling methods. Finally, Bayes factor was used to determine the best fit model [48], a
burn in of 20% was discarded from the runs and the maximum clade credibility (MCC) tree was generated
using Treeannotator v.1.8.2 [49]. BEAST output was analyzed using Tracer v1.7, with uncertainty in
parameter estimates reflected as the 95% highest probability density (HPD). The annotated phylogenetic
tree was visualized using FigTree v.1.4.6 and the Bayesian skyline plot was reconstructed using
Tracer.v.1.7 [50,51]. BEAST analysis was conducted separately for global (including genomes from India)
and only Indian ST772 S. aureus genomes.

Identification of virulence and resistance determinants

Genome data were analysed for the presence of virulence genes virulence factor database (VFDB) [52]
and the acquired virulence genes using VirulenceFinder 2.0
(https://cge.cbs.dtu.dk/services/VirulenceFinder/). Acquired antimicrobial resistant (AMR) genes and
chromosomal mutations in the quinolone resistance determining region of gyrA and grlA/parC were
identified using ResFinder 4.1 (https://cge.cbs.dtu.dk/services/ResFinder/). Insertion of the phage
genome was identified using PHASTER [53]. Pathogenicity Islands were identified using the Pathogenicity
island database [54].

List Of Abbreviations

MRSA: Methicillin resistant Staphylococcus aureus, CA- community acquired; HA-hospital acquired; SCC
— staphylococcal cassette chromosome; MLST: multi-locus sequence typing; spa — staphylococcal
protein A; PVL: Panton Valentine Leukocidin; MGEs: mobile genetic elements; MDR: multi-drug resistance;
IRP - integrated resistance plasmid; HPD: highest posterior density; TMRCA: the most recent common
ancestor; SNP: single nucleotide polymorphism; BEAST: Bayesian Evolutionary Analysis by Sampling
Trees; GTR: generalized time reversible;
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Figure 1

a) Maximum likelihood phylogenetic tree of 86 ST772 S. aureus isolated from India were mapped against
DAR4145 reference genome. The first colour strip specifies the subgroups (ST772-A1, A2, A3). Isolates in
the clades are colour coded (study isolates - blue in colour; other Indian isolates - red in colour). The bar
indicate number of substitution per site.
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Figure 2

Virulence and antimicrobial resistant genes identified in the subgroups of ST772 S. aureus isolates
(n=86) are represented as colour gradients.
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Figure 3

Evolutionary analysis of 86 ST772 S. aureus isolated from India (2004-2018). The black arrow on the
branches indicates the occurrence of apparent genetic events (including acqusition and loss of mobile
genetic elements). The subgroups are in different colours.
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