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Background: Heterogeneous vancomycin-intermediate Staphylococcus aureus (hVISA) compromise the clinical
efficacy of vancomycin. The hVISA isolates spontaneously produce vancomycin-intermediate Staphylococcus
aureus (VISA) cells generated by diverse and intriguing mechanisms.

Objective: To characterize the biomolecular profile of clinical hVISA applying genomic, transcriptomic and me-
tabolomic approaches.

Methods: 39 hVISA and 305 VSSA and their genomes were included. Core genome-based Bayesian phylogenetic
reconstructions were built and alterations in predicted proteins in VISA/hVISA were interrogated. Linear discrim-
inant analysis and a Genome-Wide Association Study were performed. Differentially expressed genes were
identified in hVISA-VSSA by RNA-sequencing. The undirected profiles of metabolites were determined by liquid
chromatography and hydrophilic interaction in six CC5-MRSA.

Results: Genomic relatedness of MRSA associated to hVISA phenotype was not detected. The change Try38 —
His in Atl (autolysin) was identified in 92% of the hVISA. We identified SNPs and k-mers associated to hVISAin 11
coding regions with predicted functions in virulence, transport systems, carbohydrate metabolism and tRNA
synthesis. Further, capABCDE, sdrD, esaA, esaD, essA and ssaA genes were overexpressed in hVISA, while
lacABCDEFG genes were downregulated. Additionally, valine, threonine, leucine tyrosine, FAD and NADH were
more abundant in VSSA, while arginine, glycine and betaine were more abundant in hVISA. Finally, we observed
altered metabolic pathways in hVISA, including purine and pyrimidine pathway, CoA biosynthesis, amino acid
metabolism and aminoacyl tRNA biosynthesis.

Conclusions: Our results show that the mechanism of hVISA involves major changes in regulatory systems, ex-
pression of virulence factors and reduction in glycolysis via TCA cycle. This work contributes to the understanding
of the development of this complex resistance mechanism in regional strains.

Introduction rates.” Vancomycin is the mainstay of treatment for severe

MRSA infections,® however, low-level glycopeptide resistance in
Methicillin-resistant Staphylococcus aureus (MRSA) is responsible 5 gureus has been reported since 1997,* including the

for a wide range of infections in humans,' have disseminated emergence of vancomycin-intermediate S. aureus (VISA) and
worldwide and, are associated with high morbidity and mortality  heterogeneous-VISA (hVISA), compromising the clinical efficacy
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of vancomycin.” Isolates with intermediate resistance to vanco-
mycin (VISA) exhibit MIC values of 4-8 mg/L, while hVISA pheno-
type shows MIC within the susceptible range (<2 mg/L)®; the
hVISA strains contain subpopulations with decreased susceptibil-
ity to vancomycin that are not detected by routine susceptibility
methods.”® Notably, the hVISA strains are associated with vanco-
mycin therapeutic failure and persistent infections.”*

The frequency of hVISA phenotype appears to be increasing,
and is more common among MRSA belonging to ST239 and
ST5, two hospital-acquired MRSA lineages prevalent in Asiq,
South America and Europe.'*'® In Latin America, data related
to the prevalence of hVISA is scarce, and is mainly associated
with sporadic case reports, particularly in Argentina,**"*®
Chile’” and Brazil.*® We previously investigated the hVISA pheno-
type among a collection of 1189 clinical MRSA isolates recovered
from patients in hospitals from nine Latin American countries
(2006-2008 and 2011-2014).*°7?" We found only 39 MRSA iso-
lates (3.3%) that were classified as hVISA by glycopeptide resist-
ance detection (GRD) and Etest Macro-method (MET), however,
only six of these isolates were confirmed as hVISA by the popula-
tion analysis profile/area under the curve (PAP/AUC). Of note,
95% of the hVISA isolates belonged to the clonal complex (CC)
5. Furthermore, when we searched for changes in proteins asso-
ciated to hVISA (WalKR, VraTSR, RpoB, RpoC and TcaA), we ob-
served two common amino acid substitutions compromising
the 90% of the hVISA isolates; WalK (Leu-14—1Ile) and VraT
(Glu-156 — Gly).?*

The genetic mechanisms involved in the adaptive response of
S. aureus leading to decreased vancomycin susceptibility are
complex and not fully understood.?” Vancomycin-intermediate
Staphylococcus aureus (VISA) and hVISA strains show common
phenotypic features particularly affecting the cell envelope, in-
cluding cell wall thickening, increased production of peptidogly-
can, augmented amounts of D-Ala-D-Ala residues, reduced
peptidoglycan cross-linking, reduced autolytic activity and al-
tered expression of PBPs.®%* Since several pathways and multiple
gene changes are involved, genetic-based methods for the de-
tection of their resistance phenotype are not available.??
Nevertheless, the combination of several ‘omics’ technologies
(genomics, transcriptomics, proteomics and metabolomics ap-
proaches) have proven to be useful in elucidating specific genetic
signatures, pathways and metabolic adaptations involved in the
progression of complex phenotypes, including VISA. Here, we
aimed to characterize the biomolecular profile of clinical isolates
of hVISA MRSA recovered from Latin America through the com-
bination of genomics, transcriptomic and metabolomics
approaches.

Materials and methods

Bacterial isolates and whole genome sequencing

We included a total of 344 MRSA isolates recovered from Argenting, Brazil,
Chile, Colombia, Ecuador, Guatemala, Mexico, Peru and Venezuela as part
of two prospective studies of adult patients with S. aureus infection be-
tween 2006 and 2008,%° and 2011 and 2014."° On the basis of the GRD
test, 39 isolates were designated as hVISA and 305 as vancomycin-
susceptible (VSSA).?! All isolates (Table S1 available as Supplementary
data at JAC Online) were sequenced on an Illumina platform, as previous-
ly described.??

Phylogenetic analysis

Genome assemblies of 352 genomes; including the 344 MRSA from this
study and eight reference genomes (Mu3, Mu50, ATCC29213, FPR3757,
N315, TW20, JKD6009, JKD6008) were annotated with RAST,?* and the
core genome at 95% was determined using Roary.”® The identified
orthogroups were aligned with MUSCLE,?® SNPs were obtained with
SNP-sites?” and Bayesian reconstruction analysis was performed using
BEAST v.2.6.3%% with a GTR+gamma model of heterogeneity, constant
population, strict clock and 100 million steps. A maximum credibility
clades tree was obtained with 70 million burn in, a 0.5 posterior probabil-
ity and mean heights.

The phylogenetic relationships of 257 MRSA genomes belonging to CC5,
was obtained with a core genome at 99% with Roary?® including references:
ATCC29213,N315, Mu3, Mu50 and FPR3757 as outgroup. Phylogenetic ma-
trix determination and Bayesian phylogenetic reconstruction configuration
was the same as before. All trees were plotted and annotated in iTol?°
and BEAST runs were performed in the CIPRES®° servers.

Identification of polymorphisms and genetic regions
potentially associated with the development of hVISA
phenotype

We performed pairwise SNP determination of each of the 165 (hVISA and
VSSA) genomes belonging to ST5 with N315 genome as reference, using
Mummer.3! Then, we built a matrix of the presence and absence of var-
iants across all the evaluated samples, and performed a linear discrimin-
ant analysis (LDA) using Python’s scikit-learn>2 module to discriminate the
genomes with hVISA and VSSA phenotypes. LDA scaling factors were used
to identify SNPs. Additionally, we performed a Genome-Wide Association
Study (GWAS) of allisolates using PySeer®® over k-mers with sizes between
9and 100, including phylogenetic distance based on the previous tree and
selecting those k-mers with lqrt-P<1.4x 1078 (alpha value of 0.01 after
Bonferroni correction). Selected k-mers were annotated against N315 ref-
erence genome (VSSA), followed by comparisons against closed genomes
of hVISA strains UCL420, UA851 and UE1097.

Identification of amino acid changes in predicted proteins
associated with the development of VISA phenotype

We performed a comprehensive systematic literature search in PubMed,
including articles published until September 2019 applying the following
terms: vancomycin-intermediate Staphylococcus aureus, VISA, hetero-
geneous vancomycin-Intermediate Staphylococcus aureus, hVISA,
Staphylococcus aureus with reduced vancomycin susceptibility,
glycopeptide-intermediate Staphylococcus aureus, heterogeneous
glycopeptide-intermediate Staphylococcus aureus and hGISA. We iden-
tifying a set of 54 proteins previously associated to the hVISA/VISA
phenotype including the 11 that we analysed in our previous study
(Table S2). The amino acid sequences of these proteins in the 344 gen-
omes were aligned with N315. To determine the difference in the pro-
portion of each amino acid substitution in VSSA and hVISA groups a
chi-square test was performed.

Transcriptome analysis by RNA-seq

For RNA-seq analysis, we included the hVISA isolates UCL420 (ST5),
UA851 (ST5) and UE1097 (ST1341), which were also assigned as hVISA
by PAP/AUC and the VSSA isolates UCL739 (ST5), UA863 (ST5) and
UE218 (ST239), which were collected in the same country of the hVISA
isolates and were VSSA genetically related (by phylogenomic analyses)
to the hVISA isolates (Figure S1). Reference strains Mu3 and N315 were
also included. RNA was obtained using the Ribopure RNA purification kit
(Ambion, Life Technologies). Three independent biological replicates
were performed for each sample. cDNA libraries were made using the
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Figure 1. Phylogeny of CC5 MRSA isolates. Bayesian phylogenomic tree using the core genome of 257 Clonal complex 5 (CC5) genomes. Highlighted
branches represent two groups of hVISA isolates. Annotation rings (from inner to outer) show the vancomycin phenotype, the country and the ST of the
isolate. Bootstrap values are showed in each branch. This figure appears in colour in the online version of JAC and in black and white in the print version

of JAC.

TrueSeq RNA Sample Preparation System v.2 (Illumina) and were se-
quenced on Illumina platform. A count table for 2670 genes was ob-
tained by EDGE-pro v.1.3.1** was used to identify differentially
expressed genes (DEG), setting the threshold of Benjamini-Hochberg ad-
justed P<0.05.3> DEG were obtained by pairwise comparisons (between
hVISA/VISA pairs and also comparing to N315) and identifying the DEG
associated to hVISA phenotype.

Metabolic fingerprinting of hVISA and VSSA isolates

Metabolic fingerprinting of ST5 hVISA (UA851 and UCL420) and ST5 VSSA
(UA863 and UCL739) isolates and the reference strains Mu3 and N315
was performed. To increase metabolite coverage, we performed liquid
chromatography-quadruple time of flight LC-MS (LC-QTOF-MS) and
hydrophilic interaction-liquid chromatography (HILLIC-LC-QTOF-MS) as
previously described.*®*” The intracellular metabolites were obtained
at mid-exponential phase in trypticase soy broth. The supernatants
were used for chromatographic analysis (five biological replicates per
sample). The compounds were analysed and inspected manually using
Agilent MassHunter Profinder B08.0. The data were filtered for presence
in all samples and reproducibility by determining the coefficient of vari-
ation (CV) in the quality control samples, and molecular features with
CV>20% were removed.

The comparisons between groups were performed using multivariate
(MVA) and uni-variate (UVA) analysis using SIMCA 16.0 (Umetrics, Umea,
Sweden) and MatLab (R2019b, Mathworks, Inc., Natick, USA), respectively.
The P value in UVA was determined using Mann-Whitney U-test with post
hoc false discovery rate correction. MVA consisted of a principal component
analysis and a supervised OPLS-DA model. Statistically significant metabo-
lites were defined as follows: UVA, those with P<0.05 and in MVA, those
with variance important in projection (VIP) 0>1 with Jack-knife confident
interval (JK) not including 0.%® Statistically significant metabolites were anno-
tated using Molecular Formula Generator, and CEU Mass Mediator tool,*
which was later used to compare against HMDB (http://hmdb.ca),
LipidMaps (http://lipidMAPS.org), Metlin (http:/metlin.scripps.edu) and KEGG
databases.“® Significant metabolites were further analysed by MS/MS ana-
lysis to confirm the metabolite’s identity. Enrichment of metabolic pathways
among identified metabolites was performed using MetaboAnalyst v.5.0.%!

Adherence assay

Biofilm production was determined for the 39 hVISA strains and 38 se-
lected VSSA isolates using a previously described*? with minor modifica-
tions. Briefly, 195 uL of BHI broth and 5 pL of a bacterial suspension (0.5
McFarland standard) were dispensed into sterile plastic 96-well plate.
Plates were incubated for 24 hours at 37°C and washed three times
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Table 1. Annotations of coding regions identified both by GWAS and LDA approaches

Functional category Gene name Annotation
Virulence fnbA Fibronectin binding protein FnbA
sdrC MSCRAMM family adhesin SdrC
sdrE MSCRAMM family adhesin SdrE
Transport system pstC Phosphate ABC transporter permease subunit C
AID38744.1 YjiH: uncharacterized membrane protein, contains nucleoside recognition GATE domain
fhuC FepC: ABC-type cobalamin/Fe>*-siderophores transport system
Carbohydrate metabolism hemL1 Glutamate-1-semialdehyde 2,1-aminomutase
Amino acid metabolism AID38605.1 Has three different domains: amino acid adenylation domain, a peptide synthase and Lys2B

tRNA synthesis truB
Unknown function Hypothetical
AID39364.1

tRNA pseudouridine synthase B (PRK14123)
Conserved hypothetical protein
Uncharacterized DUF86 domain-containing protein-like Bacillus subtilis YutE

Table 2. Characteristics of pair of strains (hVISA and VSSA) selected for transcriptomic and metabolic analysis

hVISA VSSA
Strain Clone-ST Country PAP/AUC Strain Clone-ST Country PAP/AUC
UCL420 CHC-5 Chile 1.03 UCL739 CHC-5 Chile 0.26
UAS851 CHC-5 Argentina 1.04 UA863 CHC-5 Argentina 0.34
UE1097° BR-1341¢ Ecuador 1.07 UE218° BR-239 Ecuador 0.39
Mu3 NYJ-5 Japan — N315 BR-5 Japan 0.35

CHC: Chilean/Cordobes; BR: Brazilian; NYJ: New York/Japan.
9Single locus variant of ST239.
bStrains UE1097 and UE218 were not included in metabolic analysis.

with sterile saline (0.89%). Adherent bacteria were fixed with methanol
99% and stained with crystal violet. Elution of the stain was performed
with glacial acetic acid (30%). The OD of each well was measured at
570 nm using a TECAM reader.

Results

hVISA strains are phylogenetically associated with their
MRSA lineage rather than the resistance phenotype

From a phylogenetic tree including the 344 genomes and eight
reference genomes (Figure S2), we did not observe specific genet-
ic lineages associated with the hVISA phenotype. However, fur-
ther exploration of the phylogenetics including only CC5
genomes (257; including 37 out of 39 hVISA) showed that
hVISA strains were separated in two different subclades
(Figure 1). The first clade included 30 genomes, 13 with hVISA
phenotype, while the second clade included 58 genomes, 21
hVISA, including those confirmed by PAP/AUC. Therefore, our find-
ings suggest that there are not evident genomic traits potentially
associated with the hVISA phenotype.

Polymorphisms in predicted proteins associated with
carbohydrate metabolism, transport systems and
virulence in the hVISA phenotype

To assess the genomic features possibly associated with the
hVISA phenotype, we sought to identify SNPs perhaps associated

with the hVISA phenotype by two alignment free genomic ap-
proaches: LDA and GWAS. The first was based on differences in
the proportion of SNPs between 127 VSSA and 39 hVISA ST5 iso-
lates (N315 as reference). We identified a total of 19 904 SNPs,
from which 986 had a difference in proportion higher than 30%
among the groups of strains (VSSA and hVISA) and were located
in 286 coding regions and in 93 non-coding regions, which al-
lowed the LDA to separate the phenotypes, except for one
VSSA isolate that grouped with the hVISA (Figure S3a, Table S3).
The SNPs with >50% difference in proportion in hVISA strains
(n=11) were present in 11 CDS annotated as related to amino
acid metabolism (n=3), carbohydrate metabolism (n=2) and
one of the following functional groups: nitrogen metabolism,
virulence, cell wall catabolism, metal transport, a phage and a
hypothetical ATP binding protein (Figure S3b and Table S4).

The GWAS analysis included all the genomes as for LDA, how-
ever, the results were aligned to the closed genomes of hVISA
UCL420, UA851 and UE1097. We identified 4130 statistically sig-
nificant k-mers of different lengths, which were mapped over 162
genomic regions (115 coding and 47 non-coding) of the N315,
UCL420, UE1097 and UA851 genomes (Figure S4). The coding re-
gions where k-mers aligned were annotated as hypothetical pro-
teins (n=32), mobile elements (n=29), nucleic acid metabolism
(n=18), virulence elements (n=16), transport elements (n=38),
amino acid metabolism (n=4), transcriptional regulators (n=
3), carbohydrate metabolism (n=3) and phage related (n=2)
(Table S5). Finally, by comparing the results from both
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Figure 2. Volcano plot of DEG between hVISA versus VSSA. The differential expressed genes (P value < 0.05) are represented for each pair of transcrip-
tomes comparison (hVISA versus VSSA). Dots indicate genes downregulated or upregulated in hVISA when compared with VSSA. (a) UCL420 versus
UCL739 pair showed a total of 283 DEG, 166 genes were downregulated and 117 upregulated in UCL420 (hVISA). (b) UA851 versus UA863 showed a
total of 189 DEG; 88 genes were downregulated and 101 upregulated in UCL851 (hVISA). (c) UE1097 versus UE218 showed a total of 205 DEG; 91
genes were downregulated and 114 upregulated in UE1097 (hVISA). (d) Mu3 versus N315 showed a total of 502 DEG; 300 genes were downregulated
and 202 upregulated genes in Mu3 (hVISA). This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

approaches, we identified 11 common coding regions. Three of
them were related to virulence, three to transport systems, two
related to carbohydrate metabolism, two with unknown function
and one associated to tRNA synthesis (Table 1).

Amino acid substitutions in predicted regulatory systems
proteins potentially associated with hVISA phenotype

In our previous study, we searched the genomes for the most
common alterations in predicted proteins associated with the
hVISA phenotype (WalKR, VraTSR, GraSR, RpoB, RpoC, TcaA and
CapP).?! Nonetheless, many different alterations potentially as-
sociated with VISA/hVISA have also been documented in several
studies. Therefore, we conducted a systematic literature review
where we focused mostly on studies comparing hVISA and
VSSA isogenic strains and those including mutagenesis experi-
ments. We selected a total of 43 proteins related to hVISA pheno-
type and amino acid substitutions in these proteins were
searched in the 344 MRSA genomes (Table S6). We detected a to-
tal of 2962 amino acid substitutions in 36 proteins that exhibited
predicted functions associated with cell wall biogenesis, DNA/
RNA processing and membrane biosynthesis. A total of 14

proteins presented amino acid changes that were statistically
significant associated with either hVISA or VSSA (P<0,05)
(Table S7). Itis worth noting that Try-38 — His in Atl was identified
in 92% of the hVISA isolates.

Subsequently, we aimed to determine the frequency of iso-
lates of each phenotype (VSSA, hVISA PAP/AUC negative and
PAP/AUC positive) that harbour the amino acid changes in pro-
teins associated to hVISA. Overall, we identified that the most
common changes in all hVISA isolates were mainly related to
the autolysin (Atl), as well as the two regulatory systems asso-
ciated to stress cell wall response; WalK and VraT, as described
before (Figure S5).

Adhesion, pathogenesis and cell wall genes were
differentially expressed in hVISA strains

Next, to evaluate possible differences in gene expression as a
mechanism related to the development of hVISA phenotype,
we performed an RNA-seq analysis of three hVISA confirmed by
PAP/AUC (UCL420, UA851 and UE1097) compared to three
VSSA isolates (UCL739, UA863 and UE218) and the reference
strains Mu3 and N315 (Table 2).
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Figure 3. DEG between hVISA and VSSA transcriptomes. (a) Two common DEG in the four hVISA/VSSA transcriptome pairs are showed. (b) A total of 21
genes in common for all the three comparisons were found; 17 out of the 21 are represented and the other four hypothetical proteins are not shown.
This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

First, we compared the results of each hVISA strain with VSSA
isolates belonging to the same sequence type (ST) and phylogen-
etically related SNPs based in core genome analyses (Figure S1),
for a total of four combinations (hVISA-VSSA pairs and reference
strain). We identified between 189 and 502 statistically signifi-
cant DEG, from which between 88 to 300 were downregulated
genes and 101 to 202 were upregulated genes (P<0.05)
(Figure 2). The sdrD and lacE genes were differentially expressed
in all four pairs (Figure 3a). SdrD, is a cell wall anchored protein,
member of the serine-aspartate repeat family (SdrC, SdrD and
SdrE), which are implicated to promote biofilm formation.*?
Therefore, we tested the capability of biofilm formation of our
isolates and we observed that the hVISA isolates were stronger
biofilm producers than VSSA isolates (Figure S6), while the
lacCDEFG operon is involved in the transport and metabolism of
lactose and galactose from D-lactose-6-phosphate.** In fact,
these changes might be influenced by the genetic lineage.

In a second analysis, we restricted the comparison to the ST5
strains, including three hVISA strains (UCL420, UA851 and Mu3)

and three VSSA strains (UCL739, UA863 and N315). We found
21 statistically significant DEG: the capABCD genes (capsular
polysaccharides)*>; the autolysin (ssaA); adhesin (sdrD),
secretion-system (esaA, essA); membrane protein (ssaA); anti-
monite conferring resistance gene (arsB)“®; the mecA, encoding
the PBP2a*’; lacABCDEF operon (Figure 3b) and four hypothetical
proteins.

Further, an additional approach was used to compare the
RNA-seq results of each strain against the N315 transcriptome
and identify common DEG among hVISA no differentially ex-
pressed on VSSA. We identified 10 DEG exclusively in hVISA.
Seven were overexpressed in hVISA, among them were: capk,
esaD (Ess secretion-system),*® phoH (phosphate regulon) and
agrD (precursor of the intracellular adhesion polysaccharide).
While only the ssl12 (Staphylococcus superantigen-associated
protein), the glvC (phosphotransferase) and cidA (murein hydro-
lase) were under-expressed in hVISA.

In summary, we observed that genes related to cellular adhe-
sion (sdrD), pathogenesis (capABCDE, esaA, essA, esaD) and cell

127

€20z AINF L1 uo Jasn ojjouiesaq op PepISISAIUN AQ L9OYE.9/ZZL/1/8./RIoIE .l /W0o"dNo"olWapeD.//:SAY WOl PapEojuMOQ


http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkac363#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkac363#supplementary-data

Castro et al.

Valine, leucine and isoleucine

biosynthesis

Purine metabolism

Pyrimidine metabolism

Phenylalanine, tyrosine and
tryptophan biosynthesis

©o _
—
=
—
S
—
. . Phenylalanine metabolism
2 o
= A
=
k=] Aminoacyl-tRNA biosynthesis
[
@ _| Valine, leucine and isoleucine
=2 degradation
« _
o = . e
O Riboflavin metabolism
= =
(=
O CoA biosynthesis
O Glycine, serine and threonine
g — metabolism

0.00 0.01

0.02

0.03 0.04

Pathway Impact

Figure 4. Metabolite set enrichment analysis. Metabolic pathways are represented as circles according to the scores obtained in the enrichment
(y-axis) and topology (pathway impact, x-axis) analyses using MetaboAnalyst v.5.0. Darker circles indicate the most significant metabolite changes
in each biochemical pathway. The size of the circle corresponds to the pathway impact score and correlates with the metabolites involved.
Pathways were annotated by numbering when P values calculated from enrichment analysis were 0.05. This figure appears in colour in the online

version of JAC and in black and white in the print version of JAC.

wall recycling (ssaA) were overexpressed in hVISA isolates, while
those related to lactose and galactose metabolism (lacABCDEFG)
were downregulated.

Amino acid and carbohydrate metabolism is reduced in
hVISA strains

We intended to identify metabolic pathways likely involved with
the hVISA phenotype. Thus, we determined the metabolomic
fingerprinting of two CC5 strains and their related VSSA, as
well as the reference strains N315 and Mu3, identifying differen-
tial metabolic profiles potentially associated to the hVISA
phenotype for these strains (Figure S7). We identified 104 meta-
bolites with statistically significant differences between them
(Table S8) by UVA and MVA. The results show that 61 of the 104
metabolites were annotated as fatty acids, followed by amino
acids and nucleosides—cofactors with seven and six metabo-
lites, respectively. Among the fatty acids, 35 were annotated as

glycerophospholipids (major component of cell membrane li-
pids), and some signalling precursors and lipoproteins, from
which 29 were more abundant among VSSA and 10 in hVISA.
Additionally, we found that glycerolipids {such as diacylglycerol
[DG(32:0) and DG(18:0)]} and glycerol were more abundant in
hVISA than in their VSSA counterparts. In contrast, monoglyco-
syldiacylglycerol [MGDG(38:9)], which is involved in cell mem-
brane synthesis, was 28% more abundant in VSSA.*°

The amino acids valine, threonine, leucine and tyrosine were
more abundant in VSSA than hVISA. These amino acids are
synthesized from pyruvate and allow the synthesis of other aro-
matic amino acids such as tryptophan, phenylalanine and in-
dole®® (Table S8). In contrast, arginine, glycine and betaine
(serine and glycine derivative) were more abundant in hVISA.
Additionally, nucleosides and FAD, NADH cofactors, were more
abundant in VSSA. Enrichment analysis of the metabolite
set allowed the identification of 10 altered metabolic pathways
in hVISA strains, such as the purine and pyrimidine pathway,
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CoA biosynthesis (glycolysis), metabolism of amino acids such as
phenylalanine, valine, leucine, glycine, serine, threonine and iso-
leucine and aminoacyl tRNA biosynthesis (Figure 4 and Figure S8).

Discussion

The molecular mechanism leading to the hVISA phenotype is not
fully understood and previous descriptions show that multiple
genetic factors might be involved.?” Some of the most frequently
reported genes associated to VISA are those related to cell
envelope regulatory systems (vraTSR, graSR and walKR),
membrane-associated protein (tcaA), capsular polysaccharide pro-
teins (capP) and the B-subunit of the RNA polymerase (rpoBC).
Additionally, reversible phosphorylation and de-phosphorylation
of proteins by Stk1/Stp1 and protease ClpP®>*~>3 have been asso-
ciated with the phenotype. Thus, we aimed to perform a broad
omics analyses of hVISA strain recovered from a region where
vancomycin use is rampant and little knowledge is known about
this phenotype.

The hVISA phenotype has been described mainly in CC5 and
ST239 isolates,’? which are also the most common lineages in
hVISA from Latin America.’’ Beyond the association of the
hVISA phenotype to specific MRSA lineages, our findings show
that this phenotype does not possess a conserved genetic and

transcriptomic fingerprinting. However, applying multiomic ap-
proaches, we have been able to characterize the important path-
ways that might contribute to the S. aureus cellular adaptation.
Of note, 90% of the hVISA isolates belonging to the Chilean/
Cordobes clone and ST5 exhibited changes mainly in the global
regulators WalK and VraT. Many studies have reported that
changes in WalK lead to low susceptibility to vancomycin?? par-
ticularly those affecting the WalK histidine kinase domain and,
also, in the HAMP domain of the protein.>* On the other hand,
VraTSR modulates at least 46 genes involved in cell wall biosyn-
thesis,”>>® so the substitutions in VraT are associated with a de-
crease in vancomycin susceptibility.>’ It has also been reported
that alterations in cell wall and membrane biosynthesis are asso-
ciated with low susceptibility to vancomycin and daptomy-
cin.?*°® Indeed, the highest number of amino acid changes in
our hVISA isolates were in predicted proteins involved in cell
wall biogenesis. The substitution Tyr-38 — His in Atl, was present
in 35 (92%) isolates and several other changes were observed in
the autolysin LytM. Thus, it is tempting to speculate that an al-
tered autolytic activity is a characteristic of our hVISA strains.
Our transcriptional analyses indicated that genes associated
with cellular adhesion and capsule homeostasis were differen-
tially expressed in our hVISA strains.® We found that the
capABCD gene cluster was differentially expressed in CC5 hVISA
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strains. Using GWAS and LDA, we identified SNPs and k-mers im-
plicating fnbA and sdrCE (coding for fibronectin binding protein
and microbial surface components recognizing adhesive matrix
molecules and adhesins, respectively) in the hVISA phenotype.

Our metabolomic analysis suggested important metabolic
adaptations of hVISA strains such as increased abundance of
betaine (involved in glycine and glycerol synthesis) and de-
creased synthesis of aromatic amino acids such as tryptophan
and phenylalanine, and other amino acids synthesized from
pyruvate (valine, leucine and isoleucine). These adaptations are
associated with alterations in the glycolysis pathway and in the
TCA cycle. A reduced TCA activity in VISA strains has been ob-
served,”” and it has been shown that altering the functionality
of the TCA cycle reduces bacterial growth, increases antibiotic
tolerance and favours biofilm formation.®® This alteration may
be explained because TCA catabolic by-product intermediates
such as ammonia (synthesized from arginine in urea cycle)
may play a fundamental role in the regulation of pH homeostasis
in early stages of formation.?’

Our study has several limitations. The relatively small number
of isolates for the transcriptomics and metabolomics assays and
the inclusion of a reduced number of VSSA strains to identify ami-
no acid changes related to hVISA phenotype, precludes robust
generalizations. It is also important to note that metabolomics
profiles might hide signals due to the redundancy within the bac-
terial metabolic pathways, in cases in which one pathway might
be affected by others that could compensate for them.
Additionally, we did not find a clear correlation between the dif-
ferent omics approaches because of the small number of hVISA
strains and lack of clonal diversity of the sample (95% from CC5).

In summary, our description of the hVISA phenotype from 39
Latin American MRSA strains, support the notion of a multifactor-
ial mechanism for the hVISA phenotype that involves: (i) major
changes in bacterial cell wall synthesis via the WalkR and
VraTSR requlatory systems regulating expression of proteins
such as LytM, Atl, PBP4 and PBP2; (i) increased biofilm formation
(icaABCD) and expression of virulence factors [capsule
(capABCDEFG), adhesins (sdrD)] by Agr and SarA and (iii) reduc-
tion in glycolysis via the TCA cycle (Figure 5).
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