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In the context of the antimicrobial therapy crisis, the significance of studying and implementing
alternative treatment methods, particularly phage therapy, is increasingly evident. This study aimed
to investigate the resistance of clinical Staphylococcus aureus ST239 strains to Herelleviridae phages
through comparative genomics, transcriptomics, and proteomics. Analysis of resistant and sensitive
S. aureus strains showed that resistant strains form a separate cluster on the phylogenetic tree,
suggesting unique genetic traits underlying their phage resistance. Further in-depth analysis of the
resistant SA191 strain infected with Herelleviridae phage, compared to an uninfected control, unveiled
significant changes in the transcription of 462 genes (2711 191]) at 5 min and 504 genes (2761 228])
at 30 min post-infection. Proteomic analysis identified 184 differentially abundant proteins (411
143]) at 30 min. Functional analysis highlighted changes in the glycolysis, the tricarboxylic acid
cycle, and transport systems; notable, changes were also observed in the transcription of prophage
genes. Despite the observed metabolic shifts, classical resistance mechanisms related to teichoic
acid synthesis, restriction-modification, and toxin-antitoxin systems were not identified, suggesting
the existence of other mechanism. Our study contributes to the elucidation of S. aureus resistance
mechanisms against Herelleviridae phages, highlighting the intricate nature of bacterial defense
mechanisms.

In the realm of modern medical practice, there is a burgeoning interest in phage therapy—an approach for
treating infectious diseases using virulent bacteriophages. This method gains particular relevance in light of
the growing problem of multiple drug resistance (MDR) in microorganisms to conventional antibiotics'. By
reproducing within bacterial cells, virulent phages are capable of causing the death of bacterial cultures regardless
of their antibiotic sensitivity, thereby facilitating the effective eradication of the pathogen.

The most promising results of phage therapy have been demonstrated in the treatment of infections caused
by Staphylococcus aureus>™’.

The currently described virulent phages targeting S. aureus belong to the Herelleviridae and Rountreeviridae
families. Phages from the Herelleviridae family are most commonly used for therapeutic purposes due to their
broader host range (up to 90% of strains, depending on the collection)®-1°.

Despite this, certain strains of S. aureus, particularly those belonging to sequence type (ST) 239, have
demonstrated resistance to Herelleviridae phages, as previously shown by our research®, as well as by other
studies™ 12, ST239 strains, associated with clonal complex (CC) 8, stand out as key epidemic strains of
methicillin-resistant S. aureus (MRSA) identified worldwide!'>!. They reached peak prevalence in Asia during
the 2000s, causing up to 90% of nosocomial MRSA infections in a region inhabited by over 60% of the world’s
population'>-17. Despite a decrease in their current frequency of identification!”, ST239 strains continue to hold
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clinical significance!®-%’. They could produce a variety of toxins including enterotoxins, toxic shock syndrome
toxin, exfoliative toxins A and B, and Panton-Valentine leukocidin (PVL)!31:22, and are capable of forming
biofilms?!, exacerbating infection progression and complicating treatment. Furthermore, ST239 strains exhibit
high levels of resistance to multiple antimicrobial agents, often characterized by MDR?2. The proportion of MRSA
among ST239 strains can reach 100%?% Most commonly, MRSA ST239 strains have type-III staphylococcal
cassette chromosome mec?*?%, although other cassette types have been reported”>?. Additionally, ST239
strains with reduced sensitivity to vancomycin—the primary drug for treating MRSA infections?®?’—have
been identified?®?°. Thus, ST239 strains, exhibiting multiple resistances to antibiotics and phages, could pose a
significant challenge to modern medicine.

In the context of phage therapy against MDR S. aureus strains, comprehending the mechanisms behind
their resistance to phages is pivotal for effective application. Some mechanisms of staphylococcal resistance to
phages have been previously reported. Resistance typically arises at the adsorption level, primarily involving
the interaction between the receptor-binding proteins of phages and specific cellular receptors. The primary
receptors for staphylophages are teichoic acids, and for phages of the Herelleviridae family, it is usually the
teichoic acid backbone’!. Resistance can also emerge during intracellular stages of the phage life cycle. This can
occur through various mechanisms, such as cellular restriction-modification systems or toxin-antitoxin systems.
Additionally, resistance may manifest through the suppression of superinfection, a phenomenon facilitated by
prophages®.

In this study, we conducted a complex investigation of ST239 S. aureus strains resistant to the Herelleviridae
family phages. Based on the data on phage adsorption to bacterial cells, it was determined that the bacteria
implement an intracellular mechanism of resistance. However, genomic analysis of genes associated with phage
resistance did not reveal significant differences between resistant and sensitive strains. Instead, a comprehensive
analysis at the transcriptomic and proteomic levels showed significant differences in the response to phage
infection between the resistant and sensitive strains, particularly impacting cellular energy acquisition pathways.

Results

Characterization of S. aureus ST239 strains and their interaction with phages of the
Herelleviridae family

Five clinical ST239 strains included in the study were collected from three medical facilities and isolated
from various loci (Table 1). All strains were MRSA and demonstrated MDR phenotype, however, remained
susceptible to vancomycin and linezolid. Spa-typing revealed that four strains belonged to type t030, while one
strain (SA0402r) was identified as type t233.

To assess the susceptibility of strains to Herelleviridae phages, four distinct phages were employed. The
taxonomic classification of the phages was established based on whole-genome sequencing followed by
subsequent phylogenetic analysis. (Figure S1). Phages caused nonspecific lysis of four ST239 strains, while
SA0402r (t233 spa-type) exhibited sensitivity (Figure S2). The efficiency of plating (EOP) on SA0402r, relative to
the host S. aureus strain SA515 (ST8, t008 spa-type), varied from 62.5 to 89.2% (Table 1).

The ability of Herelleviridae phages to adsorb to bacterial cells was performed for ST239 and the host strains.
Ten minutes after infection, the percentage of phages that adsorbed onto the susceptible strains (SA515 and
SA0402r) was 76.8-97.9%, while for the resistant strains, it varied from 82.3 to 99.6% (Fig. 1).

Comparative genomics of Herelleviridae-resistant strains of S. aureus ST239

To provide a detailed description of the studied strains and investigate potential reasons for resistance to phages,
whole-genome sequencing (WGS) was conducted. The genome of SA191 was additionally sequenced using long-
read technology. Also, the study included 32 fully assembled genomes sourced from NCBI, related to ST239 and
isolated from patients across different continents.

To determine the relationships between the strains, a maximum likelihood phylogeny was constructed. The
resulting phylogeny demonstrated a predominant clustering pattern according to different geographical regions,
which aligns with previous publications'*2. The resistant strains were grouped into one cluster, designated as
cluster R in our analysis, along with samples from China. Meanwhile, the phage-sensitive strain showed closer
proximity to samples from Brazil (Fig. 2).

For the SA191 strain, an analysis of key genes and systems potentially affecting resistance to phage infection
was conducted (Fig. 3, Table S1)3%3, Regarding teichoic acid synthesis genes, strain SA191, similar to other
cluster R strains, harbored missense mutations in tarK (putative ribitol phosphate polymerase gene [RDJ18_
RS01135]), tagX (putative glycosyltransferase gene [RDJ18_RS03615]), and ditA (D-alanine:D-alanyl carrier
protein ligase gene [RDJ18_RS10555]) compared to the other investigated ST239 isolates.

The analysis of the restriction-modification (R-M) system genes of the SA191 strain revealed the presence of
both type I'and IV R-M systems. The type I R-M system had a standard profile, consisting of two hsdMS operons
(RDJ18_RS02435-RDJ18_RS02440 and RDJ18_RS05955-RDJ18_RS05960), located on the genomic islands
vSaa and vSap, respectively, and one hsdR gene (RDJ18_RS00865)**. Additionally, the gene encoding the type I
restriction endonuclease subunit R (RDJ18_RS14065) was identified on a Tn6072 element. These genes and the
corresponding mobile elements were identified in nearly all investigated ST239 genomes, including the sensitive
strain SA0402r; however, strains of the cluster R harbored an additional missense mutation in RDJ18_RS14065
(Table S1, Figure S3). The type IV restriction-modification system was also found in almost all ST239 strains,
including SA0402r, and was represented by the sauUSI (RDJ18_RS13240)3>3¢ and the mcrBC (RDJ18_RS00295-
RDJ18_RS00300) system?”.

Based on the genome annotation of the SA191 strain, we identified genes corresponding to both type I (RDJ18_
RS05985 on vSaf; RDJ18_RS12960) and type II (RDJ18_RS02350 on vSaa; RDJ18_RS04725 on prophage region
2; RDJ18_RS11020; RDJ18_RS11025; RDJ18_RS12825; RDJ18_RS12830; RDJ18_RS13100; RDJ18_RS13105)
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Fig. 1. Phage adsorption assay of Herelleviridae phages on S. aureus clinical isolates. The results are presented
as the average percentage of adsorbed phage particles +standard deviation (SD) of n=3 biological replicates.

toxin-antitoxin systems. In Herelleviridae-resistant strains, no specific single nucleotide polymorphisms (SNPs)
were detected in comparison to other members of ST239.

In the genome of strain SA191, two prophages, each approximately 40 kpb in length and belonging to
the genus Biseptimavirus, were identified (Fig. 3, Figure S3). The prophage from region 1 showed the highest
similarity to the recently published phage P630 (74% in length with 99.66% identity)*. This prophage harbored a
type 6 integrase and was found to be integrated into the lipase gene, which is a distinctive trait of Sa6int phages®.
The second prophage harbored a type 3 integrase and was integrated into the beta-hemolysin gene, which is
also a typical feature of Sa3int phages®. It harbored genes from the immune evasion cluster (IEC), including
enterotoxin A (sea), staphylokinase (sak), and staphylococcal complement inhibitor (scn). Both prophages
exhibited significant similarity to phage phiN315, with over 50% and 80% sequence identity in length for the
first and second prophages, respectively. However, the prophages lacked the tarP gene associated with resistance
to phages of the Rountreeviridae family*.

Transcriptional and proteomic response of resistant S. aureus ST239 strain to phage infection
To describe the systemic response to phage infection, we selected strain SA191 and phage vB_SauM-515A1.
Cells for transcriptomic analysis were harvested at 5- and 30-min post-infection, and for proteomic analysis at
30 min. Uninfected bacterial cells were used as a control.

RNA sequencing generated approximately 5.54 and 6.69 million high-quality reads per sample for uninfected
and infected samples, respectively. Approximately 5.4 million reads per sample from uninfected culture and
910,000 reads per sample from infected culture were mapped to the SA191 strain genome. In the infected culture,
approximately 5.57 million reads per sample were mapped to the phage genome. Over the course of infection,
the proportion of reads mapped to the bacterial genome decreased from 18.9% at 5 min to 8% at 30 min post-
infection per sample, while the percentage of reads mapped to the phage genome increased from 78.5 to 88.6%.

Comparison of the transcriptomic profile of infected strain SA191 to the control revealed 462 (271 1 191])
and 504 (2761 228]) differentially expressed genes (DEGs) at 5 and 30 min, respectively (Table S2). Among
these, 192 genes were upregulated, 123 genes were downregulated throughout the infection process, and 4 genes
showed a shift in behavior, from upregulation at 5 min to downregulation at 30 min.

During proteomic studies of the phage-infected and uninfected bacterial culture 79,440 and 65,938 LC-
MS/MS spectra were obtained, respectively. Qualitative analysis of the proteomic data revealed 1970 proteins
in the case of phage infection and 1801 for the uninfected strain (Table S3). Quantitative analysis identified
184 proteins of SA191 strain (411 143]) with altered abundance levels in the infected strain compared to the
control (Table S2). Changes in abundance for 6 (1) and 27 () proteins were consistent with the study at the
transcriptomic level.

The Gene Ontology (GO) analysis of DEGs revealed their involvement in 32 GO categories: 17 Biological
Processes (BP) terms, 14 Molecular Function (MF) terms, and 1 Cellular Components (CC) term. Specifically, for
the early stage of infection (5 min), we observed significant enrichment (p <0.05) in 18 categories (comprising
8 BP terms, 9 MF terms, and 1 CC term). At the later stages of infection, significant changes were identified in
20 categories (including 11 BP terms and 7 MF terms) (Fig. 4). Among these categories, two BP terms (GO:
0008645 and GO: 0009401) and four MF terms (GO: 0008982, GO: 0015149, GO: 0015078, GO: 0015294)
exhibited significant enrichment both during the early and late stages of infection.

Functional analysis of differentially abundant proteins at the 30 min time point revealed changes compared
to the uninfected control in only two GO terms related to molecular function: nucleotide binding (GO:0000166)
and amino acid binding (GO:0016597).

In addition to GO analysis, prophage regions were analyzed, as prior studies have shown that lytic phages can
activate prophage genes in bacteria*!*2. During phage infection, a notable upregulation of substantial number of
genes from both prophages was observed: 33 genes at 5 min, and 43 genes at 30 min in the first prophage region,
which comprises a total of 67 genes; similarly, 43 genes at 5 min, and 42 genes at 30 min in the second prophage
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Fig. 2. Phylogeny of 38 S. aureus ST239 genomes. Maximum-likelihood phylogenetic tree constructed using
6,681 high-quality genome-wide SNPs from 38 S. aureus ST239 genomes and rooted on S. aureus SA515
(RefSeq assembly no. GCF_022352045.1 [branch length is omitted]). Bootstrap support values are shown as
white <75%, grey > 75% or black >90% dots on interior nodes. Isolates used in this study are colored red,
resistant cluster R is colored orange. Spa type and origin of strains are indicated in parentheses.

region, totaling 63 genes. Also, an increase in the transcripts level for several virulence factor genes was observed
(Table S2). No overrepresentation of prophage proteins was found at the proteomic level (Table S3).

In general, 27 out of 80 virulence factor genes were upregulated upon exposure of bacterial cells to phage
(Table S2). Changes at the protein level were registered for MSCRAMM family adhesins (SdrD [RDJ18_RS03215],
CIfA [RDJ18_RS04390], CIfB [RDJ18_RS14275]), type VII secretion proteins (EsxB [RDJ18_RS01310], EssC
[RDJ18_RS01315]), exotoxins (staphylococcal protein A [RDJ18_RS00440]), as well as an immune modulator
(RDJ18_RS12895) (Table S3).

To assess the transcriptional activity of known bacterial antiphage defense systems, the genes related to teichoic
acid synthesis, restriction-modification systems, and toxin-antitoxin systems were examined. The analysis
revealed significant decreases in the level of transcripts of key teichoic acid synthesis genes: farL (downregulated
at 5 and 30 min), tarA, tar], tarK (downregulated at 30 min), and glycosyltransferase tarM (downregulated at
30 min). Although the remaining genes in this cluster (tarB, tarG, tarX) were also downregulated, the decrease
was less than two-fold.

Despite the observed changes in transcription, the early stages of phage infection in the resistant strain revealed
an upregulation of genes associated with teichoic acid modification, specifically dltA and dltB (upregulated at
5 min). However, these changes were not corroborated by proteomic analysis.

The majority of genes involved in restriction-modification systems and toxin-antitoxin systems showed
no significant changes on transcriptomic level during the infection. The proteomic analysis identified the
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Fig. 3. Genomic organization of S. aureus strain SA191. Genes are referred to by their names when available;
otherwise, numbered parts of locus tags are utilized. Prophage regions are designated with numerals (1 and
2). Genome maps highlight prophage regions structure and prophage genes are color-coded according to their
predicted functions, as specified in the legend.
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Fig. 4. Gene Ontology enrichment analysis during the infection process of S. aureus SA191 with Herelleviridae
phage. The size of each circle represents the total number of Differentially Expressed Genes (DEGs) associated
with the respective GO term, while the color intensity indicates the P-value (—log10).

underrepresentation of certain proteins from these systems (restriction endonuclease subunit S [RDJ18_
RS0596] and the type II toxin-antitoxin system PemK/MazF family toxin [RDJ18_RS11020]). Noteworthy are
the findings regarding the upregulation of genes IrgA (RDJ18_RS01180) and IrgB (RDJ18_RS01185) at 5 and
30 min, which encode the antiholin-like murein hydrolase modulator and antiholin-like protein, respectively,
which was not confirmed at the proteomic level.

Discussion

In this study, our objective was to delve into the comprehension of potential mechanisms underlying the resistance
of S. aureus ST239 strains to phages belonging to the Herelleviridae family. To achieve this, we selectively chose
strains with both resistant and sensitive genotypes (Table 1).

Through comparative genomics, we have shown that the resistant strains under investigation, despite being
isolated from hospitals in different cities (Table 1), are closely related and form a distinct phylogenetic cluster
with strains from China (Fig. 2). Analysis of the teichoic acid genes of the cluster strains revealed differences in
the tarK, tagX, and dltA genes, which are involved in the synthesis of poly(glycerol phosphate) wall teichoic acid,
glycosylation, and D-alanylation of wall teichoic acid, respectively***. In turn, no differences were found in the
genes responsible for the synthesis of the poly (glycerol phosphate) wall teichoic acid backbone, which is the
main receptor for Herelleviridae family phages. This explains the lack of differences in the phage adsorption study
results for resistant and sensitive strains. This also aligns with previously published studies, which indicate that
resistance to Herelleviridae phages occurs at the intracellular level”®. An examination of genes that may influence
intracellular resistance to phages did not uncover significant differences between sensitive and resistant strains.
The restriction-modification, toxin-antitoxin systems genes, and the overall content of mobile genetic elements
were similar between the ST239 strains (Figure S3).

Strain SA191 was used for further transcriptomic and proteomic analyses. For transcriptomic studies, the 5
and 30 min time points, corresponding to the activity of the early and late promoters of the vB_SauM-515A1
phage on the host strain SA515, were selected*®. This strain belongs to ST8 and exhibits significant phylogenetic
distance from ST239 strains (Fig. 2). Nevertheless, according to publications, ST8 strains are the closest ancestors
to ST239 strains!®. For proteomic analysis, a time point of 30 min was chosen to assess the overall effect of
phage infection on the resistant strain. However, certain limitations of the proteomic approach should be noted,
specifically the use of lysostaphin to facilitate more efficient lysis of S. aureus cells. Both the enzyme and the
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duration of treatment may have an impact on the cells and the resulting protein profile, which is not specifically
addressed in this study.

During analysis, we observed significant differences in the response of the resistant strain SA191 and
the sensitive strain SA515 to infection with vB_SauM-515A1 phage. The sensitive strain displayed its most
pronounced response to phage infection during the early stages, whereas the resistant strain exhibited comparable
numbers of DEGs throughout both early and late stages of the infection. We did not identify any common
enriched GO terms characterizing the response to phage infection in either the resistant or sensitive strains.
Enriched GO terms were only identified in the sensitive strain during the initial stages of infection, primarily
associated with nucleotide metabolism, specifically nucleoside monophosphate metabolism, as well as amino
acids?"’. The primary changes observed in cells of the resistant strain, caused by phage infection, were related
to cellular energy metabolism. Significant alterations were detected in the tricarboxylic acid cycle, glycolytic
process, and glucose metabolic process (Fig. 4). Differences from the uninfected control were also associated
with the transcription level of genes encoding transport systems, such as the phosphoenolpyruvate-dependent
sugar phosphotransferase system and hexose transmembrane transport.

A thorough analysis of changes associated with energy metabolism in the resistant strain revealed upregulation
of genes involved in the transport of glucose and fructose into the cell at both early and late stages (RDJ18_
RS00835, RDJ18_RS01075, RDJ18_RS01200, RDJ18_RS03920, RDJ18_RS13495, RDJ18_RS14335) (Table S4).

The key genes encoding enzymes involved in glycolysis exhibited upregulation: pyruvate kinase (RDJ18_
RS06570), L-lactate dehydrogenase (RDJ18_RS01065), phosphoglycerate kinase (RDJ18_RS04310), triose-
phosphate isomerase (RDJ18_RS04315), and 2,3-bisphosphoglycerate-independent phosphoglycerate
mutase (RDJ18_RS04320). However, glyceraldehyde-3-phosphate dehydrogenase (RDJ18_RS06625) and
2,3-diphosphoglycerate-dependent phosphoglycerate mutase (RDJ18_RS12880) were downregulated. The
former catalyzes the conversion of glyceraldehyde-3-phosphate to 1,3-diphosphoglycerate, while the latter
catalyzes the conversion of 3-phosphoglycerate to 2-phosphoglycerate. The reduced transcription level of these
genes despite the upregulation of other glycolysis genes could be attributed to feedback inhibition.

The possible accumulation of pyruvate in the cell was facilitated by the downregulation of genes encoding
enzymes involved in gluconeogenesis: phosphoenolpyruvate carboxykinase (ATP) (RDJ18_RS06075)
and fructose-1,6-bisphosphatase (RDJ18_RS13375). The accumulated pyruvate in the infected strain was
converted to lactate, as indicated by the upregulation of lactate dehydrogenase gene. Downregulation of genes
encoding tricarboxylic acid cycle enzymes, including class II fumarate hydratase (RDJ18_RS05700), UDP-N-
acetylmuramate-L-alanine ligase (RDJ18_RS06585), and malate dehydrogenase (quinone) (RDJ18_RS12615),
argues for support of active conversion of pyruvate to lactate.

The proteomic analysis data confirmed alterations in the tricarboxylic acid cycle, evidenced by reduced
abundance of dihydrolipoyllysine-residue succinyltransferase (RDJ18_RS08040) and succinate-CoA ligase
subunit alpha (RDJ18_RS08935), along with changes in gluconeogenesis attributed to underrepresentation of
the key enzyme, phosphoenolpyruvate carboxykinase (RDJ18_RS06075). Compensating for decreased energy
production through the tricarboxylic acid cycle, there was an increased abundance of pyruvate dehydrogenase
(acetyl-transferring) E1 component subunit alpha (RDJ18_RS09720) at the protein level, which participates
in the synthesis of acetyl-CoA from pyruvate. Considering the presented changes at the transcriptomic and
proteomic levels, it is possible to make an assumption about the probable shift of infected cells of the resistant
strain from aerobic to anaerobic respiration, which is significantly different from the response to phage infection
in the case of the susceptible strain SA515 (Table S4).

In both instances involving strains resistant to Herelleviridae family phages and sensitive strains during
phage infection, DNA metabolism is impacted. However, in the case of a resistant strain, the ribonucleoside_
triphosphate_metabolic_process (GO: 0009199) category was enriched, which is predominantly associated
with cellular energy processes. In contrast, for the sensitive strain, enriched categories are linked to nucleoside
monophosphate formation.

In the transcriptional response to phage infection of the resistant strain, an enrichment of GO terms
associated with cytolysis was observed. This category encompassed genes encoding hemolysins with various
localizations (prophage/chromosome), and their transcript levels were elevated irrespective of localization. For
the sensitive strain, only the gamma-hemolysin genes located outside the prophage region were upregulated.

Regarding other virulence factors, akin to the sensitive strain, genes associated with the Effector delivery
system (specifically, the WXG100 family type VII secretion effector EsxA) and Immune modulation (including
immunoglobulin G-binding protein SBI and staphylococcal complement inhibitor SCIN) were upregulated in
the resistant strain. The staphylokinase gene was downregulated in the sensitive strain compared to the resistant
strain.

In discussions concerning the classical mechanisms of S. aureus resistance to phages associated with
teichoic acid synthesis, restriction-modification, and toxin-antitoxin systems, no alterations were observed
at the transcriptional and proteomic levels that could explain the strain’s resistance to Herelleviridae phages.
One exception is the consistent upregulation of the IrgA (RDJ18_RS01180) and IrgB (RDJ18_RS01185) genes
throughout the infection process. These genes encode the modulator of anti-cholinergic murine hydrolase LrgA
and the anti-cholinergic protein LrgB**, both involved in programmed cell death, which could potentially be
associated with the observed resistance to Herelleviridae phages in this strain. Notably, previous research has
demonstrated that upregulation of these genes is not observed in sensitive strain®!.

Another potential explanation for the development of resistance to Herelleviridae phages in the examined
strain could involve mechanisms that prevent superinfection. In our study, we observed the upregulation of
genes linked to prophage regions, which may play a role in preventing superinfection. These genes include the
phage antirepressor KilAC domain-containing protein (RDJ18_RS01540 [first prophage], RDJ18_RS01550 [first
prophage], RDJ18_RS04765 [second prophage]), and the siphovirus Gp157 family protein (RDJ18_RS01595
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[first prophage])*1:*°. The phenomenon of gene upregulation within prophages during phage infection has been
documented in various studies, encompassing infections of S. aureus strains with Herelleviridae phages**?, as
well as in other bacteria and phage families®*!. Nevertheless, investigating the contribution of the listed genes
to resistance seems to be quite challenging due to the high level of mosaicism of the prophages. For example,
RDJ18_RS01595 was not found in the genome of strain SA515, and the other genes showed less than 90%
identity. In turn, for the genome of the sensitive strain SA402r, the sequence identity of the four genes ranged
from 90 to 100%. This rather reduces the role of the described genes in the formation of resistance but at the
same time requires further investigation.

Conclusion

The conducted study demonstrated that ST239 S. aureus strains can exhibit resistance to virulent phages of
the Herelleviridae family, implemented at the intracellular level. Comparative genomic analysis revealed a close
relationship among resistant strains, forming a separate cluster on the phylogenetic tree. This suggests their
unique genetic features and highlights their potential significance in elucidating the dynamics of interactions
between phages and bacteria. Through a systems analysis of one of the resistant strains, it was revealed that the
response to phage infection significantly differs from that of a sensitive strain. This contrast is evident in gene
transcription level and cell metabolism, particularly in energy metabolism. Noteworthy alterations were observed
in glycolysis, the tricarboxylic acid cycle, and transport systems. Despite these data, our analysis revealed no
significant alterations in the representation of systems linked to classical resistance mechanisms, implying the
existence of undiscovered resistance pathways. The absence of anticipated mechanisms underscores the intricate
nature of phage-bacterial interactions and suggests the possible presence of alternative strategies employed by S.
aureus to combat phage infection.

Materials and methods

S. aureus strains and phages

The strains of S. aureus used in this study were obtained from the collection of the Laboratory of Molecular
Genetics of Microorganisms at the Lopukhin Federal Research and Clinical Center of Physical-Chemical
Medicine of the Federal Medical Biological Agency (Table 1). Among these strains, five (SA191, SA177, SA4,
SA5, SA0402r) belonged to ST239, while strain SA515 belonged to ST8.

STs and spa-types of the strains were determined using standard MLST scheme (https://pubmlst.org/organi
sms/staphylococcus-aureus) and spa typing (https://spaserver.ridom.de), respectively. The antibiotic resistance
profiles of the strains (oxacillin, ciprofloxacin, clindamycin, erythromycin, gentamicin, linezolid, tetracycline,
and vancomycin) were determined according to the Clinical and Laboratory Standards Institute (CLSI)
guidelines. All strains were cultured in Luria-Bertani (LB) broth or on LB agar plates at 37 C.

To characterize the interaction of the selected strains with phages of the Herelleviridae family, four phages were
used. Phage vB_SauM-515A1 (GenBank accession no. MN047438.1) had been previously characterized®. Phages
vB_SauH-Mpol (GenBank accession no. OR513906.1) and vB_SauH-GE (GenBank accession no. OR513904.1)
were isolated using strain SA515 as the host from commercial preparations, employing the enrichment culture
method according to the standard protocol®!. Phage vB_SauM-fRuSau02 (GenBank accession no. MF398190.1)
was generously provided by S. Kiljunen and K. Leskinen from the Department of Bacteriology and Immunology,
Medicum, Human Microbiome Research Program, Faculty of Medicine, University of Helsinki, Finland.

Host range determination and adsorption assay
The sensitivity of S. aureus strains to phages was evaluated using the efficiency of plating (EOP) method, as
previously described®. EOP was calculated as the ratio of the average effective phage titer on the tested strain to
the titer on the host.

The ability of phages to adsorb on bacterial cells was assessed, following a previously described protocol*,
with slight modifications. Specifically, LB broth was used instead of brain heart infusion medium for growing
test strains and as the negative control.

Whole-genome sequencing

The DNA of phages and S. aureus was extracted using the Wizard Genomic DNA Purification Kit (Promega,
USA) following the manufacturer’s protocol. The DNA concentration and quality were assessed using a Qubit 4
Fluorometer and Nanodrop ND-1000 (Thermo Fisher Scientific Inc.).

For WGS sequencing on the Illumina platform, 100 ng of the extracted DNA underwent library preparation
with the KAPA HyperPlus Kit (Roche, Switzerland) as per the manufacturer’s instructions. Sequencing was
performed on the HiSeq 2500 platform (Illumina, USA) following the manufacturer’s recommendations. Reagent
kits utilized included: HiSeq Rapid PE Cluster Kit v2, HiSeq Rapid SBS Kit v2 (200 cycles), and HiSeq Rapid PE
FlowCell v2. A 2% PhiX spike-in control was also included. The results of whole-genome sequencing have been
deposited in the NCBI Sequence Read Archive (SRA) database under accession number PRJNA1027597.

For WGS sequencing on the Oxford Nanopore platform, the library was prepared according to the
manufacturer’s protocol using NEB reagents (New England Biolabs, Inc.). Long reads were generated with
PromethION sequencing (Oxford Nanopore Technologies, UK) using the ligation sequencing kit SQK-
LSK109 and native barcoding expansion kit EXP-NBD196, and run in a FLO-PROO002 flow cell. Basecalling
was performed using Guppy v6.5.7 with default parameters (high accuracy model (HAC), minimum quality
value >7).
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RNA sequencing

For RNA sequencing, the SA191 bacterial culture (early log phase; OD600=0.12) in LB was infected with
the vB_SauM-515A1 phage at a multiplicity of infection (MOI) of 10 and incubated at 37 ‘C with shaking
(220 rpm). Samples were collected at 5, 15, and 30 min intervals following the addition of the phage. The cells
were centrifuged, harvested, and immediately stored at—70 ‘C. These procedures were replicated in three
biological repeats.

The RNA extraction procedure and subsequent sequencing have been described previously™.A total of
350 ng of total RNA was used for library preparation. Ribosomal RNA was removed using the NEBNext rRNA
Depletion Kit (New England Biolabs, Inc.), and libraries were prepared with the KAPA RNA Hyper Kit (Roche,
Switzerland) following the manufacturer’s protocol. RNA cleanup was then performed using the RNA Clean XP
kit (Beckman Coulter, Brea, USA). The library underwent a final cleanup with KAPA HyperPure Beads (Roche,
Switzerland), and its size distribution and quality were assessed using a high-sensitivity DNA chip (Agilent
Technologies). Libraries were quantified using the Quant-iT DNA Assay Kit, High Sensitivity (Thermo Fisher
Scientific, Inc.). Finally, equimolar quantities of all libraries (10 pM) were sequenced in a high-throughput
run on the Illumina HiSeq 2500 using 50 bp reads and a 2% Phix spike-in control. The RNA-Seq dataset was
deposited in the NCBI SRA database under accession number PRJNA1066200.

Proteomic analysis

Aliquots for proteomic analysis were sampled at a point 30 min post-infection in parallel with the RNAseq
experiment and then centrifuged at 5000 rpm for 5 min. Initially, the cells were treated with lysostaphin
(Sigma-Aldrich, Inc.) (200 pg/mL lysostaphin in 20 mM Tris-HCI, pH 7.5, 10 mM EDTA) for 30 min at 37 C.
After adding 10% sodium deoxycholate (reaching a final concentration of 1%) and a mixture of nucleases, the
samples were incubated for 30 min at 4 C. Tris(2-carboxyethyl)phosphine and chloroacetamide were added
to final concentrations of 5 mM and 30 mM, respectively. Cysteine reduction and alkylation were achieved by
incubating the sample at 80 °C for 10 min. Proteins were precipitated using chloroform-methanol. The protein
pellet was then resuspended in 100 pL of 50 mM Tris-HCI buffer (pH 8.5), and the protein concentration was
determined using a BCA Assay Kit (Thermo Fisher Scientific Inc.). Trypsin (Trypsin Gold, Mass Spectrometry
Grade, Promega) was added to the protein samples at a ratio of 1/50 w/w and incubated for 16 h at 37 C.
Proteolysis was stopped by adding trifluoroacetic acid to a final concentration of 1%. Peptides were dried in a
SpeedVac (Thermo Fisher Scientific Inc.) and resuspended in 20 pL of 3% ACN, 0.1% TFA in mQ. The peptide
concentration was determined using the BCA Assay Kit (Thermo Fisher Scientific Inc.). The samples were
obtained in three biological replicates.

Liquid chromatography of proteome samples was performed using a Dionex Ultimate 3000 nano-LC system
(Thermo Fisher Scientific, Waltham, MA) equipped with laboratory made C-18 column (length 40 cm with
150um ID) packed with Kinetex C18, 2.4 um (Phenomenex, Torrence, CA). The flow rate was set 400 ul/min at
60C. The Buffer A composition was 0.1% formic acid in LC/MS-grade water and buffer B was 80% acetonitrile,
0.1% formic acid in LC/MS-grade water. Gradient was run from 3 to 56% of Buffer B for 128 min. A total
of 2ug of tryptic digest was injected onto the enrichment column for concentration/purification. MS analysis
was performed using Orbitrap Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific) equipped with
nano-spray source (+ 2.2 kV, capillary temperature 300C). The range for MS1 scans was set 350-1500 m/z with
45 ms maximum injection time, AGC target 3e6 and resolution of 60000. HCD was set to 30 eV. MS2 scans
were acquired with range 200-2000 m/z and isolation window 2.0 Da, resolution 30000, AGC 2e5 and 50 ms of
maximum injection time. Full MS/dd-MS2 method (Top12) was used in this analysis.

Bioinformatics analysis

Assembly and annotation of S. aureus genomes

The quality assessment of short-reads was performed using FastQC v0.12.1 (https://github.com/s-andrews/Fast
QC) and MultiQC v1.17°%. Short-read assemblies of the SA4, SA5, SA0402r, and SA177 strains were conducted
using Unicycler v0.5.0% and SPAdes v3.15.5%. PGAP 2023-05-17.build6771% was utilized for annotating the
assemblies. BWA MEM v0.7.17°8 was employed for mapping reads to the assemblies, with SAMtools v1.17°° and
mosdepth v0.3.4% used to compile mapping statistics.

Long-read quality was evaluated with Nanoq v0.10.0°l. Prior to assembly long reads were filtered with
Filtlong v0.2.1 (https://github.com/rrwick/Filtlong). Hybrid assemblies of the SA191 strain were created using
Trycycler v0.5.4%2, Flye v2.9.2-b1786%, Canu v2.2%, Raven v1.8.1%, Medaka v1.7.3 (https://github.com/nanop
oretech/medaka), Polypolish v0.5.0%, and Polca v4.1.0 from MaSuRCA toolkit®”. PGAP 2022-12-13.build6494
was applied for annotating hybrid assemblies. Minimap2 v2.26-r1175% was used to map long reads to the
assemblies, and SAMtools v1.17 along with mosdepth v0.3.4 were utilized to collect mapping statistics. SeqKit
v2.4.0% was employed for sorting and filtering sequences. S. aureus strain SA191 was submitted to the NCBI
GenBank database under accession number CP133442.1.

Prophage sequences within SA191 were identified using the PHASTEST web server’’. To search for genomic
islands, IslandViewer 4 was used’!. SCCmecFinder was used to determine the type of SCCmec cassette’2. The
visualization of the SA191 chromosome and mobile elements was accomplished using Circos v0.69-8 (https:/
[circos.ca), in conjunction with the following R (R Core Team. R: A Language and Environment for Statistical
Computing. 2023) packages: scales v1.2.1 (https://CRAN.R-project.org/package=scales), tidyverse v2.0.073,
cowplot v1.1.1 (https://CRAN.R-project.org/package=cowplot), gggenes v0.5.1 (https://CRAN.R-project.org/p
ackage=gggenes), and ggplot2 v3.4.474,
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Assembly and annotation of phage genomes

The quality assessment of short-reads was conducted using FastQC v 0.11.9 and MultiQC v v1.13. Adapter
removal and quality trimming were performed using fastp v0.23.2. Phage genomes were assembled using
Unicycler v0.5.0 and SPAdes v3.15.5. Prokka v1.14.6”%, supplemented with the pvOG’® and PHROG v3”’
databases, was employed to annotate the resulting phage assemblies.

Retrieval of assembled genomes of S. aureus ST239

Assembled genomes of S. aureus ST239 were obtained using NCBI Datasets command-line tool (https://github.
com/ncbi/datasets) with the following parameters: “taxon 1280 -assembly-level chromosome,complete”. MLST
types were determined using MLST v2.23.0 (https://github.com/tseemann/mlst). Variants within these complete
genomes were identified using NUCmer and show-snps from the MUMmer v4.0.0rc1”® package. The effects of
these variants were annotated using SnpEff v5.1d”.

Phylogeny construction

Complete ST239 genomes retrieved from NCBI were used to generate simulated FASTQ read files using the
wgsim v1.17 from SAMtools® package with the following parameters: “-1 150 -2 150 -N 500000 -S 1984 -r
0 -R 0 -X 0 -e 0" Subsequently, all FASTQ reads were aligned to the reference S. aureus NCTC 8325 genome
(RefSeq accession no. NC_007795.1) employing the BWA MEM v0.7.17 algorithm. The aligned reads were
sorted by coordinates, converted to BAM format, and indexed using SAMtools v1.17. Duplicate reads were
then eliminated using Samblaster v0.1.26%°. Mapping quality was evaluated with SAMtools v1.17 and mosdepth
v0.3.4. Variant calling was conducted using BCFtools v1.17%°. The core SNP alignment was generated by
consolidating variants from all samples, converting them to tab-delimited format with GATK VariantsToTable
v4.5.0.0%1, and extracting the SNP alignment using a Python script. Recombinant regions were filtered out using
Gubbins v3.3.1%2, and the resulting alignment was refined with SNP-sites v2.5.1%3. The maximum likelihood (ML)
phylogeny was inferred from 45 sequences with 6,837 core SNP sites using IQ-TREE 2 v2.3.484. Support values
were determined from 10,000 ultrafast bootstrap replicates(UFBoot)®> with the “-bnni” parameter and from
10,000 replicates for Shimodaira-Hasegawa (SH) approximate likelihood ratio test with the “-altr” parameter.
The best-fit model was identified by ModelFinder® with the “-m MFP” parameter, and the model selected based
on the Bayesian information criterion (BIC) was TVMe+ASC+R2. S. aureus SA515 (RefSeq assembly no.
GCF_022352045.1) was used as an outgroup. Phage genomes were acquired using ncbi-acc-download v0.2.8
(https://github.com/kblin/ncbi-acc-download), and the phylogeny of the phages was inferred using ViPTreeGen
v1.1.2%. The phylogenies were visualized using the following R packages: tidytree v0.4.5%, phylotools v0.2.2
(https://CRAN.R-project.org/package=phylotools), ape v5.7-1%, ggnewscale v0.4.9 (https://CRAN.R-project.or
g/package=ggnewscale), ggplot2 v3.4.4, ggtree v3.8.2°°, ggtext v0.1.2 (https://CRAN.R-project.org/package=ggt
ext), and glue v1.6.2 (https://CRAN.R-project.org/package=glue).

Differential gene expression analysis

Sequenced reads were aligned to the reference S. aureus SA191 genome (GenBank accession no. CP133442.1)
using STAR v2.7.11a°!. SAMtools v1.17 software was utilized for sorting and converting SAM files to BAM
format, followed by indexing and subsequent statistical analysis. Mapping quality and coverage along genes
were evaluated with QualiMap v2.2.2°2, and individual reports were merged using MultiQC v1.15. Reads were
assigned to genes using featureCounts v2.0.6°>. Differential gene expression analysis utilized the edgeR v3.42.4%*
package for R. Genes with a false discovery rate (FDR) cutoff of 0.05 and a fold change (log2FC) threshold of |1
(i.e., >|2|-fold change) were deemed differentially expressed.

For gene ontology (GO) enrichment analysis, GO categories were annotated using the PANNZER2 tool*®
with a Positive Predictive Value (PPV) cutoff of 0.5. GO enrichment analysis was conducted in R using the
topGO v2.52.0% package and visualized with ggsci v3.0.0 (https://CRAN.R-project.org/package=ggsci), ggh4x
v0.2.6 (https://CRAN.R-project.org/package=ggh4x), cowplot v1.1.1, and ggplot2 v3.4.4 R packages.

Proteome data processing

Raw LC-MS/MS data obtained from the Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific Inc.)
were processed into MGF peaklists using MSConvert (ProteoWizard Software Foundation). The conversion
process utilized the following parameters: “~mgf -filter peakPicking true 1-2”. To ensure comprehensive protein
identification, the resulting peak lists were then queried against a concatenated protein database using the
MASCOT v2.5.1 and X! Tandem (ALANINE, 2017.02.01) search engines.

The concatenated protein database included sequences from S. aureus (annotated from bacterial genome
data), phages (annotated from phage genome data), as well as potential contaminants such as trypsin digestion by-
products and proteins from bovine and yeast cell culture media (sourced from the UniProt knowledgebase, taxa
Bos taurus and Saccharomyces cerevisiae, respectively), along with a reverse decoy dataset. Search parameters
were set with a precursor mass tolerance of 20 ppm and a fragment mass tolerance of 0.04 Da. Other parameters
encompassed tryptic digestion with allowance for one missed cleavage, static modification for carbamidomethyl
(C), and dynamic/flexible modifications for oxidation (M).

Subsequently, result files underwent validation and meta-analysis using Scaffold 5 v5.1.0 software. The local
false discovery rate scoring algorithm was applied with standard experiment-wide protein grouping, and a false
discovery rate of 5% was utilized for both peptide and protein hits. False positive identifications were determined
through reverse database analysis.

For protein quantification, spectral counting, a straightforward label-free quantification strategy, was
employed®”*8. Differential protein abundance analysis was performed using the limma package”. No data were
excluded from the analyses.
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The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository, with the dataset identifier PXD047971.

Data availability

The results of whole-genome sequencing of Staphylococcus aureus strains have been deposited in the NCBI
Sequence Read Archive database under accession number PRINA1027597. Genomes of strain SA191 and bac-
teriophages vB_SauH-Mpol and vB_SauH-GE were submitted to the NCBI GenBank database under accession
numbers CP133442.1, OR513906.1, OR513904.1 respectively. The RNA-Seq dataset was deposited in the NCBI
SRA database under accession number PRJNA1066200. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner repository, with the dataset identifier
PXD047971. (Project DOI: 10.6019/PXD047971).Reviewer account details: Username: reviewer_pxd047971@
ebi.ac.uk; Password: sVONqoqo.
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