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1 | INTRODUCTION
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Abstract

Antimicrobial tolerance is the ability of a microbial population to survive, but not pro-
liferate, during antimicrobial exposure. Significantly, it has been shown to precede
the development of bona fide antimicrobial resistance. We have previously identified
the two-component system CroRS as a critical regulator of tolerance to antimicrobi-
als like teixobactin in the bacterial pathogen Enterococcus faecalis. To understand the
molecular mechanism of this tolerance, we have carried out RNA-seq analyses in the
E. faecalis wild-type and isogenic AcroRS mutant to determine the teixobactin-induced
CroRS regulon. We identified a 132 gene CroRS regulon and demonstrate that CroRS
upregulates biosynthesis of all major components of the enterococcal cell envelope
in response to teixobactin. This suggests a coordinating role of this regulatory system
in maintaining integrity of the multiple layers of the enterococcal envelope during
antimicrobial stress, likely contributing to bacterial survival. Using experimental evo-
lution, we observed that truncation of HppS, a key enzyme in the synthesis of the
quinone electron carrier demethylmenaquinone, was sufficient to rescue tolerance
in the croRS deletion strain. This highlights a key role for isoprenoid biosynthesis in
antimicrobial tolerance in E. faecalis. Here, we propose a model of CroRS acting as a
master regulator of cell envelope biogenesis and a gate-keeper between isoprenoid

biosynthesis and respiration to ensure tolerance against antimicrobial challenge.

KEYWORDS
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and spread. Significantly, antimicrobial tolerance (AMT), that is, the

ability of a bacterium to survive but not proliferate during antimi-
The emergence of multidrug-resistant bacterial pathogens has ren- crobial exposure, has been shown to precede the development of

dered standard treatments ineffective, allowing infections to persist bona fide antimicrobial resistance (Levin-Reisman et al., 2017; Liu
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et al., 2020; Santi et al., 2021; Windels et al., 2020). Enterococci are
a group of Gram-positive bacteria that inhabit a wide variety of eco-
logical niches such as food, fresh water and the gastrointestinal tract
of humans, animals and insects (Van Tyne & Gilmore, 2014). Although
primarily commensals, enterococci are also clinically significant op-
portunistic pathogens that can exploit a compromised host to cause
diseases such as urinary tract infections, bacteraemia and endocar-
ditis (Arias & Murray, 2012). Enterococcus faecalis and Enterococcus
faecium are the most abundant enterococcal species in humans and a
leading cause of hospital-acquired infection (Moellering, 1992).

Two-component systems constitute an important regulatory
network of the cell envelope stress response in Enterococcus fae-
calis, with a number implicated in antimicrobial resistance, that is,
cephalosporin resistance, CroRS and daptomycin resistance, LiaFSR
(Arias et al., 2011; Comenge et al., 2003; Hancock & Perego, 2004;
Kellogg et al., 2017; Muller et al., 2018). In addition, we have previ-
ously identified CroRS as a critical regulator of antimicrobial toler-
ance (Darnell et al., 2019). CroRS is encoded on a bicistronic operon
with croS encoding the sensor kinase and croR its cognate response
regulator (Comenge et al., 2003). Taken together, these studies
demonstrate the crucial role of CroRS in mediating the response to
antimicrobial attack in E. faecalis. However, the precise architecture
of the response network and the molecular mechanism(s) conferring
this tolerance require further elucidation.

Previous transcriptional analyses of the CroRS regulon have
used RNA-seq to identify genes differentially expressed in the
presence and absence of antimicrobial stress (Muller et al., 2018;
Timmler et al., 2022). Muller et al. (2018) identified 50 potential
CroR-regulated genes in the E. faecalis JH2-2 strain in the absence of
antimicrobial stress (Muller et al., 2018), while Timmler et al. (2022)
identified 87 CroR-regulated genes differentially expressed in the
E. faecalis OG1RF strain in the presence of bacitracin-induced an-
timicrobial stress. In the OGI1RF strain, CroS has two cognate re-
sponse regulators CroR and CisR, of which CisR is notably absent in
the JH2-2 strain (Kellogg & Kristich, 2016). In addition, while CroRS
is known to respond to the presence of bacitracin, E. faecalis displays
only low-level bacitracin tolerance (Darnell et al., 2019; Timmler
et al.,, 2022). Therefore, the tolerance-inducing CroRS regulon re-
mains undiscovered.

Teixobactin (TXB) represents a new class of antimicrobial with
a unique chemical scaffold and lack of detectable resistance (Ling
et al, 2015). It has proven efficacy against multidrug-resistant
pathogens such as enterococci, staphylococci and Mycobacterium
tuberculosis and has been shown to induce cell lysis through binding
of cell wall precursors lipid Il and lipid Il in Staphylococcus aureus
(Homma et al., 2016; Ling et al., 2015). Further to this mechanism,
recent studies suggest that TXB potency is amplified by the forma-
tion of TXB-lipid Il clusters (Shukla et al., 2020, 2022). The unique
enduracididine C-terminal headgroup of TXB specifically binds to
the conserved pyrophosphate-saccharide moiety of cell wall precur-
sors such as lipid Il and lipid 1l while the N-terminus coordinates
with a second pyrophosphate from another lipid Il molecule (Shukla
et al.,, 2022). Clustering of lipid Il within this structure is thought

to displace phospholipids and disrupt the membrane, generating a
simultaneous action against cell wall synthesis and the cytoplas-
mic membrane to produce a highly effective antimicrobial (Shukla
etal., 2022).

Antimicrobials are thought to kill bacteria through interaction
with specificintracellular targets (Kohanskietal.,2010). Antimicrobial
drug-target interactions, and their respective direct effects, are
generally well characterised. By contrast, the bacterial responses
to antimicrobial treatments that contribute to cell death are not
as well understood and have proven to be complex as they involve
many genetic and biochemical pathways (Kohanski et al., 2010). It is
currently unknown how CroRS protects against killing by cell wall-
targeting antimicrobials such as TXB and the glycopeptide vanco-
mycin. However, by determining the antimicrobial-induced CroRS
regulon, we can gain a better understanding of the physiological
processes this regulatory system controls, and begin to uncover its
role in AMT. In this study, we determined the TXB-induced CroRS
regulon and identify key genes and pathways involved in mediating
CroRS-regulated AMT. We show CroRS regulates the expression of
all major pathways of cell envelope biosynthesis and that AMT can
be rescued in a croRS deletion strain through the loss of function
of a heptaprenyl diphosphate synthase (hppS). As a consequence,
we propose a revised model suggesting CroRS functions as a gate-
keeper of isoprenoid flux between cell wall biosynthesis and respira-

tory energy metabolism to confer AMT in E. faecalis.

2 | RESULTS AND DISCUSSION

2.1 | Whole-genome transcription profiling of the
E. faecalis WT and AcroRS mutant in the presence and
absence of teixobactin

To understand how CroRS contributes to TXB tolerance, we first
aimed to identify which genes it controls in response to TXB expo-
sure. Previous optimisation with the E. faecalis JH2-2 wild-type (WT)
showed challenge with 0.5 pg/mL of TXB for 1h on mid-exponential
phase cells was optimal for inducing a CroRS response without sig-
nificantly impacting growth (Darnell et al., 2019). These conditions
were also deemed appropriate for the AcroRS strain, with no differ-
ence in growth inhibition or cell viability observed between AcroRS
and the WT under these conditions (Figure S1) (Darnell et al., 2019).
To identify the TXB-induced CroRS regulon, four different gene ex-
pression profiles (>1.0 fold-log,) were generated following RNA-seq:
(1) WT untreated versus AcroRS untreated (Table S1), (2) WT treated
versus AcroRS treated (Table S2), (3) WT treated versus untreated
(Table S3) and (4) AcroRS treated versus untreated (Table S4). These
four gene expression profiles were then fed into a filtering system
to isolate the TXB-induced CroRS regulon (Figure S2). This filtering
system was deliberately chosen for its stringence to allow us to spe-
cifically identify genes controlled by CroRS in response to TXB and
their role in TXB tolerance. However, it is important to note that
here we treat the ‘CroRS regulon’ as an umbrella term for all genes
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under CroRS regulation, whether this be through direct binding or
as a result of downstream regulation by genes CroRS controls, to

include all genes that may contribute to CroRS-mediated AMT.

2.2 | The teixobactin-induced CroRS regulon

A total of 538 genes were differentially expressed (>1.0 fold-log,) in
the WT versus AcroRS in the presence of TXB (Table S1). However,
only 132 genes were considered to belong to the TXB-induced
CroRS regulon (Table S5). Of these 132 genes, 117 were upregu-
lated and 15 were downregulated. To validate the RNA-seq data,
we performed gRT-PCR to analyse the expression of a subset of 11
genes, five of which were identified in the CroRS regulon. For these
experiments, the E. faecalis WT and AcroRS strains were grown to
mid-exponential phase and challenged in the presence and absence
of TXB. Differential gene expression was consistent and comparable
to the reported RNA-seq data (Figure S3; Table Sé). The regulatory
networks in enterococci are not completely understood, and there-
fore, we could not map the 132 CroRS regulon genes against known
regulons of other regulatory systems. Instead, we sought to identify
metabolic pathways up- and downregulated by CroRS in response to
TXB challenge. Genes were therefore categorised into KEGG gene
ontologies using the well-defined E. faecalis V583 strain as a refer-
ence to maintain continuity with published data.

Over 25% of genes upregulated by CroRS were involved in cell
envelope biogenesis (Figure 1a). Strikingly, as detailed below, this
included all layers of the enterococcal cell envelope, that is, the cy-
toplasmic membrane (lipid metabolism), the peptidoglycan cell wall
(metabolism of terpenoids and polyketides and drug resistance),
teichoic acids and cell wall polysaccharides (glycan biosynthesis
and metabolism) (Figures 1a and 2). Other pathways highly upreg-
ulated included amino acid biosynthesis and membrane transport
(Figure 1a). In comparison, carbon metabolism, membrane transport
and signal transduction were downregulated by CroRS in response
to TXB (Figure 1c). In addition, each ontology was analysed for sig-
nificance, using hypergeometric testing to compare the number of
genes with changed expression to the total number of genes within
a ontology. This confirmed significant upregulation of cell enve-
lope biogenesis, amino acid biosynthesis and metabolism pathways
(Figure 1b), as well as downregulation of haem transport, oxidative
phosphorylation and signal transduction pathways (Figure 1d).

2.3 | CroRS regulates the expression of cell
envelope biosynthesis pathways in response to
TXB challenge

We have previously shown the induction of cell envelope stress
by TXB in E. faecalis WT (Darnell et al., 2019). Here, we show that
CroRS controls this response by upregulating genes involved in the
biogenesis of all major components of the enterococcal cell enve-
lope in response to TXB challenge (Table 1; Figure 2). A number of

these genes have been shown previously to be upregulated by CroR
in the E. faecalis strain OG1RF in response to antimicrobial challenge
(Timmler et al., 2022). This includes the putative peptidoglycan-
modifying enzymes murT and gatD, mva$S of the mevalonate path-
way, penicillin-binding proteins pbpA and pbp(é), the lipoteichoic acid
synthases EF1264 and EF1813 and the putative tagU homologue
EF3245 (Table 1) (Timmler et al., 2022). Interestingly, only one gene,
pbp(6), was homogenously identified between our RNA-seq data and
the previously reported E. faecalis JH2-2 CroR regulon determined
in the absence of antimicrobials (Muller et al., 2018). However, we
also observe CroRS-regulated expression of genes involved in lipid
Il biosynthesis, for example, murAA, murAB, murC, murE and pbp4(5),
through differential expression between the WT and AcroRS strain
in the absence of TXB (Table S1). As a consequence, we hypothesise
CroRS regulates different sets of genes to maintain cell envelope ho-
meostasis under stressed (as presented here and by Timmler et al),
and non-stressed conditions (as presented by Muller et al) (Muller
etal., 2018; Timmler et al., 2022).

Enterococci utilise the mevalonate (MVA) pathway to synthesise
the isoprenoid precursors farnesyl pyrophosphate (FPP) and isopen-
tenyl pyrophosphate (IPP) for generation of the essential cell wall
lipid carrier undecaprenyl pyrophosphate (UPP), as well as quinones
such as demethylmenaquinone (DMK) for electron transport. In en-
terococci, the MVA pathway consists of five genes, four of which
were upregulated (2.9-4.6 fold-log,) by CroRS in response to TXB
(Table 1). The fifth, mvk (EFO904), looks to be in a conserved operon
with mvaD and mvaK (Heuston et al., 2012), and fulfils all criteria
for the TXB-dependent CroRS regulon except that it was differen-
tially expressed (-2.1 fold-log,) in the WT versus AcroRS strain in
the absence of TXB (Table S1). Interestingly, mutations in the MVA
pathway in E. faecalis, S. aureus and S. pneumoniae have been shown
to play a critical role in peptidoglycan biosynthesis, with suppressor
mutations in S. pneumoniae decreasing peptidoglycan precursors and
resensitising the bacterium to amoxicillin (Dewachter et al., 2022;
Matsumoto et al., 2016).

Following synthesis and translocation of the cell wall biosyn-
thesis intermediate lipid Il across the membrane, the new peptido-
glycan building block is integrated into the peptidoglycan matrix by
penicillin-binding proteins. We observed an upregulated expres-
sion of six (from a total of eight) penicillin-binding proteins (PBP)
by CroRS in response to TXB (Table 1). This included the transgly-
cosylase genes pbplA and pbplB, the transpeptidase pbp2B, the
unclassified pbpC and pbp(6) and the putative peptidoglycan tran-
speptidase EF2860 (Table 1). Targeted deletion of neither pbp(6)
nor EF2860 conferred any change in tolerance to TXB or vanco-
mycin (data not shown). However, pbpC, pbp2B and pbplA have
been shown to have an important role in enterococcal growth and
cephalosporin resistance respectively (Arbeloa et al., 2004; Djori¢
et al., 2020; Gilmore et al., 2020; Moon et al., 2018). Interestingly,
pbp4(5) (EF2476) which was previously isolated as a component of
the CroRS-regulon was not identified here (Timmler et al., 2022).
This was because, while we observed a 2.0-fold upregulation of
pbp4(5) in the WT response to TXB, we also observed a 4.2-fold
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FIGURE 1 Functional classification and distribution of TXB-induced CroRS-regulated genes. Genes differentially expressed (>1-fold
log,) in the TXB-induced CroRS regulon were assigned to the well-defined Enterococcus faecalis V583 KEGG ontologies. These pie charts
represent the distribution of these ontologies up and downregulated by the TXB-induced CroRS regulon (a, c). In addition, hypergeometric
testing was performed on the TXB-induced CroRS regulon to identify ontologies significantly (p=<0.05) up and downregulated (b, d).

this gene from our assignment to the TXB-induced CroRS regulon.
While this suggests some CroRS-regulated genes have been fil-
tered out using our system, it supports our aim to isolate genes

upregulation in the WT compared to AcroRS in the presence of
TXB, we also observed a 1.7-fold increase in expression of pbp4(5)
inthe WT compared to AcroRS in the absence of TXB, disqualifying
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FIGURE 2 CroRS-regulated pathways of the enterococcal cell envelope in response to TXB stress. The enterococcal cell envelope

is composed of two main layers: a cytoplasmic lipid membrane, surrounded by a thick cell wall. The mevalonate pathway is essential for
synthesis of UPP. UPP serves as a key membrane anchor and carrier of cell wall precursors required for peptidoglycan, wall teichoic acid and
Epa biosynthesis. Peptidoglycan is the major component of the cell wall, with teichoic acids (wall and lipoteichoic) and the Epa (enterococcal
polysaccharide antigen) cell wall polysaccharides as the two other major constituents. CroRS-regulated expression of genes required for the
biosynthesis of each of these components in response to teixobactin challenge is listed below each respective pathway. In the case of wall
and lipoteichoic acid synthesis, CroRS-regulated genes are located between these two pathways due to their shared role in these pathways.

specifically induced under TXB-challenge in a CroRS-dependent
manner to elucidate their role in AMT.

The enterococcal polysaccharide antigen (Epa) is another major
component of the enterococcal cell envelope. Epa biosynthesis is
encoded by two gene clusters, one conserved and one variable (Dale
et al., 2015; Guerardel et al., 2020; Palmer et al., 2012; Rigottier-
Gois et al., 2015). The conserved gene cluster (EF2198-EF2177;
epaA-epaR) is responsible for the biosynthesis of the rhamnopoly-
saccharide backbone, and mutations in epaB and epaE have been
shown to increase susceptibility to salt and cell envelope stress
(Smith et al., 2019; Solheim et al., 2014). The variable gene cluster
(EF2177-EF2164) is responsible for the biosynthesis and assembly
of the teichoic acids covalently linked to the conserved backbone
(Guerardel et al., 2020; Smith et al., 2019). This variable region is
responsible for conferring the major differences in Epa between
E. faecalis isolates, and deletion of genes in this cluster, such as the
epaX-like gene (EF2170), has been shown to reduce peptidoglycan
crosslinking and resistance to the autolytic compound lysozyme.
In addition, mutations that result in a loss of Epa have been associ-
ated with altered susceptibility to antimicrobials (Korir et al., 2019;
Singh & Murray, 2019; Solheim et al., 2014). Our data now show that
CroRS regulates the expression of five genes in the conserved gene
cluster (epaB, C, D, E, F and G), as well as the two variable genes,
epaW and epaX (Table 1).

Taken together, our data suggest an involvement of CroRS-
regulation in the synthesis of all layers of the enterococcal cell en-
velope (Figure 2), with many of its target genes already identified
as important for antimicrobial resistance in previous studies. The
specific contribution of these genes to AMT remains to be tested
experimentally, as most studies so far have exclusively focussed
on resistance. However, the central role CroRS appears to play in
controlling, and likely coordinating, the synthesis of the entire cell

envelope under antimicrobial exposure offers a plausible explana-
tion for the pleiotropic phenotype of the croRS-deletion strain, in-
cluding its loss of tolerance to cell envelope-acting antimicrobials.

2.4 | Experimental evolution of E. faecalis AcroRS
for growth recovery

To identify focal pathways within the regulon controlled by CroRS,
we next sought to isolate suppressor mutations via experimen-
tal evolution. Initially, we attempted to rescue the AcroRS strain
for tolerance in the presence of TXB. However, this failed to pro-
duce suppressor mutants able to survive in the presence of TXB.
Therefore, to reduce the selection pressure, we chose to exploit the
known growth defect of the AcroRS strain, on the assumption that
restoration of WT growth might also correct the physiological de-
fect that confers a loss in AMT (Hancock & Perego, 2004; Le Breton
et al., 2003). In brief, E. faecalis AcroRS was serially passaged into
fresh liqguid medium every 2days to select for faster growing mu-
tants in the population. High turbidity of an overnight growth cul-
ture was taken as indicative of restored WT-like growth behaviour.
After 10-14 days, five clones, one from each independently evolved
line, were isolated for further characterisation and named 1BS to
5BS. Growth curves of these mutants demonstrated a decrease in
both the lag phase and exponential phase doubling time compared
to the AcroRS parent strain, albeit not completely reaching WT
growth characteristics, thus confirming partial restoration of the
growth defect (Figure S4).

CroRS is activated in the presence of a number of cell-wall-acting
antimicrobials (Abranches et al., 2013; Darnell et al., 2019; Timmler
et al., 2022). To determine whether the growth-passaged (BS) mu-
tants were also recovered for AMT, antimicrobial susceptibility
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TABLE 1 Differential gene expression in the Enterococcus faecalis WT versus AcroRS strain in the presence of TXB.

Pathway

Mevalonate pathway

UPP biosynthesis

Peptidoglycan biosynthesis and
modification

Epa polysaccharide biosynthesis

Teichoic acids biosynthesis

Fatty acid synthesis

2Enterococcus faecalis V583 gene number is stated to maintain consistency with the literature.

bFold-change log,.

‘Genes are also involved in wall teichoic acid biosynthesis.

Gene?

EF0902
EF0903
EF1363
EF1364

EF2495
EF0746
EF0991
EF1148
EF1300
EF1740
EF2585
EF2586
EF2733

EF2857
EF2860
EF2170°

EF2171°
EF2192
EF2193

EF2194

EF2195

EF2196

EF2197

EF0465

EF1212
EF1264
EF1569
EF1813
EF2703
EF3245

EF0283
EF2880
EF2881
EF2882

Name

mvaK
mvaD
mva$S

mvaE

uppS

pbp(6)

pbpC
pbplA/ponA

pbp1B/pbpZ
murT
gatD

murB

pbp2B/pbpA
pbp
epaX

epaW
epaG
epaF

epakE

epaD

epaC

epaB

fabF-1/fabO
fabF-2
fabGa

fabD

F/ct
2.9
37
4.4
4.6

3.3
54
2.8
2.6
29
2.2
3.3
3.0
2.7

4.8
2.5
21

2.8
2.2
2.7

2.6

1.9

1.9

1.9

2.0

4.5
1.5
3.5
3.4
54
5.2

1.6
1.5
1.8
1.4

Function

Phosphomevalonate kinase
Diphosphomevalonate decarboxylase
HMG-CoA synthase

acetyl-CoA acetyltransferase/HMG-
CoA reductase

UDP-diphosphate synthase
Penicillin-binding protein
Penicillin-binding protein C
Penicillin-binding protein 1A
Putative lipid Il flippase
Penicillin-binding protein 1B
mur ligase

Glutamine amidotransferase

UDP-N-
acetylenolpyruvoylglucosamine
reductase

Penicillin-binding protein 2B
Putative peptidoglycan transpeptidase

Glycosyl transferase group 2 family
protein

dTDP-4-dehydro-6-deoxy-D-glucose
dTDP-glucose 4,6-dehydratase

dTDP-4-dehydrorhamnose
3,5-epimerase

Glucose-1-phosphate
thymidylyltransferase

Glycosyl transferase group 2 family
protein

Glycosyl transferase group 2 family
protein

Glycosyl transferase group 2 family
protein

Polyisoprenyl-teichoic acid--
peptidoglycan teichoic acid
transferase

Lcp ligase
Lipoteichoic acid synthase
Lcp ligase
Lipoteichoic acid synthase
Lcp ligase

Cell-envelope-associated acid
phosphatase

3-oxoacyl-ACP synthase
3-oxoacyl-ACP synthase
3-ketoacyl-ACP reductase

ACP S-malonyltransferase
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assays were carried out for the CroRS-activating cell wall antimi-
crobials, vancomycin, TXB and bacitracin (Table 2). Despite evolu-
tion in the absence of drugs, all mutants were rescued for TXB and
vancomycin tolerance, as determined by MBC (minimum bactericidal
concentration) values. Interestingly, the evolved strains showed a
decrease in resistance against vancomycin and TXB (2-fold), as de-
termined by MIC values (Table 2). This suggests that resistance and
tolerance are mechanistically different, and the mutation(s) that re-
store the growth defect only contribute to AMT.

Whole-genome sequencing of these mutants revealed key mu-
tations in a heptaprenyl diphosphate synthase, hppS (EF2057;1BS,
2BS, 4BS), the delta subunit of the DNA-directed RNA polymerase,
rpoE (EF1146; 3BS), an N-acetylmuramoyl-L-amidase (EF2367; 1BS,
5BS), a hypothetical protein (EFO062; 3BS, 5BS), and pstBB, a phos-
phate ABC transporter ATP-binding protein (EF1756; 5BS) (Table 2).
HppS is a key enzyme in the biosynthesis of DMK, the quinone redox
carrier for electron transport and catalyses the formation of hepta-
prenyl pyrophosphate (HepPP) from the isoprenoid precursors FPP
and IPP (Desai et al., 2016). HepPP is then used as a substrate by the
enzyme MenA (1,4-dihydroxy-2-napthoate octaprenyl transferase)
to catalyse the formation of DMK. Effectively, HppS is therefore the
branching point in isoprenoid synthesis where the precursors are ei-
ther directed towards synthesis of UPP for cell envelope biogenesis,
or towards DMK synthesis for electron transport.

Of the three strains carrying hppS mutations, two, namely 2BS
and 4BS, carried only these mutations (Figure S5a). In addition, three-
dimensional modelling of the 4BS mutation was carried out using a
combination of Alphafold and PyMOL, and showed severe trunca-
tion of the HppS protein and likely a loss of function (Figure S5b).
This provided strong evidence for loss of HppS being the causative
agent for the rescued phenotype. To confirm this, we created a single
gene knockout of hppS in the AcroRS strain to generate an E. faecalis
AhppS AcroRS double knockout. MIC and MBC assays subsequently
demonstrated recovery of AMT in the AcroRS strain through a loss of
HppS function; with a 1-fold increase in vancomycin MIC and >5-fold

increase in MBC, as well as, a 2-fold increase in bacitracin MIC and
MBC compared to AcroRS, confirming that the hppS mutations were
indeed responsible for the recovered phenotype in the suppressor
mutants of the AcroRS strain. This apparent central role of HppS in
the physiology of AcroRS correlates with our observations from the
RNA-seq experiments, which showed CroRS-mediated induction of
the MVA pathway as well as differential expression of the branch-
ing downstream pathways, cell wall biosynthesis (upregulated in the
WT compared to AcroRS) and respiration (downregulated in the WT
compared to AcroRS), in response to TXB.

Mutations in DNA-directed RNA polymerase subunits have pre-
viously been associated with changes in antimicrobial susceptibility
in enterococci (Du et al., 2014; Enne et al., 2004). Traditionally, mu-
tations in rpoB are associated with rifampicin resistance, however,
they, as well as mutations in rpoC, can also alter intrinsic resistance
to cell wall-targeting antimicrobials such as cephalosporins and
daptomycin in E. faecalis (Du et al., 2014; Kristich & Little, 2012; Li
et al., 2021). Uniquely, we have identified a mutation in rpoE in the
3BS mutant, and hypothesise that this may contribute to the recov-
ery of tolerance to TXB and vancomycin in the AcroRS background
(Table 2).

EF2367 encodes a putative N-acetylmuramoyl-L-amidase autol-
ysin. Autolysins play an essential role in normal cell wall turnover,
and their absence has been associated with increased tolerance to
the g-lactam antimicrobials penicillin and amoxicillin in enterococci
(Bravetti et al., 2009; Dubée et al., 2011; Hodges et al., 1992; Tomasz
et al., 1970). In the RNA-seq analyses above, we found that CroRS
upregulates the expression of teichoic acid biosynthesis genes,
a known target of TXB and regulator of cell wall autolytic activity
in response to antimicrobial stress (Darnell et al., 2022; Fabretti
et al., 2006). Therefore, it is tempting to speculate that in the ab-
sence of CroRS, teichoic acids are depleted and autolytic activity
is dysregulated as a consequence. This may contribute to the ob-
served increase in sensitivity to cell wall-acting antimicrobials in the

AcroRS strain. In this scenario, loss of function mutations in putative

TABLE 2 Antimicrobial susceptibility and whole-genome sequence analysis of the evolved AcroRS mutants.

Vancomycin Teixobactin  Bacitracin

Strain  MIC* MBC MIC MBC MIC MBC Gene
WT 1 >128 2 16-32 16 64
AcroRS 0.25 <4 2 <4 8-16 8-16
1BS 0.125 128 1 8-16 16 32

N-acetylmuramoyl-L-amidase; (EF2367)

2BS 0.125 128 1 16 16 32
3BS 0.125 128 1-2 16 16 32

4BS 0.125 128 1 32 16 32
5BS 0.125 128 1 32 32 32

Heptaprenyl diphosphate synthase; hppS (EF2057)

Heptaprenyl diphosphate synthase; hppS (EF2057)
DNA-directed RNA polymerase subunit delta; rpoE (EF1146) 584_585delTTinsAA V195E

SNP Codon
216_225del K72
52C>T Q18*
567T>A Y189*

Hypothetical protein; (EF0062) 3848A>T K1283I
Heptaprenyl diphosphate synthase; hppS (EF2057) 91G>T E31*

Phosphate transporter ATP-binding protein; pstBB (EF1756) 661A>G T221A
N-acetylmuramoyl-L-amidase; (EF2367) 482T>G V161G
Hypothetical protein; (EF0062) 3848A>T K1283I

#MICs and MBCs are given as the median range in pg/mL and are representative of at least biological triplicate.
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autolysins, such as those observed in EF2367 in the 1BS and 5BS
mutants, may reduce autolytic activity and subsequently confer the
decrease in antimicrobial susceptibility observed in these mutants
compared to the parental AcroRS strain.

The phosphate ABC transporter, Pst, is a high-affinity transport
system with a putative role in the uptake of phosphate under nutrient
stress (Moreno-Letelier et al., 2011). In E. faecalis, the pst operon con-
sists of five pst genes (pstS, C, A, BA and BB) and phoU. In E. faecium,
a S199L amino acid substitution in PstBB confers protection against
killing by vancomycin and chlorhexidine co-treatment (Bhardwaj
et al., 2021), while in S. pneumoniae deletion of pstB results in a de-
crease in uptake of phosphate and reduced autolysis, likely due to
altered amidase activity (Novak et al., 1999). Perhaps, then it is not
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a coincidence that we observed an amino acid substitution in PstBB
alongside a mutation in the putative autolysin, N-acetylmuramoyl-L-
amidase, as both may be working together to reduce autolytic activ-
ity and rescue tolerance in the AcroRS 5BS mutant (Table 2).

2.5 | Antimicrobial susceptibility and cell
physiology are intricately linked through the cell
envelope stress response and isoprenoid biosynthesis
in E. faecalis

Alterations in cell physiology are known to influence AMT of individ-

ual cells in heterogenous sub-populations such as persisters (Brauner
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FIGURE 3 Phenotypic characterisation of the WT, AcroRS and 4BS strains. Cell stress assays were used to characterise the Enterococcus
faecalis JH2-2 WT (white), AcroRS (grey) and 4BS mutant (black). In the TXB time-kill assay Strains were grown to mid-exponential phase and
challenged with teixobactin (25 x MIC) for 24 h. Cell survival was determined at time=1, 2, 4, 8 and 24 h post-challenge (a). (b) Overnight
cultures were diluted 1/400 and challenged with a range of glycine concentrations (0, 3, 5, 6, 7, 8, 9%). Growth (%) was determined after
24 h and normalised to an untreated control. (c, d) Overnight cultures were diluted to an 0D, of 0.05 and challenged with osmotic (NaCl;
6.5% and 13%) (c) and temperature stress (37 and 50°C) (d). Growth (%) was determined after 24 h and normalised to an untreated control.
All experiments were carried out in at least biological triplicate and are presented as the mean+SD. A two-way ANovAa was used to determine

statistical significance p=<0.05 (*<0.05, ***<0.001, ****<0.0001).
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et al., 2016; Fridman et al., 2014; Levin-Reisman et al., 2017). While
mutations in rpoE, EF2367 and pstBB can be plausibly linked to the
rescue of the AcroRS strain based on their predicted functions, cau-
sation cannot yet be established as they did not occur on their own in
our suppressor mutants. However, the mutations observed in hppS
did occur individually in two of our strains, allowing us to explore
their role in AMT in more detail. Therefore, to determine the rela-
tionship between whole-population tolerance and cell physiology,
the E. faecalis WT, AcroRS and the HppS-defective 4BS mutant strain
were further characterised. A TXB time-kill assay was carried out
at 25xMIC (50ug/mL) over 24h to quantify tolerance. After 24h,
strong killing (6-log,, decrease) of the AcroRS strain was observed,
while the WT and 4BS mutant were reduced only 2 and 4-log,, re-
spectively (Figure 3a). This suggests that the observed truncation of
HppS in the 4BS mutant can partially rescue tolerance to TXB in the
context of a AcroRS deletion strain. Interestingly, this intermediate
phenotype was also observed in growth assays carried out in the
presence of various cell envelope stressors, such as glycine stress
(generating perturbation of the cell envelope), osmotic stress (NaCl)
and temperature stress (50°C) (Figure 3b-d). These findings suggest
a general role for isoprenoid biosynthesis in the cell envelope stress
response.

CroRS has been reported to have a potential defensive role
against killing by antimicrobial peptides involved in insect immunity
(Wadhawan et al., n.d.). To further investigate this, we placed the
WT, AcroRS and 4BS strains into a lepidopteran gut colonisation
model using caterpillars of the tobacco hornworm moth, Manduca
sexta. It was shown previously that oral administration of E. faecalis
to M. sexta led to the establishment of the bacteria in the insect gut
without causing disease (Mason et al., 2011). We here exploited this
observation by feeding the caterpillars with defined doses of each
strain and monitoring enterococcal burdens in their faeces over time
as an indication of colonisation success. We observed expansion of
the WT strain over 3days post-inoculation, while the AcroRS strain
established itself much more slowly (Figure 4). Importantly, while
a slower increase in CFU/mL was to be expected given the slower
growth rate of this strain, final numbers remained approximately 3-
log,, below those of the WT, indicating a severe defect in insect gut
colonisation. As observed for the other stress phenotypes, the 4BS
suppressor strain showed partially restored colonisation, intermedi-
ate of the AcroRS and WT strains (Figure 4). These data suggest that
CroRS is indeed required for full colonisation of an insect gut and
that the colonisation defect of the croRS mutant is at least in part
due to issues with isoprenoid biosynthesis.

Given the regulatory role of CroRS on cell envelope biogene-
sis and the general sensitivity of the croRS deletion strain to cell
wall-compromising agents, we observed the WT, AcroRS and 4BS
strains under the transmission electron microscope. Our first ob-
servation was that the AcroRS strain had a significantly larger cell
size (46% larger than WT) but thinner cell envelope than the WT
(Figure 5a,b,d). Shortages in peptidoglycan precursors have been
shown to cause the elongation of cells, reminiscent of AcroRS
(Figure 5d) (Dewachter et al., 2022). This supports our hypothesis
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FIGURE 4 Colonisation of the Manduca sexta caterpillar by
Enterococcus faecalis WT, AcroRS and 4BS strains. Each caterpillars
was orally inoculated with 1x 108 CFU of E. faecalis and monitored
for colonisation for 3days using faecal pellets (viable counts
expressed as CFU/g). Each data point is representative of an
individual caterpillar with n 28 for each strain. Data are presented
as an interleaved median scatter plot.

that loss of CroRS impacts cell envelope integrity. Interestingly, the
4BS isolate showed a significant reduction in cell size (37% smaller
than AcroRS) compared to the AcroRS strain, and was comparable
to the WT (14% larger than WT) (Figure 5a), as well as a significant
increase in cell envelope thickness compared to AcroRS (Figure 5b).
However, the latter was not fully restored to WT, perhaps explain-
ing the intermediate physiology observed in the stress analyses
(Figures 3 and 5). Because of this observation, we also wanted to
check whether this held true by analysing the CFU/mL/OD,, ratio
for each strain. We observed a lower CFU/mL/OD, ratio for the A
croRS, while the 4BS mutant displayed a similar ratio to WT, consis-
tent with the larger size of the AcroRS strain (Figure S6). These data
provide a critical link between CroRS, isoprenoid biosynthesis and
cell envelope biogenesis, and offer a possible explanation for the
impact of CroRS activity on the cell's physiology and the pleiotropic
phenotype of the AcroRS strain.

The transcriptomic and phenotypic evidence presented here
suggests that the AcroRS strain is in a cell envelope-stressed state
even in the absence of antimicrobials, and that the compromised cell
envelope integrity of the AcroRS strain can be rescued by a loss of
HppS function (Figures 3 and 5 and Figure S3). If this hypothesis is
correct, we should be able to detect this using a reporter assay for
cell envelope stress. LiaFSR is an alternative two-component system
in E. faecalis, which is well-known to respond to general perturba-
tions in the cell envelope (Hancock & Perego, 2004). To test for cell
envelope stress, a transcriptional reporter of its target promoter,
P.x: and the lacZ gene were developed and used to transform the
AcroRS strain alongside the WT and 4BS suppressor mutant (Khan
et al.,, 2019). In the absence of antimicrobial stress, the WT strain
displayed very low P, -lacZ activity, as expected, while the AcroRS
strain showed very high constitutive activity (>150-fold increase)
(Figure 5c), a clear indicator that this strain is indeed in a state of
constant cell envelope stress due to the loss of CroRS. Interestingly,
truncation of HppS in the 4BS suppressor mutant was sufficient
to reduce this stress to near WT levels (Figure 5c). Taken together
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FIGURE 5 Analysis of the cell envelope stress response in the Enterococcus faecalis WT, AcroRS and 4BS strain using transmission
electron microscopy and the PliaX reporter construct. Strains were grown to mid-exponential phase under normal growth conditions and
processed for transmission electron microscopy (TEM) (d). TEM images were captured at 66 or 135k x magnification. Following TEM imaging
cells were analysed for cell size (a) and cell envelope thickness (b) using ImageJ. The promoter region of LiaX (regulated by LiaFSR) was

fused to lacZ and introduced into all three strains. Each strain was then assayed for f-galactosidase activity in the absence of antimicrobial
induction, expressed in Miller units (MU) (c). A one-way anova was used to determine statistical significance; p="***<0.001.

these results highlight the integral role of CroRS as a master regula-
tor of cell envelope biosynthesis to maintain cell envelope integrity
and confer AMT.

3 | CONCLUSION

CroRS is a two-component system that regulates the cell en-
velope stress response in enterococci, and we have previously
identified CroRS as an essential regulator of AMT in E. faecalis
(Darnell et al., 2019). Here, we have carried out whole-genome

transcriptomics to identify key genes and pathways differentially
expressed by CroRS in response to antimicrobial challenge and
begin to unravel the role of CroRS in AMT as well as normal cell
function. We show that CroRS plays a critical role in maintain-
ing cell homeostasis, acting as a master regulator of cell envelope
biosynthesis. We observe CroRS-mediated upregulation of lipid Il
biosynthesis during normal cell growth (i.e. absence of TXB), and
upregulated expression of genes involved in the biosynthesis of
lipid 1l precursors, that is, the mevalonate pathway, polymerisa-
tion and integration of lipid Il/peptidoglycan into the peptidogly-
can matrix, that is, penicillin-binding proteins, synthesis of cell
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FIGURE 6 CroRS regulates isoprenoid flux between cell wall biogenesis and aerobic respiration to maintain cell wall homeostasis

in response to antimicrobial stress. In wild-type Enterococcus faecalis CroRS confers tolerance to TXB-induced cell killing by regulating
isoprenoid flux using a dual mechanism. In response to TXB challenge, we hypothesise CroRS simultaneously reduces the capacity for
aerobic respiration, and thus the demand for isoprenoids/demethylmenaquinone (DMK), by decreasing the expression of cytochrome bd
(green box; CydA, CydB), while upregulating genes (purple boxes) involved in isoprenoid biosynthesis (i.e. mevalonate pathway and UPP
synthase) and cell wall biogenesis (i.e. peptidoglycan, teichoic acids and Epa polysaccharide). In the absence of croRS, E. faecalis is susceptible
to killing by TXB. However, proposed loss of function mutations in a heptaprenyl diphosphate synthase (yellow box; HppS) can partially
rescue this phenotype. This supports our hypothesis that TXB tolerance can be conferred in E. faecalis through the control of isoprenoid flux

from aerobic respiration to cell wall biogenesis.

wall polysaccharides (Epa) and teichoic acids, as well as the cell
membrane, that is, fatty acids, in response to TXB challenge. As a
consequence, loss of CroRS compromises cell envelope integrity,
resulting in enlarged cell size, constant cell envelope stress and a
dramatic increase in susceptibility to all tested cell-envelope stress-
ing agents. This is an interesting observation as CroRS is notably
absent in other Gram-positive species such as S. aureus and B. sub-
tilis; but does have sequence similarity (30%) to WalRK/VicRK, an
essential two-component system known to have a major role in cell
envelope maintenance that is found in E. faecalis as well as S. au-
reus and B. subtilis (Dubrac et al., 2007, 2008; Takada et al., 2018).
Therefore, perhaps the addition of CroRS in E. faecalis allows for a
higher degree of resistance and tolerance to cell wall-acting antimi-
crobials that is not observed in these other species.

In addition, we show that a loss of function in a heptaprenyl di-
phosphate synthase can recover all facets of the AcroRS phenotype,
with the exception of resistance, and we propose a model where
CroRS acts as a gate-keeper between the two branches of iso-
prenoid biosynthesis, controlling the flux of isoprenoids needed for
cell wall synthesis and respiration, to maintain cell wall homeostasis
upon antimicrobial challenge (Figure 6). We hypothesise that CroRS
upregulates MVA pathway flux to provide sufficient production of
the precursors FPP and IPP for synthesis of the essential lipid carrier

UPP and to support the increased need for cell wall biosynthesis.
Conversely, we hypothesise CroRS downregulates cytochrome bd
expression, as evidenced in the transcriptome data, to reduce the
demand for DMK and its precursors FPP and IPP, thereby driving
isoprenoid flux towards UPP biosynthesis upon antimicrobial stress.
In this light, rescue of the AcroRS phenotype through suppressor
mutations in or deletion of hppS, encoding a key enzyme in DMK
biosynthesis, illustrates the integral role of isoprenoid flux in CroRS-
mediated AMT. In the absence of the CroRS-mediated adjustments
to UPP synthesis and cytochrome bd expression proposed above,
loss of HppS activity may lead to similar overall effects by directing
isoprenoid flux away from DMK synthesis and towards UPP pro-
duction. Interestingly, while mutations in hppS corrected for defects
in growth and survival against agents that compromise the cell en-
velope (i.e. AMT), they could not counteract the inhibitory effects
of antimicrobials on cell proliferation (i.e. antimicrobial resistance).
While we currently cannot explain the increased sensitivity to
growth inhibition, an answer might be found in previous observa-
tions that a decrease in lipid lI-content of the cell can lead to modest
increases in vancomycin resistance, because less target is available
for the antibiotic (Lee & Helmann, 2013). In fact, it has been proposed
that minimising target exposure during cell wall synthesis can lead to
intrinsic antibiotic resistance (Piepenbreier et al., 2019). In this light,
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one might speculate that the increased isoprenoid flux towards UPP
could lead to an overall increase in lipid Il cycle intermediates, and
thus offer a potential explanation for the increased sensitivity of the
HppS-deficient strains compared to their CroRS-negative parent.
Taken together, the observed difference in recovery of tolerance but
not resistance in the HppS-deficient strains highlights a fundamental
link between cell homeostasis and killing by antimicrobials, and by
extension suggests that mechanisms of antimicrobial resistance and
tolerance are functionally separate. Future work will endeavour to
further deconstruct the relationship between tolerance and resis-
tance and to identify the molecular role of isoprenoids in AMT in E.

faecalis.

4 | EXPERIMENTAL PROCEDURES

4.1 | Bacterial growth/growth curves

All E. faecalis strains were routinely grown in BHI broth and agar
overnight at 37°C with no agitation unless otherwise stated. All
Escherichia coli strains were routinely grown in LB broth and agar
at 37°C (200r.p.m), unless otherwise stated. Cultures for RNA se-
quencing and optimisation were grown as previously described
(Darnell et al., 2019). Growth was determined by optical density at
600nm (OD,,,). TXB stocks were made with fresh dimethyl sulfox-
ide (DMSO) and stored at -20°C. All bacterial strains used in this
study are listed in Table S7.

4.2 | Antimicrobial susceptibility assays

Minimum inhibitory (MIC) and bactericidal (MBC) concentrations
were carried out in cation-adjusted Mueller-Hinton broth and BHI
agar as previously described, aligning with CLSI guidelines (Darnell
et al., 2019). Time-dependent kill assays were carried out to deter-
mine cell death kinetics over time as previously described (Darnell
et al,, 2019).

4.3 | RNA extraction and preparation of RNA
samples for sequence analysis

Enterococcus faecalis JH2-2 and AcroRS were grown in biological trip-
licate to mid-exponential phase (OD,,, of 0.5) at 37°C, 130r.p.m.
Cultures were subsequently split to produce two sets of biologi-
cal triplicates. One set was challenged with 0.5g/mL (0.25xMIC)
of TXB, while the other set was untreated controls. Cultures were
grown for a further 1h and harvested for RNA extraction. Total
RNA was isolated using TRIzol-chloroform extraction as previously
described (Darnell et al., 2019). RNA samples were purified using
a Zymo RNA clean and concentrate kit as per the manufacturer's
instructions. RNA concentration and integrity (RIN > 8) were deter-
mined by bioanalyser.

4.4 | RNA sequencing and gene expression analysis
441 | cDNA library preparation and

sequencing of the E. faecalis JH2-2 and AcroRS
transcriptomes

RNA libraries were prepped using the Zymo-Seq RiboFree Total
RNA-seq Library Kit. Sequencing was completed using an lllumina

MiSeq (v3) system generating 150bp paired-end reads

4.4.2 | Analysis of RNA sequencing data

Adapter sequences were removed from raw fastq files using bbduk.
Reads were aligned to the E. faecalis JH2-2 genome (GenBank acces-
sion numbers NZ_KI1518257.1 and NZ_KI1518256.1) using Bowtie2.
Statistical and principle-component analyses were performed using
the Bioconductor DESeq2 package. Parameters considered during
analysis were the fold change (>1.0-fold log,), the mean number of
reads (>50) and the adjusted P value (padj<0.1). Genes were also an-
notated with the E. faecalis V583 reference (GenBank accession num-
ber NC_004668.1) gene homologue and ontology using KEGGRest.
Gene annotations and ontology assignments were complemented
with NCBI BLAST and literature searches when necessary

44.3 | Hypergeometric testing to determine gene
ontology enrichment

Following the assignment of differentially expressed genes to KEGG
pathways, a hypergeometric test was performed by comparing the
number of genes within the regulon to the total number of genes
within the respective E. faecalis V583 KEGG pathway. Pathways with
a p<0.05 were deemed significantly enriched.

4.5 |
to TXB

qRT-PCR of E. faecalis genes in response

RNA-seq data were validated by qRT-PCR with primers specific to
12 genes, 11 differentially expressed and 1 consitutively expressed
gene, EFO013 (dnaB). Of the 11 differentially expressed, five were
identified as CroRS-regulated. Gene-specific primers were designed
using Primer 3 (v0.4.0) software (http://primer3.ut.ee/). Primer se-
quences can be found in Table S7, and primer concentrations were
optimised prior to final validation. Following RNA extraction and
DNAse treatment, cDNA was synthesised using a Superscrpit™ Il
IV VILO™ Master Mix (Invitrogen) according to the manufacturer's
instructions. cDNA was subsequently purified using the Zymo DNA
Clean and Concentrator® kit and stored at -80°C. qRT-PCR was
carried out using a ViiA 6 real-time PCR system with the PowerUp™
SYBR™ Green Master Mix (Applied Biosystems) in accordance with
the manufacturer's instructions. Differential gene expression was
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determined using the change in threshold cycle (AC;) values and

normalised using the constitutively expressed EFO013.

4.6 | Serial passaging of AcroRS for
wild-type growth

To isolate suppressor mutants with improved fitness compared to
the croRS deletion strain, we utilised a serial passaging method. Five
independent overnight cultures were inoculated 1:1000 into 10mL
BHI medium and incubated at 37°C with no aeration. Cultures were
passaged every 48h under the same conditions. Cells were serially
diluted and plated every three passages onto BHI and bile-esculin
medium to ensure no contamination had occurred. The experiment
was concluded upon visible confirmation of improved fitness, as-
sessed as increased turbidity of overnight cultures, which appeared
within 10-14 days.

4.7 | Generation of an E. faecalis AhppS AcroRS
double mutant

To generate the E. faecalis AhppS AcroRS double mutant, we first
had to generate the hppS_pIMAYZ knockout plasmid. Flanking re-
gions up- and downstream of the hppS gene (EF2057) were ampli-
fied using the primers EF2057_AF, BR, CF and DR (Table S7) and
cloned into the pIMAYZ knockout vector as previously described
(Darnell et al., 2019). The pIMAYZ_EF2057 knockout plasmid was
transformed into electrocompetent E. faecalis AcroRS and the hppS
gene subsequently knocked out through homologous recombination
(Darnell et al., 2019). Double deletion mutants were confirmed by

whole-genome sequencing (WGS).

4.8 | Whole-genome sequencing analysis

4.8.1 | Serial passaging

Genomic DNA was extracted from E. faecalis strains using the
GeneJET Genomic DNA Purification Kit. Genomic DNA was WGS
by SeqCenter (formerly MiGs) in Pittsburgh, PA, USA. Sample li-
braries were prepared using the Illumina DNA Prep kit and IDT
10bp UDI indices and sequenced on an lllumina NextSeq 2000,
producing 2x151bp reads at ~60xcoverage. Demultiplexing,
quality control and adapter trimming were performed with bcl-
convert (v3.9.3). Sequences were assembled de novo using Spades
3.15.3, available at https://github.com/ablab/spades.
Single-nucleotide polymorphisms were called using Snippy ver-

version

sion 4.5.0, available at https://github.com/tseeman/snippy/, with
default parameters, through the Cloud Infrastructure for Microbial
Bioinformatics (CLIMB), using the E. faecalis AcroRS sequence as a
reference index. Gene function predictions were obtained using
NCBI BlastN (Altschup et al., 1990) against the E. faecalis JH2-2

wild-type sequence, annotated using Prokka version 1.14.5, avail-
able at https://githib.com/tseeman/prokka. In the absence of anno-
tation, a BlastP search of the sequence against the NCBI database

was performed.

4.9 | Confirmation of the hppS gene knockout
in the E. faecalis A croRS strain

Genomic DNA was extracted from the E. faecalis AhppS AcroRS dou-
ble knockout and sent for WGS at SeqCenter. WGS was performed
as written above. WGS analysis was carried out using Geneious
Prime 2022.0.2 (https://www.geneious.com) software. Illumina
reads were paired using the inbuilt ‘set-paired reads’ function, and
then trimmed using the ‘bbduk’ plugin in Geneious. Reads were error
corrected and normalised using the inbuilt ‘Error correct and normal-
ise’ function to reduce file size and increase mapping efficiency in
Geneious. Reads were mapped to the E. faecalis JH2-2 (NZ_KI18256
and NZ_KI18257) wild-type reference sequence using the mapper
plugin Bowtie2 within the Geneious function ‘Map to Reference’.
Gene deletions were visually confirmed via lack of reads aligning to
the croR, croS and hppS genes. The inbuilt Geneious function ‘Find
Variations and SNPS’ was also used to ensure no additional varia-
tions/SNPs had been produced during mutant construction.

410 | 3D modelling of the 4BS HppS mutation
in PyMOL

To visualise the impact of the E31* truncation in HppS in the 4BS mu-
tant, we generated a putative structure of HppS (EF2057; UniProt ID:
Q833B0) using Alphafold (Jumper et al., 2021; Varadi et al., 2021).
The predicted structure was then downloaded as a PBP file and ana-
lysed in PyMOL (The PyMOL Molecular Graphics System, Version
2.0 Schrodinger, LLC; https://pymol.org/2/support.html).

411 | General stress testing

4111 | Temperature stress

In biological triplicate, overnight cultures were normalised to an
OD,,, of 0.5 and inoculated 1/10 into fresh BHI broth to a final
OD,,, 0.05. Cells were grown at 37 and 50°C overnight with no
aeration. Following incubation, cell growth was measured by opti-
cal density (600nm) and calculated as a percentage comparison of
before and after temperature challenge.

4.11.2 | Osmotic (NaCl) stress

In biological triplicate, overnight cultures were pelleted by centrifuga-
tion (10,0004 for 5min) and washed in 1 x phosphate saline buffer. Cells
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were resuspended in BHI+NaCl (6.5% or 13%) to an OD,, of 0.05 and
grown overnight at 37°C with no aeration. Following incubation, cell
growth was measured by optical density (600nm) and calculated as a

percentage comparison of before and after osmotic challenge.

4.11.3 | Cellwall(glycine) stress

In biological triplicate, overnight cultures were diluted 1/200 in M17
medium with 0.5M sucrose broth with glycine at concentrations
of 0, 3, 5, 6, 7, 8 and 9% (w/v). Cultures were grown overnight at
37°C with no agitation. Cell growth was measured by optical den-
sity (600nm) and calculated as a percentage comparison to the un-

treated control (0% glycine).

4.12 | Colonisation of the Manduca sexta caterpillar
by E. faecalis

Manduca sexta caterpillars were grown by the University of Bath
Manduca sexta facility to the early fifth instar and subsequently in-
oculated, by direct pipetting into the mouth opening, with 10 uL of
1x 10'°CFU/mL E. faecalis suspended in sterile saline, to achieve
an inoculum per caterpillar of 1x 108 CFU. A total of at least 8 in-
dividual caterpillars were inoculated for each strain of E. faecalis.
M. sexta were kept in individual containers at 37°C with a 12h
light/dark photoperiod for 3days post-inoculation. The weight of
the caterpillars was monitored daily to ensure health, and data
from caterpillars who stopped gaining weight were excluded from
further analysis as this indicated disease. To monitor colonisation
over time, faecal pellets were cleared from the caterpillar contain-
ers each morning, and fresh pellets were collected approximately
4-6h later to define a consistent time window. Faecal pellets were
weighed and resuspended in 10 volumes of sterile saline. Serial
dilutions were then plated onto Bile Esculin agar (Merck), incu-
bated overnight at 37°C and enterococci enumerated by counting
of black colonies. Colonisation was reported as CFU enterococci

per gram faecal pellets.

4.13 | Transmission electron microscopy of E.
faecalis WT, AcroRS and 4BS strains

Enterococcus faecalis strains were grown to mid-exponential phase
(0D, Of 0.5, 1x108CFUmI™) in fresh BHI broth and harvested by
centrifugation (3000 r.p.m, 4°C, 6 min). Cell pellets were resuspended
in a primary fixative solution (5% glutaraldehyde in 0.1 M cacodylate
buffer) for 30min at room temperature. Cells were subsequently
washed 3xin 0.1M cacodylate buffer and incubated with a second-
ary fixative solution (1% osmium and 1% potassium ferricyanide in
0.1M cacodylate buffer) for 30min. Following the application of the
secondary fixative, cells were washed 3xin 0.1M cacodylate buffer
and stored in the refrigerator for further processing. Fixed cells were

washed with ddH,0 and dehydrated with ethanol at progressively in-
creasing concentrations: 30% ethanol for 5min, 50% ethanol for 5min,
70% ethanol for 5min and 95% ethanol for 5min, followed by three
treatments with 100% ethanol for 10, 15 and 20 min respectively. The
dehydration process was completed by 2x15min treatments with
propylene oxide. Finally, cells were treated for 2h with a 1:1 mixture
of resin and propylene oxide, then left in resin overnight. Following
this incubation, cells were embedded in fresh EmBed 812 resin and
polymerised at 60°C for 48h. Ultrathin sectioning (85nm) was car-
ried out using a diamond knife on a Leica EM UC7 ultramicrotome and
collected on formvar-coated copper grids. Sections were stained with
uranyl acetate and lead citrate and investigated using a Philips CM100
BioTWIN transmission electron microscope (Philips/FEI Corporation)

fitted with a MegaView Il digital camera (Soft Imaging System GmbH).

4.14 | Construction of the liaRS
promoter-lacZ plasmid

The liaX transcriptional promoter fusion to lacZ in E. faecalis was
constructed in the vector pTCVlac (Poyart & Trieu-Cuot, 1997). The
liaX promoter fragment was amplified with the primers PliaX_F and
PliaX_R (Table S7). The fragment was then inserted into pTCVlac via
the EcoRI and BamHI restriction sites. The resulting plasmid pTCV-
lac_PliaX was transformed into electrocompetent E. faecalis WT, A

croRS and 4BS strains by electroporation (Table S7).

415 | p-galactosidase assays

To quantitatively assess the induction of the PliaX- reporter con-
struct in E. faecalis, cells were grown to mid-exponential phase
(OD4yp 0.4-0.5) in BHI medium. Cells were harvested via cen-
trifugation and stored at -20°C. g-galactosidase activity was as-
sayed in permeabilised cells and expressed in Miller units (MU).
For this, cells were resuspended and normalised to an OD,, of
0.5 in Z-buffer. From these cells, were diluted 1/5 and 1/2.5 in
Z-buffer and lysed by vortexing with 0.1% SDS (w/v) and chloro-
form. Cells were left to rest at room temperature for 5-10min.
Reactions were initiated by the addition of ONPG (o-nitrophenyl-
p-D-galactopyranoside; 4mg/mL in Z buffer) and monitored for
yellow colouration. Reactions were monitored for colour change
for a maximum of 20min. Upon colour change, reactions were
stopped by adding 1M sodium carbonate and reaction time was
noted. Absorbance at 420nm (A420) was the read and MU was
calculated using the following equation.

A420 x 1000

Miller units (MU) = Time (minutes) x volume of cells (in mL) x OD600
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