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The microbial cell wallis essential for maintenance of cell shape and resistance to
external stressors'. The primary structural component of the cell wall is peptidoglycan,
aglycopolymer with peptide crosslinks located outside of the cell membrane’.
Peptidoglycan biosynthesis and structure are responsive to shifting environmental

conditions such as pH and salinity®, but the mechanisms underlying such adaptations
areincompletely understood. Precursors of peptidoglycan and other cell surface
glycopolymers are synthesized in the cytoplasm and then delivered across the cell
membrane bound to the recyclable lipid carrier undecaprenyl phosphate’ (C55-P,

also known as UndP). Here we identify the DUF368-containing and DedA
transmembrane protein families as candidate C55-P translocases, filling a critical

gap inknowledge of the proteins required for the biogenesis of microbial cell

surface polymers. Gram-negative and Gram-positive bacteria lacking their cognate
DUF368-containing protein exhibited alkaline-dependent cell wall and viability
defects, along with increased cell surface C55-P levels. pH-dependent synthetic genetic
interactions between DUF368-containing proteins and DedA family members suggest
that C55-P transporter usage is dynamic and modulated by environmental inputs.
C55-Ptransporter activity was required by the cholera pathogen for growth and cell
shape maintenance in the intestine. We propose that conditional transporter reliance
providesresilience inlipid carrier recycling, bolstering microbial fitness both inside

and outside the host.

Phosphorylated undecaprenyl (C55) lipids have an essential role as
recyclable carrier molecules in microbial cell surface glycopolymer
biogenesis’. During peptidoglycan biosynthesis, the sugar-linked
pentapeptide subunits of peptidoglycan that are assembled in the
bacterial cytoplasmare covalently linked to C55-P for transmembrane
transport’ (Fig. 1a). After the carrier-linked peptidoglycan precursor
(lipid II) is moved from the inner to outer leaflet of the membrane by
MurJ®, subsequent incorporation of the muropeptide into polym-
erized peptidoglycan leaves behind C55 pyrophosphate (C55-PP).
Carrier recycling is initiated by hydrolysis of C55-PP to C55-P by
membrane-associated phosphatases including UppP (also known as
BacA) and the PAP2-domain proteins PgpB, YbjG and LpxT”. Then, C55-P
ispresumably flipped back into the cytosolic face of the membrane to
completerecycling. Preliminary structural studies have proposed that
UppP may also function as a C55-P translocase®'®, but the protein(s)
responsible for C55-P internalization have not yet been identified.
C55-P recycling is a key step in the biosynthesis of peptidoglycan
as well as other cell surface glycopolymers, including wall teichoic
acids, certain lipopolysaccharide modifications and capsules’. Given
its wide-ranging and critical role in cell surface maintenance, C55-P
recycling is considered to be an important target for antimicrobial

therapies, and naturally occurring antibiotics that inhibit this process
have beenidentified".

Vibrio cholerae, the Gram-negative causal agent of the diarrheal dis-
ease cholera, is exposed to dramatic changes in pH and ion concen-
trations as it enters, transits and exits the host gastrointestinal tract.
Avariety of sensing and signalling networks enable V. choleraeto adapt to
changingenvironments. For example, the pathogenrespondstoaltered
salinity and pH by using asodium motive force (SMF) instead of aproton
motive force (PMF) to power protein secretion and flagellar-dependent
motility, and regulate virulence gene expression'*, The peptidoglycan
compositionof V. choleraeis thought to be influenced by environmental
inputs, but the effects of pH on V. cholerae cell wall biology are unknown™,

DUF368 impacts V. cholerae alkaline fitness

Arecentin vivo transposon-insertion sequencing screen for deter-
minants of intestinal colonization in a contemporary V. cholerae
clinical isolate identified numerous genes not previously linked to
V.cholerae pathogenesis, including several loci of unknown function®
(Extended Data Fig.1a). One of these genes, vca0040 (N900_RS14215),
was selected for further study because similar datasets® ' suggested a
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alkalinepH. a, Usage and recycling of C55-Pin bacteria. Sites of antibiotic (chromosomally complemented) V. choleraein LB medium. g, Medium pH of
actionrelevantto Fig.3areindicated withred bars. Dashed arrows represent V.choleraeovernight LB cultures. h, V. cholerae growth in M9 medium buffered
multiple enzymatic and/or transportsteps. The grey hexagon represents totheindicated pH.i, The effects of buffered spent supernatant (cell-free
variable sugars linked to C55-P for downstream glycopolymer assembly. LPS, medium after 24 h of growth at30 °Cfroma1:1,000 culture) on V.cholerae
lipopolysaccharide; PG, peptidoglycan.b, Conservation of DUF368inselected = morphologyinlogphase.j, The effects of pHon V. cholerae growth (top) and
bacterial phyla (upright) and genera (italic). The coloured segments and morphology (bottom) during log phase in LB medium buffered with 50 mM

associated labels denote selected phylawith substantial DUF368 conservation.  Na,HPO,.NB, unbuffered medium.e,g,h, Dataare mean +s.d.fromn=3
Thefraction of sequenced unique clade genomesencodingaDUF368-containing  cultures per strain or condition. f,i,j, Representative images fromn =3 cultures
proteinisindicated.c,d, Predicted ribbon (c) and electrostatic surface coloured  perstrainor condition.Scale bars,3 pm (f) and 5 pm (i,j).

(d) structures of VCA0040. Colourscale,-10 to10 kcal (mol e"). e,f, Growth (e)

universal requirement for this locus in V. cholerae intestinal coloniza-  stationary phase culturesrapidly induced sphere formation (Extended
tion. VCA0O040 is predicted to be a multi-pass inner membrane pro-  Data Fig. 3e). Heat-labile and high-molecular-weight factors, as well
tein and contains the widely conserved domain of unknown function  as b-amino acids—which modulate stationary phase peptidoglycan
DUF368 (also known as PF04018) (Fig. 1b and Extended DataFig.1b-e).  composition'’—were excluded as candidates (Extended DataFig. 3e,f).
The predicted structural model of VCAO040 has alarge putativecleft, InLB cultures, V.cholerae entry into stationary phase is accompanied
characteristic of domains with ligand binding and/or transportactivity by media alkalinization (Fig. 1g). Since minimal shape defects were
(Fig.1c,dand Extended DataFig.2).A V.choleraestrainlackingVCA0040  observed in neutral buffered M9 medium (Extended DataFig. 3b), we
(Avca0040) exhibited a stationary phase growth defect (Fig.leand  hypothesized that Avca0040 cells were alkaline-sensitive. Buffering
Extended Data Fig. 3a) that was accompanied by a distinct cell shape M9 media to different pH values revealed a growth defect at pH 8, but
phenotype, where Avca0040 cells became large spheres (Fig. 1fand  notat pH 6 or pH 7, and acidification of the cell-free spent supernatant
Extended Data Fig. 3b,c). These spherical V. cholerae were viable and  ablated the sphere-induction phenotype (Fig. 1h,i). In buffered LB,
gaverise tonormalrod-shaped daughter cells (Extended DataFig.3d). Avca0040 cells exhibited growth and cell shape defectsat pH above 8,

We reasoned thatastationary phase-specific factor could be trigger-  but not at pH values of up to 7 (Fig. 1j). Thus, the DUF368-containing
ingthe shape defectin Avca0040 cells. Accordingly, exposure ofexpo-  protein VCA0040 is required for V. cholerae cell shape integrity and
nentially growing Avca0040 cells to cell-free spent supernatants from  growth in alkaline conditions.
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Fig.2|DUF368functionisconserved and necessary for peptidoglycan
maintenance. a,b, Total peptidoglycan (a) and intracellular UDP-M5 (b) in
V.cholerae grownin M63 minimal medium at the indicated pH. Suppressor,
Avca0040/AsecDF1.c,Alkaline growth of ASAOUHSC_00846 (A0846) S. aureus
intheindicated conditions and with the indicated expression vectors.

Altered peptidoglycansin DUF368 mutants

DUF368 domains are almost universally conserved across the Vibrion-
aceae and are present in thousands of additional Gram-negative,
Gram-positive and archaeal species that inhabit a wide range of
niches (Supplementary Tables 1 and 2). Heterologous expression of
Gram-positive (Staphylococcus aureus) or archaeal (Haloferax volcanii)
DUF368 homologues at least partially complemented the alkaline
growth defect of Auca0040 V. choleraecells (Extended Data Fig. 4a,b).
Both homologues showed strong predicted structural similarity to
VCAO0040, suggesting that DUF368-containing protein function is
conserved not only between Gram-negative and Gram-positive species,
but across microbial kingdoms (Extended Data Fig. 2).

Since peptidoglycan is required for maintenance of bacterial cell
shape, we hypothesized that DUF368 functions affect the cell wall. The
Avca0040 mutant had 1.5-2x less peptidoglycan than the wild type,
and modest cross-linking defects with concurrent accumulation of
the peptidoglycan precursor UDP-N-acetylmuramyl pentapeptide
(UDP-MS5), suggestive of a peptidoglycan biosynthesis defect upstream
of cross-linking (Fig. 2a,b and Extended Data Fig. 4c-e). These pheno-
types were present at neutral pH and were exacerbated by exposure to
alkaline conditions. Consistent with the idea that DUF368 function is
conserved, S. aureuslacking SAOUHSC_ 00846 also had analkaline growth
defect, reduced peptidoglycan quantity,accumulation of UDP-M5 and
decreased cross-linking (Fig. 2c-e and Extended Data Fig. 4f,g). We con-
cluded fromthese datathat DUF368-containing proteins are condition-
ally required to maintain peptidoglycan production and composition.

Impaired C55-Precycling in DUF368 mutants

Two additional observations focused our investigation of DUF368
domains on cell wall assembly. First, we observed that although most
DUF368-containing proteins consist primarily of one or two DUF368
domains, several microorganisms encode dual-domain proteins
with DUF368-PAP2, PAP2-DUF368 or DUF368-BacA architectures

0-12-3-4-5-6 0-1-2-3-4-5-6

Representative results fromn =3 independent experiments per condition.
d,e, Total peptidoglycan (d) and intracellular UDP-M5 (e) in S. aureus grownin
tryptic soy broth (TSB) with 100 mM bicine at theindicated pH.a,b,d,e,n=3
cultures per strainor condition; dataare mean +s.d. a,b, One-way ANOVA with
Tukey’s multiple comparisontest.d,e, Unpaired Student’s two-tailed t-test.

(Supplementary Table 3). Second, during sphere formationin Avca0040
V. cholerae, there was an approximately tenfold induction of pgpB,
which encodes a C55-PP phosphatase? (Extended Data Fig. 5a-d and
Supplementary Table 4). Despite these associations of DUF368 with
C55-related processes, the Avca0040 mutant exhibited only minor
(upto4x)increasesin minimuminhibitory concentrations (MICs) of an
array of peptidoglycan-targeting antibiotics, probably because most cell
wall-acting compounds cannot penetrate the Gram-negative outer mem-
brane (Supplementary Table 5). Accordingly, MIC screeningin S. aureus
revealed that the ASAOUHSC 00846 mutant was far more sensitive
(morethan 64x) toamphomycinthanthe wild typein alkaline conditions
(Fig.3aand Supplementary Table 5). Amphomycinis a Ca*-dependent
lipopeptide antibiotic that specifically binds C55-Pin the outer leaflet
of the cytoplasmic membrane and inhibits its recycling” > (Fig. 1a).
Consistent with our previous data (Fig. 2d,e), amphomycin is known to
induce UDP-M5 accumulation and decrease peptidoglycan cross-linking
in S. aureus®. The ASAOUHSC 00846 mutant was additionally moder-
ately sensitized to tunicamycin, which inhibits the first committed and
C55-P-dependent steps of wall teichoic acid and peptidoglycan synthesis
aswellasbacitracin, which binds C55-PP and prevents C55-P generation
on the extracytosolic face of the membrane®?® (Figs. 1aand 3a). MICs
for other peptidoglycan-targeting molecules such as fosfomycin were
minimally changed (Fig. 3aand Supplementary Table 5). To test DUF368
function in a Gram-negative organism, we heterologously expressed
SAOUHSC 00846 or vca0040 in the outer membrane-permeable—
and thus amphomycin-sensitized—Escherichia coli strain [ptD4213”
(Supplementary Table 5). Expression of either DUF368-containing
proteinin Iptd4213 E. coli conferred amphomycin resistance (Supple-
mentary Table 5). Since E. colilacks an endogenous DUF368-containing
protein, thisresultindicates that DUF368 function s sufficient for resist-
ance to a surface C55-P-targeting antibiotic.

The peptidoglycan composition and antibiotic susceptibility
data indirectly suggested that C55-P recycling was impaired in the
ASAOUHSC 00846 mutant, specifically in C55-P re-internalization. To
further investigate this idea, we quantified C55 species in membrane
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Fig.3|C55-Precyclingisimpairedinbacterialacking DUF368-containing
proteins. a, Fold change (FC) in MIC for ASAOUHSC_00846S. aureusinthe
indicated conditions. Amphomycin*, amphomycin with1mM CaCl,.b, Ultra
high performance liquid chromatography (UPLC) traces of purified C55-OH (a)
and C55-P (b) standards (top), wild-type S. aureuslipid extracts spiked with each
standard (middle) or wild-type S. aureustreated with 50 pg ml™ amphomycin
(bottom).Rt, retention time. ¢, UPLC traces of lipid extracts of wild-type or
mutantS. aureus grownin TSB pH 7 (top) or pH 8.5 (bottom). d,e, Relative
abundance of C55-OH (d) and C55-P (e) under same conditionsasinc.f, UPLC
trace of lipid extracts of complemented ASAOUHSC_00846S. aureus grownin
TSBpH8.5.g,h, Raw peak proportions of C55-OH (g) and C55-P (h) ineach

lipid extracts from wild-type and ASAOUHSC 00846 cultures. Ampho-
mycintreatment of wild-type S. aureusled to marked accumulation of
both C55-P and the Gram-positive-restricted C55-P precursor C55-OH*
(undecaprenol, also known as UndOH) (Fig. 3b). This phenotype was
replicatedin ASAOUSHC 00846 S. aureus cells grownin alkaline media,
but not in neutral conditions (Fig. 3c-e) or in acomplemented strain
(Fig.3f-h), providing direct evidence that C55-P homeostasis is linked
to SAOUSHC 00846. We also observed similar alkaline-dependent
increasesin C55-P (but not C55-OH) in Auca0040 V.cholerae (Extended
DataFig. 5e,f). To specifically quantify C55-P in the outer leaflet of the
cellmembrane, we synthesized fluorescein-conjugated amphomycin
(ampho-FL) and usedittolabel live bacterial cells*. Ampho-FL-labelled
ASAOUHSC 00846 S. aureus exhibited increased signal relative to
wild-typebacteriainalkaline media, demonstrating that surface C55-P
levels are conditionally elevated in the mutant (Fig. 3i,j and Extended
DataFig.5g,h). Together, these observations suggest that the alkaline
accumulation of surface C55-Pin DUF368-containing protein mutants
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straingrownat pH8.5.1, S. aureus stained withampho-FL at pH 8.5. Scalebars,
5um.DIC, differential interference contrastimage. j, Quantification of
ampho-FLsignal. Symbols represent the mean ampho-FL intensity of1to 8
individual bacterial clustersinindependent cultures. k, Proposed model of
disrupted C55-Precycling and the associated consequences in bacterialacking
C55-Ptranslocaseactivity. b,c,fi, Representative datafromn =3 cultures per
strainor condition.d,e,g,h,j, Dataare mean ts.d. fromn=3-5cultures per
strainor condition. Each pointisanindependent culture.d,e, Unpaired
student’s two-tailed t-test.g,h,j, One-way ANOVA with Tukey’s multiple
comparison test.

provokes a compensatory—but ultimately insufficient—increase in
C55-P synthesis, resulting in surface glycopolymer production defects
and impaired growth (Fig. 3k). These findings are consistent with a
model in which DUF368-containing proteins are C55-P recycling
transporters that are active in alkaline conditions.

Geneticinteractions between DUF368 and DedA

As C55-Precycling is thought to be an essential function and DUF368
mutants were conditionally viable, we next carried out a synthetic
transposon screen to define the genetic network of vca0040. Many of
the identified synthetic sick or lethal interactions were related to cell
envelope homeostasis (Fig.4aand Supplementary Table 6). The strong-
est interaction of vca0040 was with N900 _RS16280 (also known as
vca0534), whichencodes ahomologue of the £. coliDedA family member
YghB (Fig. 4b). V. cholerae express two other DedA proteins, but these
were not hitsinthis screen. DedA family transmembrane proteins (also
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known as PF09335 (SNARE-associated Golgi protein)) are conservedin
allthree domains of life, are generally required for cell envelope homeo-
stasis, and are suspected to mediate PMF-dependent transport, but
their specific substrates are unknown®*., Similar to DUF368, although
most DedA-containing sequences encode only that domain, there are
many instances of domain architectures in which DedA is fused to the
C55-PP phosphatase domain PAP2 (Supplementary Table 3). The syn-
theticlethality of uyca0040 and yghB was validated by genetic depletion
andreciprocal synthetic transposon screening (Fig.4c, Extended Data
Fig. 6aand Supplementary Table 7), and overexpression of YghB rescued
the alkaline defect of Avca0D040 V. cholerae (Extended Data Fig. 6b).
Interactionsbetween DUF368 and DedA proteins were also observed
in S. aureus. In alkaline-enriched spontaneous suppressors of
ASAOUHSC 00846S.aureus,wefoundfrequent promoter (andnocoding
region) mutationsinthegenesencodingthetwo S. aureus DedA proteins
(SAOUHSC_00901 and SAOUHSC_02816) (Fig. 4d). Incorporating
these mutations into an isopropyl 3-D-1-thiogalactopyranoside
(IPTG)-inducible system expressing either DedA protein rescued
ASAOUHSC 00846 even without induction, suggesting that theisolated

200 bp
« Hoso1 or 2816

and specific promoter mutations selected for validation (bold). e, Rescue of
ASAOUHSC_ 00846 by expression of SAOUHSC_00901 (0901) or SAOUHSC 2816
(2816) from hybrid promoters containing the IPTG-inducible promoter P,
linked to 25-bp (construct1) or 200-bp (construct 2) native promoter stretches
with theindicated suppressor mutations (*). f, Fold change inamphomycin MIC
for wild-type and mutant S. aureusrelative to the MIC for the wild type at pH 7
(150 ug ml™). c,e, Representative results fromn =3 independent experiments
per condition. f,Dataare mean *s.d. fromn =3 cultures per strain or condition.

mutations increase gene expression and compensate for the absence
of SAOUHSC 00846, as in V. cholerae (Fig. 4e). These genetic studies
suggest that DedA family members are also required for C55-P transloca-
tion,inagreement with recentreports that eukaryotic DedA proteins are
associated with lipid transport and bacterial DedA mutants are defec-
tivein C55 carrier-dependent lipopolysaccharide modifications® >,
We hypothesized that similar to DUF368-containing proteins,
DedA family members function conditionally. Although dele-
tion of SAOUHSC 00901 did not affect amphomycin MICs, the
ASAOUHSC 02816 mutant exhibited moderate acid-dependent ampho-
mycinsensitivity, strengthening the association of DedA family mem-
bers with C55-P translocation and suggesting that they function at
lower pH ranges than their DUF368-containing counterparts (Fig. 4f).
The sensitivity of ASAOUHSC 02816 to other antibiotics was unaltered
at any pH, highlighting the specificity of conditional amphomycin
sensitization (Supplementary Table 5). The concept of pH-dependent
translocase contributionsis also supported by the alkalineamphomy-
cinsensitivity of [ptd4213E. coli, which has only DedA paralogues and no
cognate DUF368-containing protein (Supplementary Table 5). A strain

Nature | Vol 613 | 26 January 2023 | 725



Article

a
Mixed infections: ,}
1:1 r '( &
AlacZ(WT):Avca0040 — E— @gﬁ —> Analysis
V. cholerae M ) N
Pi-p2infant  oate S
H7 HOi | - 16-20 hpi
p or pH 9 inoculum rabbits ( pi)
b 107
100 @ --@=-= -G oo oo e e e No defect
» °* ° o
% 10 o (0o . ° s
° g — e s 00 o oo H9
£ . e®  og0 o 0® ep
og 107 - - B SRR epH7
E S ° ° _ 19 e
3R 10° — -
Q o
53
8 ~ 10* ° o
o <)
° o o
105 o o
106 I I I I T T T T
Inoculum  pSI mSl dSlI  Caecum CF
[
Single infections: & ’} )
< IS
lacZ::GFP (WT) —> )J ) —_— @A —> Analysis
or "
lacZ::GFP/Avca0040 !
PI-P2infant S
rabbits P
N N N
d v c‘b&b v ¥ o’ib%
//Q’ //0‘ //Q. //Q' //Q’
1o Q R Q Q Q
L )
1010 r . o, .
L[] — ] e
10° ° ° ° °
o 8 e
2 10 .2 .
£ 107 ° ® o e
o L] °
g 108 2 .o e «®
) 105 ° o
S 104 ® ° ¢
108 I
o o WT
102 e Avca0040
10— T T T L L
Inoculum  pSI mSil dSI  Caecum CF

Fig.5|DUF368isrequired for V.cholerae pathogenesis. a,b, Schematic

(a) and intestinal competitive indices (b) in mixed-infection models (n=6
rabbitsineachgroup).SI, smallintestine. c-e, Schematic (c), number of intestinal
colony-forming units (CFU) (d) and fluid accumulation ratio (FAR) (e) in single
infections (n =3 rabbits (wild type) and n = 8 rabbits (Avca0040)). CF, caecal
fluid; pSI, proximal small intestine; mSI, medial smallintestine; dSI, distal
smallintestine. Open circlesindicate rabbits with limit of detection (LOD)
measurements where the true CFUburdenis atleast (for upper LOD circles) or
atmost (for lower LOD circles) the plotted value. Note two Avca0040 animals
hadinsufficient caecal fluid accumulation for FAR calculationand were

lacking yghB and vca0D040 was viable at acidic pH, suggesting at least
oneother V.cholerae protein can carry out C55-P translocation, or that
C55-P may spontaneously traverse the membrane in acidic conditions
(Extended Data Fig. 6¢).

Na*shapes C55-P translocase biology

Analyses of spontaneous suppressors of Auca0040 V. cholerae, which
have distinctive colony morphology (Extended Data Fig. 7a) revealed
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that the requirement of VCA004O0 for V. choleraefitness is controlled
by Na*concentrationinaddition to pH. Whole-genome sequencing of
suppressor colonies lacking cell shape defects revealed four suppressor
genes, three of which (secDI, secF1and ppiD) function in Sec-mediated
proteinsecretion (Extended DataFig. 7b). The fourth—yfgO—encodes
aprotein of unknown function from the AI-2E transporter family, mem-
bers of which have recently beenimplicated in peptidoglycan biosyn-
thesis and Na*/H* antiport>**. Deletions of suppressor genes rescued
the shape and peptidoglycan defects of Auvca0040 V. cholerae, even



though stationary culture pH was alkaline in all suppressors (Fig. 2a,b
and Extended DataFig. 7c,d). In V. cholerae, SecD-SecF is duplicated as
SecD1-SecF1and SecD2-SecF2, ancillary complexes that differentially
couple SecYEG activity to the SMF or PMF, respectively® (Extended
DataFig. 7e). The activity of at least one SecD-SecF pair was required
for V. cholerae viability, and deletion of secD2 and secF2 did not ame-
liorate the stationary phase cell shape defect of Auvca0040 (Extended
Data Fig. 7¢c,f,g). We initially hypothesized that altered Sec substrate
specificity could explain the identification of SecD1and SecF1as sup-
pressors. However, the AsecDF1 V. cholerae proteome was unchanged
from that of wild-type cells, aside from the expected increasesin SecD2
and SecF2, suggesting that the suppressive effects of secDI and secF1
loss were attributable to reduced Na* flux (Extended Data Fig. 7h and
Supplementary Table 8).Indeed, increasing Na*but not K' concentra-
tioninduced alkaline growth and peptidoglycan defectsin Avca0040
V.cholerae (Fig.2a,b and Extended Data Fig. 7i-k). The requirement of
increased Na* concentration for the alkaline defect of DUF368-deficient
V. cholerae appeared to be species-specific, as ASAOUHSC 00846
S. aureus, although alkaline-sensitive, was not similarly rescued by
Na* depletion (Fig. 2c). Of note, unlike Avca0040, a AyghB V. cholerae
mutant was not able to grow without Na* at pH values above 6 (Extended
DataFig.71,m), suggesting that the presence of Na* divergently affects
distinct C55-Ptranslocases. Together, these dataillustrate that multiple
environmental inputs can control C55-P translocase requirements and
potentially function in different microorganisms.

DUF368 enables V. cholerae pathogenesis

We used an infant (postnatal day (P)1-P2) rabbit model that mimics
severe human cholera® toinvestigate the role of VCA0040 in pathogen-
esis. Typically, this model uses alkaline inocula to buffer the acidic stom-
ach environment. To exclude inoculum effects, we carried out mixed
infections withinocula comprising a1:1 mix of wild-type and Avca0040
V.cholerae at pH 7 or pH 9 (Fig. 5a). Regardless of inoculum pH, the
Avca0040 mutant had a profound competitive defect (100-1,000x)
compared with the wild type (Fig. 5b). The pH of the inoculum did not
affect total colonization or accumulation of diarrhea-like caecal fluid,
the primary marker of disease in this model (Extended Data Fig. 8a,b).
Insingle infections with fluorescent wild-type or Auca0040 V. cholerae,
the mutant exhibited severe colonization defects (around1,000-fold)
inallintestinal segments (Fig. 5c,d). These values overestimate the true
colonization of the mutant, because rabbits from each group were
co-housed to exclude litter effects, enabling substantial transmission
fromwild-type-infected to Avca0040-infected rabbits (Extended Data
Fig.8c). Transmission probably explains why caecal fluid accumulation
inAvca0040-infected rabbits waslower thanin wild-type rabbits but did
not reach statistical significance (Fig. 5e). Caecal fluid collected from
both mixed and singly infected animals was strongly alkaline (pH 8.5-9)
(Fig. 5f). Imaging of caecal fluid samples from Avca0040-infected rab-
bitsrevealedlarge, fluorescent, spherical cells similar to those observed
in alkaline cultures of the Avca0040 mutant (Extended Data Fig. 8d).
Similarly, when freshly grown rod-shaped wild-type or Avca0040
V.choleraewereincubated in cell-free caecal fluid samples. Avca0040—
but not wild-type—cells became spherical when exposed to caecal fluid,
suggesting that VCA0040 function is needed to maintain V. cholerae
shape in the alkaline in vivo milieu (Fig. 5g). An infection defect was
not detected for ASAOUHSC 00846 S. aureus in a mouse intravenous
infection-organ abscess model, in which the pathogen is unlikely to
encounter alkaline environments (Extended Data Fig. 9).

Discussion

We propose that DUF368-containing and DedA family proteins are
C55-P translocases that provide functional resiliency in this crucial
step of envelope maintenance (Fig. 5h). The identification of C55-P

transport proteins provisionally fills a major gap in the C55 lipid car-
rier recycling pathway. As our genetic and phenotypic data do not
definitively exclude transport-independent activities, biochemical and
structural studies are required to confirm whether these two families
indeed carry out this function. The apparent pH and ion dependency
ofthe contributions of these candidate translocases to fitness suggests
that these proteins could be energetically controlled, since a major
effect of pH onthe microbial cell isthe governance of transmembrane
ionic gradients. For example, DUF368-containing proteins appear to
contribute mostin alkaline conditions where the PMF is low?®, suggest-
ing thatif C55-Ptranslocationis energy-dependent, DUF368-mediated
transport may depend on the SMF or another non-PMF energy gradient.
Itisalso possible that protonation states of C55-P, which are probably
pH-dependent, determine the maximally active translocase or poten-
tial contribution of spontaneous C55-P scrambling. Characterizing
the potential energetic reliance and directionality of multiple C55-P
translocases will be animportant topic of future study.

The conditionality of DUF368-containing and DedA family proteins,
and perhaps additional as-yet-unidentified translocases, could sup-
port C55-P flux in diverse microbial niches (Fig. Sh). The sensitivity of
Avca0040 V.choleraetoincreased sodiumion concentration and the
apparent enrichment of DUF368 in other known halophiles such as
S. aureus and the archaeal class Halobacteria (including H. volcanii)
suggests that regardless of their energetic input, DUF368-containing
proteins may facilitate microbial adaptation to high-salt environments
(Supplementary Table1). Specifically, the sodium and pH-dependence
of the contribution of VCA0040 to V. cholerae physiology may reflect
the robust capacity of the cholera pathogen to colonize the human
smallintestine, where alkaline conditions and millimolar-scale sodium
concentrations are likely to occur®. Alongside the variable conser-
vation of redundant translocases (Extended Data Fig. 10a and Sup-
plementary Table 9), additional inputs and adaptation mechanisms
likely also shape how C55-Precycling contributes to microbial fitness.
For example, although vca0040 is required only in alkaline condi-
tionsin V. cholerae, this gene is essential in the related pathogen Vibrio
parahaemolyticus even at neutral pH, despite the conservation of yghB
and suppressor loci, suggesting that the pH setpoint at which DUF368
family activity is dominantis not universal*’ (Extended Data Fig.10b).
Although DUF368-containing proteins—which have been renamed
polyprenyl phosphate transporter (PopT) proteins in concurrently
reported work*—are restricted to bacteria and archaea, DedA family
members are widely present in eukaryotes, including humans. Thus,
our findings may affect the understanding of polyprenyl phosphate
(forexample, dolichol phosphate) translocation in allkingdoms of life.
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Methods

Bacterial strains, media and growth conditions

All V. cholerae strains used in this study are derivatives of HaitiWT,
a spontaneous streptomycin-resistant variant of a clinical isolate
from the 2010 Haiti cholera epidemic*2. All S. aureus strains used in
this study are derivatives of HGOO3 (itself a derivative of NCTC8325).
Strainand plasmid informationislisted in Supplementary Table 10. All
constructed strains were verified by Sanger sequencing of the targeted
locus (Genewiz).

The following media were used in this study: lysogeny broth (LB)
Miller (10 g " NaCl) (BD Biosciences, USA), M9 minimal media (12.8 g1
Na,HPO,-7H,0, 3 g ' KH,PO,, 0.5 g [ NaCl,1g I NH,CI, 1 mM MgSO,
and 10 uM CacCl,) (lab-made), M63 minimal media (2g 17 (NH,),SO,,
13.6 g1 KH,PO,, 0.5 mg I FeSO,-7H,0 and 1 mM MgS0,) (US Biologi-
cals), TSB and tryptic soy agar (TSA) (BD Biosciences). M9 was sup-
plemented with 0.4% glucose and pH-adjusted with NaOH. M63 was
supplemented with 2% glucose and pH-adjusted with KOH. In general,
LB was buffered with 50 mM Na,HPO, or 100 mM Tris and pH-adjusted
with NaOH or HCI, and TSB was buffered with 100 mM bicine. Varia-
tions in buffering are noted in figure legends. Plates were used at 1.5%
final agar concentration. Where necessary, the following antibiotics
or supplements were used: streptomycin (200 pg ml™), carbenicillin
(50 pg mi™), kanamycin (50 pug ml™), neomycin (50 ug ml™), targocil
(10 pg mI™), erythromycin (10 pg ml™), diaminopimelic acid (DAP,
0.3 mM), 5-bromo-4-chloro-3-indolyl B-D-galactopyranoside (X-gal,
60 pg ml™), arabinose (0.2%) or IPTG (1 mM).

For routine culture, V. cholerae were grown in non-buffered LB at
37 °CandS. aureus were grown in non-buffered TSB at 37 °C. Cultures
for spent supernatant analysis in V. cholerae were obtained by sub-
culturing 37 °C-grown overnight cultures 1:1,000 in fresh media and
growingfor 24 hat30 °C. To collect spent supernatants, cultures were
centrifuged for 10 min at 5,000g at 4 °C. Supernatants were trans-
ferred to a new tube, re-centrifuged, and sterile filtered with 0.22 pm
syringe filters into new tubes. Supernatants were stored at 4 °C for
future use. Cultures used for pH quantification were centrifuged for
10 min at 5,000g before measurement. All pH measurements, includ-
ing for media and buffer formulation, were performed with apH meter
(Thermo ORION) freshly calibrated to two appropriate pH standards
from4,7and10.

Bioinformatic methods
Information on the loci, genomes, and accession numbers for genes
and proteins from this study is available in Supplementary Table 10.

Genomic locus correspondence in V. cholerae. During our study,
which mainly used a contemporary pandemic strain of V. cholerae
(HaitiWT, also known as KW3, assembly accession GCA_001318185.1),
we noted several annotation inconsistencies with genes ostensibly
conserved in the reference shotgun assembly (GCA_000006745.1)
of N16961 V. cholerae. Compared to newer long-read assemblies
(GCA_003063785.1 and GCA_900205735.1), the original assem-
bly of N16961 has ~50 more ORFs annotated as pseudogenes due to
frameshifts that are not included in coding sequence tables. Three of
these were directly related to our study: (1) lacZ,awidely used reporter
gene (VC2338), (2) secF2 (VCA0692), and (3) yghB (VCA0534). lacZ is
known tobe functionalin N16961, and re-sequencing of our laboratory
N16961stock and examination of newer N16961 assemblies confirmed
thatsecF2and yghBareinfactintactin this strain and lack the predicted
frameshift. The ‘pseudogene’ annotation of secF2led toits recent usage
asasafe-harbourlocus for genome editingin V. cholerae®, and caution
isprobably required for this method. Toresolve the issues of difference
betweenstraingenomes, abatch BLAST dictionary assigning putative
VC locus tags (the conventional V. cholerae gene naming system) to
annotated HaitiWT loci is givenin Supplementary Table 11.

Phylogenetic and domain architecture analysis. To identify
sequences with annotated DUF368 domains, Annotree** was used with
the Pfam identifier PF04018 at a cut-off e-value of 1x107°. The results
fromthis search areincluded in Supplementary Table 1. Taxawith ‘_X’
names were manually collated into a single group for ease of analysis.
Inarelated effort, toidentify annotation-independent homologues of
vca0040,we used aHMMER search withthe VCA0040 sequence from
wild-type V. cholerae (Supplementary Table 2). To analyse the relative
distributions of PF04018, PF09335 (DedA), and PF02673 (BacA), we
used Annotree at a cut-off e-value of 1 x 1075, Differential species lists
withall possible conservation combinations were visualized witha Venn
diagram generator (https://bioinformatics.psb.ugent.be/webtools/
Venn/) and are provided in Supplementary Table 9.

To assess domain architecture, we used InterProScan (https://www.
ebi.ac.uk/interpro) with DUF368 (PF04018) or DedA (PF09335) as que-
riesand manually examined identified domain structures. Sequences
with domain architectures relevant to this study were exported and
collated in Supplementary Table 3.

Structural modelling. Structural prediction of DUF368 and DedA
family proteins in this study was performed with AlphaFold2 on the
CoLabFold publicly accessible interface®. Sequences were modelled as
monomers using mmseqs2 for multiple sequence alignment. Structures
were ranked by pLDDT and the top-ranked structures were visualized
with ChimeraX (UCSF).

Cloning, vectors and strain construction

V. cholerae. Cloning of expression vectors and deletion plasmids
was performed by standard isothermal assembly techniques with
25-bp overhangs on each fragment (HiFi DNA Assembly Kit, NEB).
V. cholerae mutants were generated by allelic exchange as previous-
ly described with the suicide vector pCVD442 bearing 500-700 bp
upstream and downstream homology arms of the targeted locus**¥.
Either SM10Apir or MFDApir E. coli (a DAP auxotroph) were used as the
donor strain with identical conjugation conditions apart from DAP
supplementation. Single crossover transconjugants were isolated by
selective plating on LB +streptomycin/carbenicillinand passaged in10%
sucrose overnightat room temperature to select for double crossover
events. Cells were plated on LB + streptomycin, re-patched onto LB +
streptomycin and LB +streptomycin/carbenicillin, and streptomycin-
and carbenicillin-resistant colonies were screened by colony PCR for
successful deletion. For deletions involving vca0040, vca0040 was
always deleted last and at least two clones per strain were stocked
and verified for the correct phenotype to guard against spontane-
ous suppressor formation. For native vca0040 expression from the
ectopic chromosomalsite, the full coding sequence along with 350
bp upstream was cloned to include the native promoter and inserted
ataknown neutral genomic location in V. cholerae*®. For expression
of SAOUHSC 00846 fromthe vca00401ocusin Avca0040 V. cholerae,
we used allelic exchange to replace the vca0040 coding sequence
with a SAOUHSC 00846 sequence codon-optimized for V. cholerae.
For depletion of yghB from Auvca0040 V. cholerae, we used pAM299,
asuicide vector which replaces the native allele of targeted gene with
an arabinose-inducible copy*. For overexpression studies, we used
pBADIS for plasmid-based arabinose induction®®.

S. aureus. S. aureus ASAOUHSC 00846 was generated with a one-step
allelic exchange using the pTarKO plasmid bearing 1,000 bp upstream
and downstream homology arms of the targeted locus flanking a kana-
mycin cassette as previously described®. In brief, the assembled pTarKO
plasmid was electroporated into electrocompetent S. aureus RN4220
tarO, and selected for double crossovers on TSB with kanamycin,
neomycin and targocil. The kanamycin insertion in SAOUHSC 00846
wasthentransducedto S. aureus HGOO3 with phage phi85. Anidentical
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protocol was used to generate ASAOUHSC 02816.For ASAOUHSC 0901,
the strain NE1150, which carries an erythromycin-resistance-marked
transposon insertion in SAOUHSC_00901%, was used as the donor for
transductioninto HGOO3. For overexpression studies, we used pLOW
for plasmid-based IPTG induction®. Assembled plasmids were elec-
troporated into RN4220 wild type and transduced to S. aureus HGO03
ASAOUHSC 00846 with phage phi85.

E. colilptD4213 arabinose suppressor selection. E. coliMC4100 and
its derivative [ptD4213 are sensitive to arabinose due to the araD139
mutation. To enable the use of the pBAD arabinose expression sys-
tem, spontaneous arabinose-resistant mutants of MC4100 Iptd4213
were isolated as previously described*. In brief, overnight cultures of
IptD4213 E. coliwere plated (-10 pl) on LB + 0.4% arabinose plates and
incubated at 37 °C. Putative suppressor colonies were purified onanew
LB +0.4%arabinose plate. Suppressor colonies were then screened for
growth on LB + 0.4% arabinose and no growth on M9 minimal agar +
0.2% arabinose, in order to select for strains that are resistant to arab-
inose, but unable to use arabinose as carbon source (thatis, ara™”, but
notara’ colonies). To transform £. coli with various vectors, competent
cellswere heat shocked according to astandard protocol and selected
on LB supplemented with the appropriate antibiotic(s).

V. parahaemolyticus. V. parahaemolyticus RIMD2210633 mutants
were constructed with a similar allelic exchange systemto V. cholerae
as previously described, with the suicide vector pDM4*°.

Growth assays

Growth curves in liquid medium. For automated A,,, measurements,
1ml of asaturated 37 °C LB overnight V. cholerae culture was washed
oncewith1mlfresh media (specific to the experiment) and resuspend-
edinlmlfresh media.Resuspendedbacteria were dilutedtoastarting
dilution of 1:4,000 by performing a1:100 dilutioninto 1 ml fresh media
and asubsequent 1:40 dilution into 195 pl of specific media aliquoted
intosterile 96-well plates (Corning). At least three technical replicates
per strain and media condition were run per plate along with at least
three blank media wells. Growth curves were performed in a BioTek
Epoch2spectrophotometer with shaking and A, readings were taken
every10 minfor20-24 h. GenS5 version 3.08 (BioTek) was used for data
collection. Datafor each condition were averaged across technical and
biological replicates corrected against the baseline blank A, values.

Overexpression vector plate dilution assays on solid medium.
V.cholerae strains were grown overnight at 37 °C in LB with addition
of 50 ng ml™ carbenicillin for strains with pBAD18. The cultures were
diluted1:100 into 5 ml of LB (supplemented with 50 pg ml™ carbenicillin
and 0.2% arabinose for strains with pBAD18) and grown at 37 °C to an
0Dy, 0f ~0.7. Cells were normalized to an A, of 0.1 and then serially
tenfold diluted 6 times. Five microlitres of the dilution series were
plated onLBagar100 mM Tris pH 9 (with 0.2% arabinose, 0.2% glucose,
ornosugar added) and incubated at 30 °C for 18-24 h.

S. aureus strains were grown overnight at 37 °Cin TSB with addition
of 10 pg mi™* erythromycin for strains with pLOW. The cultures were
diluted1:100 into S ml of TSB (supplemented with 10 pg ml™ erythromy-
cinand 1 mMIPTG for strains with pLOW) and grown at 37 °C to an A4,
of~0.7. Cells were normalized to an A, of 0.1and then serially tenfold
diluted 6 times. Five microlitres of the dilution series were plated on
TSA 100 mM Tris pH 9 (with or without 1 mM IPTG) and incubated at
37°Cfor18-24h.

Live and single timepoint phase-contrast microscopy

For single timepointimaging of live cells, samples from the indicated
cultures were concentrated as necessary and immobilized on 0.8%
agarose pads in sterile PBS on glass slides (Gene Frames, Thermo)
and dried before coverslip placement. For time-lapse imaging of live

cells, samples were spotted on 0.8% agarose pads in sterile LB before
imaging in atemperature-controlled chamber at arate of 1 frame per
minute for 3 h of growth. Cells were imaged with a Nikon Eclipse Ti
microscope equipped with an Andor NeoZyla camera and a100x oil
phase 3 1.4-numerical-aperture (NA) objective using NIS Elements
AR software version 4.6 (Nikon). Image analysis was performed with
Image]J version 1.53. Images in manuscript figures are representative
of at least 10 fields of view (FOVs) from the same sample (>200 cells)
and multipleindependent replicate cultures as indicated.

Sphere formation and incubation assays

Toinduce sphere formation, V.cholerae37 °C overnight cultures (where
Avca0040 cellsarestill largely rod-shaped) were back-diluted 1:100 into
theindicated supernatant or fresh media and grown for 4 hshaking at
200 rpmat30 °C. Then, cellswereimaged as described above. For the
D/L-Alatreatment assay, overnight cultures were expandedinfresh LB
for 90 min prior to spike-in of the amino acid for 1 h.

MIC assays

V. cholerae. To quantify MICs for various antimicrobial agents, 37 °C
overnight cultures of V. cholerae were diluted 1:100,000 in fresh
media. Diluted cultures were used to inoculate 96-well plates containing
12 twofold dilutions of the indicated agent in LB medium at aratio of
50 pl culture:50 pl medium. Four technical replicates were performed
per strain per dilution. Plates were incubated for 24 h at 37 °C and MIC
values were read as the first dilution where no turbidity was observed. For
repeatassays, MICs were performed withindependent overnight cultures.

S. aureus and E. coli. Overnight cultures (at 37 °C) of S. aureus or E. coli
were diluted to A4y, = 0.01and then further diluted 1:100 in fresh TSB
media. Diluted cultures were added to 96-well plates containing twofold
dilutions of the indicated agent in TSB medium or TSB medium 5 mM
TrispH8.5ataratio of 75 pl culture:75 pl media. Plates were incubated
for 24 hat 30 °C (37 °C for E. coli) with shaking. MIC values were read
off as the first dilution where no turbidity was observed.

For E. coli [ptD4213 vector overexpression MICs, overnight cultures
werediluted 1:100 into non-buffered LB + carbenicillin + 0.2% arabinose.
The culture was outgrown for 1.5-2 h and diluted to A, = 0.01. This
was further diluted to A¢y, = 0.0001and 75 pl of the culture was added
to 75 pl of serial dilution of the drug. Diluted cultures were added to
96-well plates containing 2-fold dilutions of the indicated agent inis
LB 5 mM Tris pH 8.5,1 mM CaCl,, with 0.2% glucose or 0.2% arabinose
ataratio of 75 pl culture: 75 pl media. Plates were incubated and read
as described above.

Peptidoglycan characterization

Preparation of V. cholerae and S. aureus sacculi. For V. cholerae,
strains were grown overnightat 37 °Cin LB +200 pg ml™ streptomycin.
Foreachsample, 500 pl of overnight culture were collected and centri-
fuged at 5,000g for 5 min, washed once with 500 pl of the correspond-
ingmedia, and resuspendedin 500 pl of the corresponding media. This
culture was thenadded to 50 ml of M63 media (pH 7 with100 mM NaCl,
pH 8 with 100 mM NaCl or pH 8 with 0 mM NaCl) supplemented with
2% glucose and 200 pg ml™ streptomycin and incubated at 30 °C for
approximately 6 h until the A4, reached ~0.5. Bacteria were collected
by centrifugationat 6,000gfor10 minat4 °Candresuspendedin1.5 ml
of 1x PBS. The resuspension was added dropwise into 1.5 ml of boiling
5% SDS solution. The mixture was boiled for1 handstirred for afurther
2 hafter the heat was turned off.

For S. aureus, strains were grown overnight at 37 °Cin3 mI TSB. 500 pl
ofthe overnight culture was added to 100 ml of TSB without pH adjust-
mentor TSB+100 mM bicine pH 8.5 and incubated at 37 °C for -2 huntil
the A4y reached 0.5. The bacterial cells were collected by centrifuga-
tion at 5,000g for 10 min at 4 °C and resuspended in 1.5 ml of 1x PBS.
Resuspended samples were boiled as for V. cholerae.



Total peptidoglycan and cross-linking quantification from sacculi
samples. Peptidoglycan was extracted from boiled samples as
described previously for Gram-negative and Gram-positive bacteria®.
Once boiled, cell wall material was pelleted by ultracentrifugation
and washed with water. Clean sacculi were digested with muramidase
(100 pg mI™?) and soluble muropeptides reduced using 0.5 M sodium
borate pH9.5and 10 mg ml*sodium borohydride. The pH of the sam-
pleswasthenadjustedto 3.5 with phosphoric acid. UPLC analyses were
performed onaWaters UPLC system equipped withan ACQUITY UPLC
BEH C18 Column, 130 A, 1.7 pum, 2.1 mm x 150 mm (Waters Corpora-
tion) and identified by A,,, ... Muropeptides were separated using a
linear gradient from buffer A (0.1% formic acid in water) to buffer B
(0.1% formic acid in acetonitrile). Identification of individual peaks
was assigned by comparison of the retention times and profiles to
validated chromatograms. The relative amount of each muropeptide
was calculated by dividing the peak area of amuropeptide by the total
area of the chromatogram. The abundance of peptidoglycan (total
peptidoglycan) was assessed by normalizing the total area of the chro-
matogram to the A, The degree of cross-linking was calculated as
described previously®.

Intracellular UDP-M5 quantification. For V. cholerae, strains were
grown overnight at 37 °C in LB + 200 pg ml™ streptomycin. For each
sample, 500 pl of overnight culture were collected and centrifuged
at 5,000g for 5 min, washed once with 500 pl of the corresponding
media, and resuspended in 500 pl of the corresponding media. Eighty
microlitres of this resuspension was then added to 8 ml of M63 media
(pH 7 with 100 mM NaCl, pH 8 with 100 mM NaCl or pH 8 with 0 mM
NaCl) supplemented with 2% glucose and 200 pg ml™ streptomycin and
incubated at 30 °C for approximately 6 huntil the A, reached -0.5. Bac-
teria cells were collected by centrifugation at 5,000g for10 minat4 °C,
washed twice with1mlofice cold 0.9% NaCl, and resuspended in200 pl
of milliQ water. The resuspension was boiled for 30 min, centrifuged
at20,000g for 15 min, and the supernatant was filtered and analysed.

For S. aureus, strains were grown overnight at 37 °Cin 3 ml TSB. Eighty
microlitres of the overnight culture was added to 8 ml of TSB without pH
adjustmentor TSB+100 mMbicine pH8.5and incubatedat37 °Cfor-2 h
until the A4y, reached -0.5. Cultures were then processed as for V.cholerae.

Quantification of soluble UDP-M5 muropeptide levels by liquid chro-
matography-mass spectrometry (LC-MS) of filtered supernatants was
performed as previously described”. Detection and characterization
of soluble muropeptides by LC-MS was performed on an UPLC sys-
tem interfaced with a Xevo G2/XS Q-TOF mass spectrometer (Waters
Corporation) using previously reported conditions®. UDP-MS5 levels
were quantified by integrating peak areas from extracted ion chroma-
tograms (EICs) of the corresponding m/z value. UDP-MS5 abundance
was normalized to culture A4y, as for total peptidoglycan.

Quantification of C55-OH and C55-P in bacterial membrane lipid
extracts

Preparation of S. aureus or V. cholerae membranes. S. aureus or
V.cholerae cells were grown overnightat37 °Cin10 mI TSBorLBpH7,
respectively. Cells were washed, collected by centrifugation, resus-
pended in the experimental medium (forexample, TSB or LBatagiven
pH) andinoculated ata1:200 dilutioninto 200 ml of the experimental
medium. Once an A4y, of 0.6 was reached, cells were collected by cen-
trifugation, resuspended in 10 ml of phosphate-buffered saline (PBS),
and disrupted in a French press. Cell debris was discarded, and the
supernatant centrifuged in aBeckman OptimaMax TL ultracentrifuge
for 15 min at 270,000g. Lipids from the membrane pellets were then
extracted as described below.

Extraction of lipids from membrane fractions. S. aureus and V. cholerae
membrane lipids were extracted largely as previously described*.

Membrane pellets were resuspended in 500 pl of PBS. Then, 1.25 ml of
methanol and 625 pl of chloroform were added. The suspension was
vortexed for 2 min at room temperature, and the homogenates were
centrifuged at 7,100g for 10 minat4 °C. 625 pl of chloroformand 625 pl
of PBSwere added to the supernatants and they were vortexed and cen-
trifuged at 7,100g for 10 min at 4 °C to separate the chloroform phase
from the PBS-methanol phase. The chloroform phase was thenisolated
and vacuumdried. Dried pellets containing the purified membrane li-
pids were resuspended in 300 pl of the UPLC mobile phase solvents (50%
H,O with 0.1% formic acid + 50% isopropanol with 0.1 % formic acid).
To ensure that this method is capable of extracting C55-OH and C55-P,
200 nmol of eachlipid standard (Larodan) was added to fresh purified
membrane samples before subjecting them to the extraction protocol.

Detection of C55-OH and C55-P by UPLC. Lipids extracts resus-
pended in UPLC mobile phase solvents were analysed by UPLC on a
reverse-phase C18 column Kinetex C18 UPLC Column 1.7 um particle
size,100 A pore size, 50 x 2.1 mm. Separation of the lipids was accom-
plished using agradient of H,0 with 0.1% formic acid for solvent A and
isopropanol with 0.1% formic acid for solvent B, a flow rate of 0.4 ml/
minwithalinear gradient over 8 min, columntemperature 60 °Cand a
wavelength of 210 nm. Identification of C55-OH and C55-P was based on
theretention time of standards and their abundances were calculated
relative to the total peak area of each chromatogram. For calculating
mutant-to-wild typeratios, samples fromindependent cultures grown
on the same day were randomly paired. Empower3 chromatography
data software (Waters) was used for UPLC data collection and analysis.

Ampho-FL synthesis and staining

To synthesize ampho-FL, 5 mg of amphomycin (Cayman Chemical)
was dissolved in 200 pl of dimethyl formamide (DMF) and combined
with 7 pl of triethylamine. Separately, 3 mg of fluorescein-C; ;-NHS
(Thermo Fisher, USA) was dissolved in 200 pl of DMF and then added
to the amphomycin solution. The reaction mixture was stirred at
room temperatureinthe dark for 24 h. The solution was diluted inone
equal volume of DMSO and purified by reverse-phase HPLC (Agilent
1260 Infinity) using a C18 stationary phase column (Luna 5 uM C18(2)
100 A, 250 x10 mm). HPLC conditions were as follows—phase A: water
(0.1% formic acid); phase B: acetonitrile (0.1% formic acid). Phase B:
0-2min, 50%; 2-15 min, linear gradient 50%-100%, 15-17 min, 100%.
The wavelength of the detector was set at 254 nm. The flow rate was
4.7 ml min™.. The mixture of conjugated fluorescein-C; products
eluted at 9 min. HPLC eluates were collected in a 50 ml round-bottom
flask, concentrated by rotatory evaporation, transferred with DMSO
to atared microcentrifuge tube and lyophilized, resulting in1.7 mg of
ampho-FL (M+1=1,649.23).

Forampho-FL labelling, overnight cultures of S. aureus HGO03 wild
type or ASAOUHSC 00846 were diluted 1:100 in fresh TSB media buff-
ered at pH 6 (100 mM MES), 7 (100 mM Tris), or 8.5 (100 mM bicine).
The new cultures were grown to A4y, = 0.5.1 ml of the culture was cen-
trifuged at1,000g for 5 min. The pellet was resuspended in 500 pl of 1x
Tris-buffered saline (TBS) pH 9. Ninety-eight microlitres of the mixture
was transferred to a new tube and combined with 2 pl of 10 mg mi™
ampho-FL conjugate in DMSO. The mixture was incubated in the dark
atroom temperature for 10 min, washed three times with 500 pl of 1x
TBS pH 9, and resuspended in 100 pl of 1x TBS pH 9. Ten microlitres
bacteriawasthenaddedtoa0.8% agarose padin TBS pH 9 containing
1pg ml™ propidium iodide and imaged as described above. To avoid
bias in FOV selection, the pad was scanned with the FITC channel off
toselect FOVs based solely on cell density. Bacterial cells were imaged
using DIC at a30 ms exposure and ampho-FL signal was captured with
the FITCfilter at a1s exposure. Fluorescence intensity of ampho-FL
was quantified using ImageJ version 1.53. FITC signal profiles were
generated by drawing bisecting lines through dividing, propidium
iodide-negative cells. The FITC signal was recorded at the background
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totheleft of the cells (4), at the left wall peak (B), at the middle walls (C),
at the right wall peak (D), and at the background to the right of the
cells (E). The average signal was calculated by (B + C+D)/4 - (A + E)/2.

Transposon-insertion sequencing

Generation of transposon libraries in the Avca0040 and AyghB
backgrounds was performed as previously described for HaitiWT
V. cholerae®. Strains were conjugated to SM10Apir E. coli bearing the
donor transposon vector pSC189. Due to the moderate conjugation
defect of Auca0040, we used a 5x concentration of the conjugation
reactions compared to the other libraries. Reactions were plated on
245 mm?LB +streptomycin/kanamycin agar plates toisolate V. cholerae
transconjugants and incubated overnight at 30 °C. Two independent
Avca0040 and AyghBlibraries were generated, consisting of approxi-
mately 200,000 colonies each and stocked atan A¢, 0f -10 in LB +25%
glycerol. For synthetic transposon-insertion sequencing analyses, a
frozen aliquot of each library was thawed and used for genomic DNA
extraction with the Wizard kit (Promega). DNA libraries were prepared
in anidentical manner to previous transposon-insertion sequencing
experiments from our group and sequenced on an in-house MiSeq
platform (Illumina)'®. Reads were trimmed, mapped, and processed
as previously described with the Con-ARTIST transposon-insertion
sequencing analysis pipeline using Python version 3.0 and Matlab ver-
sion 9%, Toidentify syntheticinteraction loci, we used the wild type as
the‘input’library and the mutant as the ‘output’ library during analysis.

RNA sequencing

For transcriptomic analyses, triplicate wild-type and Avca0040
V.cholerae 37 °C overnight cultures were back-diluted 1:100 into fresh
LB medium and grown at 30 °C for 8 h with shaking. At 8 h, samples
were checked by microscopy to ensure onset of sphere formation in
the mutant samples, at which point 2 ml of each culture was spun down
(5minat5000g at room temperature). RNA was extracted with Trizol
reagent (Sigma-Aldrich) per the manufacturer’s instructions. Isolated
RNA wasthen DNase-treated and re-isolated with ethanol precipitation
according to a standard protocol. RNA samples were quality checked
with a Bioanalyzer to confirm RIN values > 6. Library preparation and
sequencing was performed by the Microbial Genome Sequencing
Center (Pittsburgh). RNA-sequencing analysis was performed largely
as described*. Reads were mapped to the V. cho\lerae KW3 genome
(NCBI assembly GCA_001318185.1) with Bowtie2 (version 2.4.1)°°. A
read matrix for each sample was then generated with featureCounts
fromRsubread (version2.4.3)®". Read matrices were then analysed with
DESeq2 (version 1.30.1) using default settings in R (version 4.0.3) to
identify differentially expressed genes. Data shrinkage was performed
withashr®,

Multiplexed tandem mass tag proteomics

Forproteomicanalyses, triplicate 37 °Cwild-type and AsecDF1V.cholerae
overnight cultures were grown as described in‘RNA sequencing’. At8 h
of growth, whole-cell pellet (WCP) samples were prepared by centri-
fuging 1 ml of cells for 5 min at 5,000g at room temperature, washing
oncein fresh LB, flash frozen and kept at —80 °C. Mass spectrometry
analysis was performed by the Thermo Fisher Center for Multiplexed
Proteomics (TCMP) at Harvard Medical School according to standard
protocols. WCP samples were subjected to a total proteomics workflow
with fractionation. Pelleted cells were first lysed in 8 M urea, 200 mM
4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS) and 1%
SDS with phosphatase and protease inhibitors. Then, samples were
reduced with DTT and alkylated with iodoacetamide. Alkylated pro-
teins were precipitated with methanol/chloroform and resuspended
in 200 mM EPPS pH 8 and digested sequentially with 1:50 LysC and
1:100 trypsin. Peptides were labelled with TMT16 reagents, pooled,
and fractionated by a basic reverse-phase protocol into 12 fractions.
Fractions were thendried, cleaned on a C18-packed stage tip, and eluted

into an mass spectrometry sample vial for analysis. Samples were resus-
pended in 5% acetonitrile/5% formic acid and analysed by LC-MS3 on
an Orbitrap Lumos mass spectrometer using a 180 min MS3 method.
Peptides were detected (MS1) and quantified (MS3) in the Orbitrap, and
sequenced (MS2) in the ion trap. MS2 spectra were searched with the
COMET algorithm against the V. cholerae KW3 proteome, its reversed
complement, and known contaminants. Spectral matches were filtered
toal%false-discovery rate using the target-decoy strategy combined
with linear discriminant analysis. Proteins were quantified from pep-
tides with a summed signal to noise threshold of >150 and isolation
specificity of >0.5.

Spontaneous suppressor isolation and sequencing

V. cholerae.To ensureindependentisolation of spontaneous suppres-
sors, the Avca0040 strain was re-derived 11 times from different conju-
gationreactions. From each colony PCR- and cell shape defect-verified
Avca0040 clone, colonies with mutant morphology (small and com-
pletely blue) on LB +streptomycin/X-gal plates were re-streaked onto
new LB +streptomycin/X-gal plates and grown for 36-48 hat 37 °C. This
process was repeated once. From the tertiary plates, a single colony
with wild-type morphology (large with a white halo) was re-streaked
to confirmastable suppressor phenotype. Suppressors were checked
by microscopy of 30 °C overnight cultures to confirm cell shape defect
reversionand verified by colony PCR to confirmthe absence of vca0040
from their genome. Validated suppressors were grown overnight, and
genomic DNA was extracted as described above. Library preparation
and sequencing were either performed in-house or outsourced to
the Microbial Genome Sequencing Center (Pittsburgh). For in-house
whole-genome sequencing, gDNA was tagmented and barcoded with
the Nextera XT library preparation kit (Illumina), quality checked by
BioAnalyzer and sequenced on a MiSeq platform to at least 20-50x
depth of the V. cholerae genome (-4 Mbp). Genome assembly and
variantidentification was performed with CLC Genomics Workbench
12 (Qiagen, Germany). Variants were filtered against an assembled
HaitiWT isolate re-sequenced with the same workflow. Mutations were
assigned as suppressorsif they were presentin >90% of reads and did
notoccurinaknown poorly mapping or highly repetitive region such
asatRNAlocus. Forthe secondary screeninsecDF2- Avca0040bacte-
ria, the Avca0040 deletion was re-derived three independent times
in the AsecD2 or AsecF2 background. Suppressors were isolated and
sequencedidentically tothosein the parental Avca0040background.

S. aureus.Multiple 2 ml cultures of S. aureusHGO03 ASAOUHSC 00846
were grownin TSB overnightat 37 °C. One-hundred and ninety micro-
litres from each independent overnight culture was then separately
plated on TSA 100 mM Tris pH 9 plates (where the mutant is entirely
inhibited for growth) and grown at 37 °C for 24 h. Suppressors were
confirmed by re-streaking on TSA100 mM Tris pH 9 plates. Validated
suppressors were grown overnight, and genomic DNA was extracted as
described above. Library preparation, sequencing, and variant identi-
fication were performed as described above for V. cholerae.

Infant rabbit V. choleraeinfections and caecal fluid imaging

Infant rabbit oral infections with V. cholerae were performed as
described previously®. One-to two-day-old New Zealand White rabbits
(CharlesRiver Laboratories) were housed with their dams for the dura-
tionof the experimentinatemperature-and humidity-controlled facil-
ity with 12-h light/dark cycles (16-22 °C, 50% humidity). Inocula were
prepared by centrifuging alate exponential phase culture (440, 0.6-0.8)
V.cholerae and resuspendingin 2.5% sodium bicarbonate. For varying
the pHof'theinocula, sodiumbicarbonate was pH-adjustedtopH9 or 7
with NaOH or HClimmediately before resuspension. Infected kits were
were orally gavaged with 10° CFU V. choleraein a 500 pl gavage volume,
returned to their dam, and monitored for 16-20 h post-infection, when
they were sacrificed by isoflurane inhalation and intracardiacinjection



of 20 mEq potassium chloride. Smallintestinal segments and the cae-
cum were isolated by dissection, homogenized by bead beading in
PBS, and dilutions were plated on appropriate agar plates for colony
enumeration. Plates were counted after an overnight incubation at
30 °C.LOD measurements were calculated by imputing a single colony
at the lowest (lower bound) or highest (higher bound) dilution where
a colony could reasonably have been identified, meaning that LOD
values are samples where the true value is either at most (for lower
bound LODs) or at least (for higher bound LODs) the limit value. Dur-
ing dissection of the caecum, a 28G needle was used to extract crude
caecal fluid. A sample of crude caecal fluid was taken for CFU plating
andimaging, and the remainder was centrifuged at 21,000g for 2 min.
The pellet was discarded and supernatants were frozen at —20 °C for
downstream analyses. For caecal fluid incubation assays, overnight
cultures of V.cholerae were back-diluted 1:100 in caecal fluid and grown
for 4 h at 30 °C shaking before imaging.

Mouse S. aureusintravenous infection

S. aureusHGOO3 (wild type) and KanR-marked ASAOUHSC 00846 were
grownovernightat37 °C. Cultures were mixed atal:1ratio, combined
1:1with 50%glycerol, and stored at frozenat -80 °Cin several aliquots.
Forinfections, analiquot was thawed and diluted in PBS to adensity of
~3x10” CFU mI™. One-hundred microlitres was injected into the tail vein
of 8- to 9-week-old female Swiss Webster mice. Mice were monitored
daily and housed in a temperature- and humidity-controlled facility
with 12-h light/dark cycles (20-24 °C, 50% humidity). At days 2 and
5 post-infection, mice were sacrificed by isoflurane inhalation and
cervical dislocationand the heart, lungs, right kidney, liver and spleen
were collected. Organs were homogenized with stainless steel beads
in PBS and plated on TSA and TSA + kanamycin (TSAK) and incubated
overnight to enumerate total ASAOUHSC 00846 CFU, respectively.
LOD calculations were performed as for infant rabbit experiments.

Animal use statement

Allanimal work in this study was performed in accordance with the
NIH Guide on Use of and Care for Laboratory Animals and with the
approval of the Brigham and Women'’s Hospital IACUC (protocol no.
2016N000334 for infant rabbits and protocol no. 2016 N000416 for
mice).

Statistics and reproducibility

Statistical tests used and replicate information are indicated in the
figure legends, relevant methods sections and the Reporting sum-
mary. Unless otherwise indicated, experiments were performed with
atleastthreeindependentbiological replicates and either representa-
tive results or aggregate data (mean + s.d.) are shown. Sample sizes
were not statistically predetermined. Investigators were not blinded to
sample identity throughout the study, and randomization of animals
ininfection experiments was performed as described in the Reporting
Summary. All replicates resulted in similar results. Statistical analyses
were performed in Prism 9 (Graphpad) and Microsoft Excel 2020.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Sequence data were deposited to the NCBI Sequence Read Archive
under BioProject accession codes PRJNA868324 (V. cholerae suppres-
sor genome sequencing), PRINA868332 (V. cholerae RNA sequenc-
ing), PRINA877769 (V. cholerae transposon-insertion sequencing)
and PRJNA877773 (S. aureus suppressor genome sequencing). Pro-
teomics data were deposited in MassIVE under the accession code
MSV000090217. All other data are freely available without restriction

from the corresponding authors upon request. Source data are pro-
vided with this paper.
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Extended DataFig.1|Identificationand conservation of VCA0040.

(a): Infant rabbit transposon-insertion sequencing datareproduced from
Hubbard et al. (ref. ™) identifying vca0040 (red) as a V. cholerae intestinal
colonization determinant. The tcp operon, known to be critical for colonization,
is highlighted in blue. One representative rabbit (#403) is shown. Inverse p-values
were obtained by the Mann-Whitney U test without adjustments for multiple
comparisons. Plotted thresholds are the same as Fig. 4a. (b and c¢): Domain
structure, locustags, accession numbers (b), and alignment (c) of V. cholerae
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and . aureus DUF368-containing proteins. Alignment was performed with
T-COFFEE.IN: predicted cytosol-facing sequence. HEL: predicted transmembrane
helixsequence. OUT: predicted external-facing sequence. (d and e): Phylogenetic
conservation of DUF368 domains (PF04018). (d): Family-level conservation
(bluelines) grouped by phylum (colored arcs). Selected well-represented phyla
arelabeled.Bluelines are notscaled and do not provide information on the

number or diversity of within-family DUF368 sequences. (e): Family-level
breakdown of DUF368 conservation.
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Extended DataFig.2|Structuralmodeling of DUF368-containing proteins.  potential (c) and lipophilicity (d) maps generated using default ChimeraX

The V.cholerae (left) and S. aureus (right) DUF368-containing proteins were settings. V. cholerae panels are reproduced from Fig. 1c,d for clarity. Electrostatic
modeled using AlphaFold2 and visualized with ChimeraX. (a): Multiplesequence  colourscale:-10 to10 kcal/(mol-e). Lipophilicity colour bar: relative molecular
alignment (MSA) coverage (left) and pLDDT (confidence score, right) per lipophilicity as calculated by ChimeraX. (e): MSA coverage, pLDDT plot, and
position for each protein from AlphaFold2. (b): Overall ribbon structures, ribbon and electrostatic surface views of the DUF368 protein from Haloferax

colored from N (violet) to C (red) termini. (cand d): Electrostatic surface volcanii (HVO_RS12060).
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(a): CFU plating time course of WT and Avca0040 V. cholerae. Onset of cell-free spentsupernatant for 4 hat 30 °C. (f): Imaging of V. cholerae treated
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strainsgrownin LB at30 °C for theindicated amount of time. (d): Timelapse single cell representative of >20 sphere-shaped bacteriaacross n =3 separate
imaging of Auca0040 cellsimmobilized onan agarose pad froma30 °C fields of view from asingle overnight culture. Scale bars: 3 (b,c,f) or 5(d,e) um.

overnight culture.Images were acquired over 3 h of growth. (e): Imaging of
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Extended DataFig.7|ContributionofNa' to Avca0040 alkaline susceptibility.
(a): Representative colonies of WT, Avca0040, and suppressor V. cholerae on
LB+X-gal plates. White arrowsindicate suppressors. (b): Spontaneous suppressor
mutations of Avca0040 V. cholerae.SecD1, SecF1and PpiD are part of the
V.cholerae proteinsecretion machinery. Colored textindicates suppressors
fromasecondary screenin AsecD2/Avca0040 (blue) or AsecF2Avca0040

(red) V.cholerae. Asterisk: stop codon. (c): Phase-contrast imaging of overnight
30 °CLBculturesof theindicated strainsin the Avca0040 background. Scale
bars,3 um. (d): Overnight 30 °CLB culture pH of theindicated strains. (e): SecDF1
and SecDF2functionsin V.cholerae.Possible SecDF functions: couplingion
importtoSecA ATPase stimulation (bottom arrow) or Sec substrate guidance
intothe periplasm (top arrow). (f): Syntheticlethality of secD2in AsecD1 V. cholerae
using the pAM299 suicide vector for Ara-dependent secD2 expression.

(g): Growth oftheindicated strainsinM63 mediawithadded NaCl or KCI.

(h): Waterfall plot comparing AsecDF1to WT V. cholerae proteome ranked by
protein fold change (FC). (i): Growth of Auca0040 V. choleraein[Na‘]-varying
(top) or [K']-varying (bottom) M63 media at pH 6,7 or 8. (jand k): Growth of WT
(j) or Avca0040 (k) V.choleraein M63 pH 8 with arange of [NaCl].100mM NacCl
curvesfromiarereplicatedinjand k for comparison. (land m): Growth of the
indicated V. choleraestrains on non-buffered (I) or pH 6 (m) LB withregular
(-170 mM) or no added NaCl. a: representative image of n =11independent
suppressor strains. ¢, f,1, m: representative dataof n =3 cultures per strain/
condition.d: means + SD of n=3 cultures per strain. g, i,j, k:mean + SD of at
least 3 technical replicates of single cultures (representative of n =3 cultures
per strain/condition). h: pooled datacomparing n =4 independent cultures of
eachstrain.
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Extended DataFig. 8| Supplemental data forinfantrabbitinfections. WT colonies, making them visually distinguishable and countable. (d): Direct
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pH7and?9). (b): Fluid accumulation ratio (FAR) in mixed infections with spheresare likely Auca0040 cellsin the presence of transmitted, rod-shaped
differinginoculum pH. (c): Representative smallintestinal CFU plates from WT cells.Scalebars, 3 pm. a: geometric means analyzed with two-tailed Mann-
singleinfections showing transmission of WT V. cholerae (greyish translucent Whitney U tests. b: mean + SD analyzed with an unpaired student’s two-tailed

colonies) from WT-infected rabbits to Avca0040-infected rabbits in the same t-test.c, d: representative images fromn=3WTand n =7 Avca0040 singly-
litter. Note that Avca0040 colonies (white arrows) are lighter and smaller than infected rabbits.
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Extended DataFig. 9 |Intravenous (IV) infections of mice with S. aureus. (c): Ratio of ASAOUHSC_00846 (KanR) colony-forming units (CFU) to total
(a): Schematic of IVinfections and sample harvesting workflow. TSA counts S.aureus CFU at Day 2 (left) and Day 5 (right) post-infection. The dotted line
indicate total S. aureus CFUburden, whereas TSAK counts indicate indicates the mean starting proportion from n =2technical replicate plates of
ASAOUHSC_00846burden. N =5mice were used per timepoint (n =10 total). theinoculum. Opencircles represent the limit of detection (LOD). Note that
(b): Raw CFU counts from TSA and TSA + kanamycin (TSAK) plates. Inthe samples with CFU counts below the LOD were not plotted. b: geometric means.

absence of acompetitive defect, the TSAK counts should be 50% of thoseonthe  c:means+SD.
TSAplates (and thus are very close together on the log,,-plotted graph).
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Extended DataFig.10|Distribution of putative C55-P translocasesin
bacteriaand genetic analysis ofaDUF368 proteinin V. parahaemolyticus.
(a): Venn diagram of Annotree species-level outputs for PFAM queries PF04018
(DUF368),PF09335 (DedA), and PF02673 (BacA/UppP). Out 0of 30,255 bacterial
speciesinthe Annotree database, 29,416 (97.2%) are predicted to contain at least
oneofthethreeproteins. Alist of speciesineach Venn diagram segment s listed
inSupplementary Table 9. This s likely also an overestimate of the number of
specieslacking any of these three domains due to sequence divergence and
potentiallyinadequate PFAM annotation. For example, the obligate intracellular
pathogen Rickettsiarickettsii(GCA_000018225.1) isin the triply-absent group,
butupon manual curation is known to have peptidoglycan and has anannotated

LB + 0.2% Ara

LB pH 6 + 0.2% Glc LB pH 6 + 0.2% Ara
B

DedA coding sequence, perhapsreflectinga PFAM annotationlag. Interestingly,
however, Mycoplasma species, which do not have lipopolysaccharide or
peptidoglycan (and thus may not be dependent on C55-P translocation) appear
tobegenuinely triply-absent except for aselect few members with only a
DUF368-containing protein. (b): Growth of V. parahaemolyticuslacking the
DUF368-containing protein VPA1624 at neutral and acidic pH. VPA1624
genetically interacts with the V. parahaemolyticus secDF1loci, as deletion of
these suppressorsoriginally identified in V. choleraerescues the upa1624-
depletedstrain. Ara: arabinose, Glc: glucose. Representative dataofn=3
independent cultures per strain/condition.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XX [0 X[Os

OO0 X O 00X OK

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

1 X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Gen5 version 3.08 (Biotek) was used to collect OD600 measurements for growth curves. Empower3 Chromatography Data Software (Waters)
was used to collect and analyze UPLC measurements. NIS-Elements AR version 4.6 (Nikon) was used for collection of microscopy data. High-
throughput sequencing data were collected with MiSeq on-board lllumina Experiment Manager software.

Data analysis Graphpad Prism 8.0 and Microsoft Excel 2020 were used for graphing and analyzing most data. CLC Genomics Workbench 12 (Qiagen) was
used for analyzing bacterial genome sequencing data. Microscopy images were analyzed with ImageJ version 1.53. RNAseq data were
analyzed with R version 4.0.3, Bowtie2 version 2.4.1, Rsubread version 2.4.3, and DESeq?2 version 1.30.1. Python version 3.0 and Matlab
version 9 were used to analyze transposon-insertion sequencing data.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Sequencing data were deposited to the NCBI SRA under the following BioProject accession codes: PRINA868324 (V. cholerae suppressor genome sequencing),
PRINA868332 (V. cholerae RNAseq), PRINA877769 (V. cholerae transposon-insertion sequencing), and PRINA877773 (S. aureus suppressor genome sequencing).




Proteomics data were deposited in MassIVE under the accession code MSV000090217. Source data for animal experiments is provided in an attached spreadsheet.
All other data is freely available without restriction from the corresponding authors upon request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

No sample size calculations were performed; sample sizes were chosen based on prior in vitro (e.g., PMID: 31289173) and in vivo (e.g., PMID:
29899024 studies using V. cholerae.

No data were excluded from analysis.

All individual points in graphs are independent biological replicates (i.e., individual animals or independent overnight cultures used to
inoculate experimental cultures). Images of plates are representative of at least three independent replications.

Experiments were replicated as follows:

Figure 1: Three independent overnight cultures were used in each panel apart from A-D. Growth curve data in Panels E and H shows a
representative experiment of three biological replicates.

Figure 2: Three independent overnight cultures were used in each panel. Panel C shows a representative result of three experiments.

Figure 3: Panel A shows at least three independent MIC cultures for each antibiotic. All traces shown are representative of three independent
biological replicates. The replicates for Panel C and F are quantified in panel D/E and G/H respectively. The image in Panel | is representative of
at least three independent cultures used for ampho-FL imaging, which are quantified in Panel J

Figure 4: Panel A is a single transposon-insertion sequencing experiment combining two independently generated libraries. Panel C and E are
representative of three independent biological replicates. Three independent biological replicates are shown in Panel F.

Figure 5: All points graphed in this figure represent individual rabbits. Points in Panel E derive from rabbits in Panel D. Panel F depicts all
rabbits used. Columns in Panel G are individual biological replicates.

ED Figure 1: Panel A is from a previously published dataset from a single rabbit.

ED Figure 2: N/A

ED Figure 3: Panel A shows means from three independent cultures. All other panels with the exception of Panel D show representative
results from at least three independent overnight cultures. Panel D is a representative timelapse of >20 spherical cells from three different
fields of view from a single overnight culture.

ED Figure 4: Panels A and B are representative results from three independent biological replicates. Panels C-G depict individual biological
replicates (each as a point).

ED Figure 5: Panel B shows representative images from three independent cultures used for RNAseq, which are plotted in Panel C and
aggregated in Panel D. Panel E shows representative MICs, with replicate values listed in Supplementary Table 5 of 3 independent
experiments. Panel F shows representative traces from three independent biological replicates that are quantified in Panel G. Panel H shows
representative images that are quantified in Panel I. For Panel |, three independent cultures were imaged at pH 6 and 7 and a single culture
was imaged at pH 8.5.

ED Figure 6: Panel A is a single transposon-insertion sequencing experiment combining two independently generated libraries. Panels B and C
are representative of three independent biological replicates.

ED Figure 7: Panel A shows representative images of suppressor colony isolation of one of 16 independently isolated lines. Panel C, F, Land M
shows representative results of three independent biological replicates. Panel H shows aggregated proteomics data comparing four
independent WT replicates against three independent mutant replicates. Panels G-K show growth curves representative of three independent
biological replicates. pH 8 0 and 100mM curves are plotted in both Panel | and Panels J/K for clarity. Panels L and M are representative of
three independent biological replicates.

ED Figure 8: Panels A and B show individual rabbits (same as Main Figure 4B). Panel C and D show representative images from singly-infected
rabbits, where each row is a selected rabbit.

ED Figure 9: All points graphed are individual mice. Panel B and C show different analyses of the same CFU data (n=5 mice in each group).

ED Figure 10: Panel B is representative of three independent biological replicates.

All attempts at replication were successful.

For in vivo studies, infant rabbits within a litter were allocated to different infection groups to achieve an equivalent mean animal weight in
each group. Prior studies in this system have demonstrated this randomization is sufficient to control for other covariates (e.g., PMID:
20689747 and 29899024). For mouse infections, mice were randomly allocated to receive a given inoculum. For in vitro studies, no specific
randomization processes were neccessary as experiments were performed with overnight cultures from which experimental samples were
taken.

Blinding was not performed as all measurements in the study were quantitative at defined timepoints, meaning that additional blinding would
not have affected the results. For microscopy FOV selection, blinding was not necessary because the phenotypes were either uniform, or FOV
searching was based on cell density and not fluorescence signal (i.e., for ampho-FL).
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a 7 Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Rabbits:
2-3-day old infant New Zealand White rabbits of both sexes were used for V. cholerae infections. Kits were housed with their dams
for the duration of the experiment in a temperature and humidity controlled facility with 12 hour light/dark cycles (61-72F, 50%
humidity). Kits were sacrificed by isoflurane inhalation and intracardiac injection of 20mEq potassium chloride. Dams were
anesthetized by IM injection of 150mg ketamine (Ketaset) and 50mg xylazine (Xylamed) and euthanized by IV injection of 390mg
sodium pentobarbital (Euthasol).

Mice:

For S. aureus infections, 8-9-week-old female Swiss-Webster mice were used. Mice were housed in a temperature and humidity
controlled facility with 12 hour light/dark cycles (68-75F, 50% humidity). Mice were sacrificed by isoflurane inhalation and cervical
dislocation.

Wild animals The study did not involve wild animals.
Field-collected samples  The study did not involve field-collected samples.

Ethics oversight All'animal work in this study was performed in accordance with the NIH Guide on Use of and Care for Laboratory Animals and with
the approval of the Brigham and Women'’s Hospital IACUC (Protocol #2016N000334 for infant rabbits and #2016N000416 for mice).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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