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Abstract

The bacterial cell wall is a covalently linked meshwork of peptidoglycan (PG) that
establishes cell shape and prevents osmotic lysis. This structure must be flexible enough
to accommodate transenvelope protein complexes, but strong enough to withstand high
intracellular pressure. In order to elongate and divide, cells must remodel the cell wall
through the concerted action of PG synthesis and degradation. Endopeptidases, a class
of PG degrading enzymes, facilitate cell growth by hydrolyzing PG crosslinks. Vibrio
cholerae encodes several functionally redundant endopeptidases, two of which are nearly
identical: ShyA and ShyC. To investigate differential roles of these enzymes, we
assessed growth and morphology of ShyA and ShyC mutants. We found that ShyA, but
not ShyC, is required for normal adaptation to low osmolarity medium. Cells lacking ShyA
exhibited longer lag phase and aberrant morphology during adaptation, and reduced

survival in the presence of a beta-lactam antibiotic. Lastly, our experiments revealed that
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cells lacking ShyA’s LysM domain exhibited more severe defects than cells lacking ShyA

altogether, implicating the LysM domain in proper regulation of ShyA activity.

Introduction

Nearly all bacteria contain a peptidoglycan (PG) cell wall, a covalently linked
meshwork that establishes cell shape and protects the cell from osmotic lysis. PG
consists of glycan strands, comprising polymerized alternating N-acetylmuramic acid and
N-acetylglucosamine sugars, which are connected by peptide crosslinks [1-2]. In Gram-
negative bacteria, the cell wall is a thin layer of PG enclosed between the inner and outer
membrane in a space called the periplasm [3]. This thin PG layer must be malleable
enough to accommodate insertion of transenvelope protein complexes [4], while also
being strong enough to withstand intracellular pressure roughly equivalent to that of a car
tire [2, 5-6]. In order to elongate and divide, cells must remodel PG without losing
structural integrity. Cell wall remodeling requires the activity of PG synthases, which insert
new PG material into the existing cell wall [7], and autolysins, a divergent group of
enzymes that mediate cell wall turnover and create holes in the cell wall for new PG to be
inserted [4, 8-9]. The activity of cell wall synthases and hydrolases is presumably tightly
regulated because an imbalance of either activity can lead to severe growth defects or
lysis [10]. Indeed, the activity of autolysins is a major contributor to the antibacterial
mechanism of the beta-lactam antibiotics, which are among the most widely-prescribed
antibiotics worldwide. Beta-lactams inhibit cell wall synthases, resulting in autolysin-

mediated cell wall degradation, which causes either cell death and lysis, or inhibition of
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cell division [11]. However, the mechanism by which this balance is maintained remains
unclear.

Bacteria frequently encounter changing environmental conditions during their life
cycles, which challenge the integrity of the cell wall and can disrupt the balance between
these opposing classes of cell wall remodeling enzymes. Vibrio cholerae, the model
organism in this study, lives in brackish water, pond water, and in the human gut, where
it causes cholera disease [12]. During its life cycle, V. cholerae must adapt to changes in
osmotic conditions and accommodate the resulting fluctuations in turgor pressure. As
cells transition between different environments, substantial PG remodeling is likely
required, further challenging the balance among PG remodeling enzymes.

Autolysins have been shown to play a role during environmental adaptation.
Indeed, multiple carboxypeptidases and lytic transglycosylases have been shown to
respond to changes in pH or outer membrane stress [13]. In E. coli, the endopeptidases
MepS and MepM are only required under certain nutrient availability conditions [14]. In V.
cholerae, the endopeptidase ShyB is expressed only during zinc starvation [15].
Additionally, endopeptidases may play a role in cell envelope modifications during
mechanical stress; in V. cholerae, mechanical perturbations of the cell wall activate the
VxrAB cell wall stress response system in a ShyA-dependent manner [16].

Endopeptidases are relatively uncharacterized compared to PG synthases,
partially due to their functional redundancy, which makes simple genotype-phenotype
dissection challenging. V. cholerae encodes nine endopeptidases, many of which remain
functionally uncharacterized. Two of these endopeptidases are expressed during normal

growth: ShyA and ShyC, which are homologous to the E. coli D,D-endopeptidase MepM
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[8]. ShyA and ShyC are nearly identical, both containing an M23 metalloendopeptidase
domain [17] and a LysM carbohydrate binding domain [18]. ShyA is soluble in the
periplasm while ShyC is tethered to the inner membrane. ShyA and ShyC are
conditionally essential [9]. While both endopeptidases can fulfill normal growth functions
in standard laboratory media, the reason for this apparent functional redundancy is
unknown.

Here, we assessed the roles of V. cholerae endopeptidases ShyA and ShyC during
adaptation to low osmolarity. We found that ShyA, but not ShyC, is required for normal

adaptation to salt-free medium, indicating different roles for these nearly identical

enzymes.
Results

Vibrio cholerae encodes two principal endopeptidases (EPs), ShyA and ShyC,
which are constitutively expressed during normal growth. ShyA is soluble in the

periplasm, and ShyC is tethered to the inner membrane. ShyA and ShyC are collectively
essential, but individually redundant, like most autolysins in most bacteria. The reasons
for functional redundancy of autolysins are poorly understood. We hypothesized that
endopeptidases may play a role in adjusting PG cleavage during changes in turgor
pressure. We thus investigated the requirement for ShyA and ShyC to ensure proper
growth and morphogenesis during adaptation to low osmolarity (which results in
increased turgor). To this end, we incubated AshyA and AshyC mutants in a standard
laboratory growth medium with (LB) or without (SF-LB) addition of 180 mM NaCl, and

observed cell morphology (Figure 1A). While neither mutant had a morphology defect in


https://doi.org/10.1101/2025.01.28.635349
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.28.635349; this version posted January 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

91 LB, cells lacking ShyA exhibited a morphology defect in SF-LB, and often formed phase-
92 light blebs (Figure 1A). In contrast, cells lacking ShyC exhibited normal morphology in
93 SF-LB (Figure 1A), indicating differential roles for these endopeptidases in a low
94  osmolarity environment. We next used the PG label BADA and the membrane stain FM4-
95 64 to visualize envelope components. The blebs produced in the AshyA mutant were
96 stained with FM4-64, but contained qualitatively reduced PG labeling compared to the
97 cell body, indicating that this aberrant structure consists primarily of the outer membrane
98 (Figure 1B). These results are consistent with a lack of PG expansion in the shyA mutant,
99  which causes an imbalance in the production of cell envelope components; this is also
100 reminiscent of the large outer membrane blebs we previously observed in strains lacking

101  EP activity entirely [9, 19].
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102

103  Figure 1. Cells missing ShyA exhibit a morphology defect in low osmolarity medium. (A)
104  After overnight incubation, cultures were diluted 1:1000 into LB or SF-LB, incubated at
105 37C, and imaged on an agarose pad (1.6%) at the indicated timepoints. Scale bar = 3
106  microns. (B) BADA and FM4-64 staining after 135 min incubation in SF medium. Scale
107  bar = 3 microns.

108
109 We were then curious about the time scale of the AshyA defect in LB-SF medium
110 - does this defect resolve over time? To investigate this, we plated cells lacking ShyA,

111  and cells expressing ShyA in trans, on LB and SF-LB and imaged the plates after 12

112 hours and 36 hours. Consistent with the observed morphology defects, cells lacking ShyA
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113 exhibited a slight but reproducible growth defect on SF-LB but not on LB (Figure 2A). This
114  growth defect on low osmolarity medium became less pronounced after extended
115 incubation, indicating that damage primarily occurs during the initial stages of adaptation
116 to SF medium (Figure 2A). Cells lacking ShyC did not exhibit a growth defect on LB or
117  SF-LB (Supplemental 2A), and overexpression of ShyC could not rescue the AshyA
118 growth defect on SF-LB (Supplemental 2B), again supporting a more important role for

119  ShyA compared to ShyC in adaptation to low osmolarity.
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121 Figure 2. Cells lacking ShyA exhibit transient growth and morphology defects on salt-free
122 medium. (A) Spot dilutions of ShyA mutants were incubated at 37C on LB or salt-free LB
123  and imaged after 12 hours and 36 hours. (B) ShyA mutants were imaged for 2.5 h using
124  time-lapse microscopy on a 1.6% agarose pad containing LB medium or salt-free LB
125 medium. (C) Cell length and width were quantified using SuperSegger; p-values produced
126 by pairwise comparisons using a linear model; n.s. = not significant, p < 0.0001 ****

127

128 Next we asked how cell morphology changes over time when cells are grown on
129 a low osmolarity agarose pad. While cells lacking ShyA or expressing ShyA in trans

130 formed normal microcolonies on an LB agarose pad, the AshyA mutant failed to produce
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131  normal microcolonies on SF-LB (Figure 2B). Instead, these cells exhibited a similar
132 blebbing phenotype as observed in liquid medium, combined with qualitatively delayed
133 growth (Figure 1A, Figure 1B). On SF medium, cells lacking ShyA were also significantly
134  wider than both WT and cells expressing ShyA in trans (Figure 2C), while on LB medium
135 none of the strains varied significantly in width (Figure 2C). On SF-LB, cells expressing
136  ShyA in trans exhibited an intermediate cell width between WT and AshyA, possibly due

137  to a lower ShyA expression level from our inducible promoter compared to WT.
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139  Figure 3. ShyA mutants exhibit increased time to division on low osmolarity medium. (A)

140 Time to division for ShyA mutants was quantified using SuperSegger; each point is one

141 cell. (B) Time to division binned by birth frame (the frame in which the cell was first

142  detected by SuperSegger); frames taken every 5 min. (C) OD600 measurements taken

143 every 10 min during incubation at 37C.

144

145 We noticed that cells lacking ShyA formed smaller microcolonies on the SF
146  agarose pad, and thus hypothesized that these cells divided more slowly than their

147  counterparts. To investigate this, we analyzed time lapse images using SuperSegger [20],
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148  a software that enables lineage tracking for individual cells. Indeed, on SF medium, cells
149  lacking ShyA took significantly longer to divide (mean = 35.5 mins +/- 28.9) than WT cells
150 (17.4 mins +/- 15.2), or cells expressing ShyA in trans (21.5 mins +/- 16.5) (Figure 3A).
151  Conversely, all strains divided normally (12-13 mins) when applied to an agarose pad
152  containing LB medium (Figure 3A).

153 We then sought to distinguish adaptation to low osmolarity from general growth in
154  SF-LB. To investigate this, we binned cells based on the time lapse frame in which they
155  were first detected by SuperSegger (“Birth frame”) to ask whether defects were more
156  pronounced early in the time lapse (adaptation phase defect) or evenly distributed
157  throughout the time lapse (overall growth defect). Indeed, on SF medium the division time
158 for cells lacking ShyA was longest during the early frames of the time lapse, and
159  shortened as the time lapse progressed (Figure 3B), suggesting that ultimately, the AshyA
160 mutant can adapt to low osmolarity. Conversely, on LB medium, the division time for all
161  strains was slightly elevated during frames 1-5, presumably due to cells exiting lag phase,
162 and then remained short for the duration of the time lapse (Figure 3B). Consistent with
163 the single-cell observations, bulk populations of cells lacking ShyA took longer to adapt
164 and to grow in liquid SF medium than cells expressing ShyA, while in LB cells lacking
165 ShyA had no disadvantage (Figure 3C). Together, these data indicate that the AshyA
166 growth defect in SF medium is most pronounced during initial adaptation to low
167  osmolarity.

168 ShyA contains a LysM carbohydrate binding domain that is predicted to bind to the
169 glycan strands in PG [18]. We reasoned that if the LysM domain is involved in PG binding,

170 it might play a crucial role during ShyA-mediated adaptation to low osmolarity. To
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171 investigate this, we created a mutant lacking the LysM domain of ShyA (ShyA2ysM) We
172  were also able to construct a mutant lacking both the LysM domain and ShyC (ShyA2lysM
173  AshyC), demonstrating that ShyA*¥sM is functional at least during growth in standard
174  laboratory media. We next observed the morphology of these mutants in LB and SF-LB.
175 Like AshyA, both of these mutants exhibited morphology defects in SF LB, but not in LB
176  (Figure 4A). Both ShyA2¥sM strains showed bulbous protrusions, but unlike AshyA, these
177  protrusions were phase dark instead of phase light, indicating that they contained
178  cytoplasm. Cell wall staining indicated that the protrusions contained qualitatively less PG
179 than the cell body, indicating significant local cell wall degradation (Figure 4B). Thus, the
180  LysM domain of ShyA is required for adaptation to low osmolarity, and the ShyA2YsMstrain
181  suffers from increased PG degradation during transition to lower osmolarity. This may
182  suggest that ShyA’s cell wall binding capability is required for regulating its activity under
183 these conditions — i.e. without LysM, ShyA activity becomes unrestrained in some cells.
A B
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Figure 4. ShyA phenotypes in low osmolarity medium are dependent on the LysM
domain. (A) After overnight incubation, cultures were diluted 1:1000 into LB or SF-LB,
incubated at 37C, and imaged on an agarose pad (1.6%) at the indicated timepoints.
Scale bar = 3 microns. (B) BADA and FM4-64 staining after 135 min incubation in SF
medium. Scale bar = 3 microns.

We next reasoned that the increased lag phase of AshyA mutants may represent

a trade-off with antimicrobial susceptibility. Beta-lactam antibiotics only affect growing
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194  cells, and enhanced lag phase is a well-characterized mechanism of antibiotic tolerance
195 [25]. We thus diluted our mutants into LB and SF-LB containing Penicillin G (100 pg/mL,
196 10x MIC) and measured survival over time by plating for CFU/mL. Consistent with lag-
197 phase-dependent tolerance, WT V. cholerae survived significantly better in SF-LB (longer
198 lag phase) than in LB medium (Fig. 5AB). However, contrary to our expectations, cells
199 lacking ShyA exhibited considerably lower survival in the presence of Penicillin G
200 compared to WT or AshyC, both in LB and SF-LB (Figure 5A). This observation suggests
201 that even though AshyA cells do not divide during transition into SF-LB, they experience
202 significantly perturbed cell wall turnover, which exacerbates cell wall damage induced by
203  Penicillin G exposure. Indeed, cells lacking only the LysM domain of ShyA (which exhibit
204 more severe cell envelope homeostasis defects based on our single-cell microscopy
205 assays) were even more sensitive to Penicillin G than cells lacking ShyA altogether,
206 indicating that this mutant may have more pronounced structural cell wall defects (Figure
207  5AB). This trend was exacerbated in LB compared to SF-LB, likely due to the increased

208 growth rate in LB, and thus larger impact of beta-lactam treatment (Figure 5B).

LB + Penicillin G SF LB + Penicillin G
108
- WT - WT
= AshyA 207 Jﬁ\!\\\g = AshyA
- +~ AshyC o I T + AshyC
g ¥ AlysM g 106 ; ¥ AlysM
w 'S
o AlysM AshyC o L AlysM AshyC
105-.
10‘ T T 1
0 2 4 6
209 Hours Hours

210 Figure 5. The ShyA LysM domain confers antibiotic tolerance. (A)-(B) After overnight
211 incubation, strains were subcultured 1:100 into LB or SF-LB containing 100 ug/mL
212 Penicillin G. Viable cell counts (CFU/mL) were determined at the indicated time points.
213 Error bars represent SEM of three biological replicates.

214
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215 Discussion

216 Here we show that the V. cholerae endopeptidase ShyA is important for adaptation
217 to low osmolarity during transition out of stationary phase. While most studies on
218 osmolarity challenges have focused on cytoplasmic solute homeostasis (e.g., cation
219 exchange and compatible solutes [21-22), we explored here the importance of
220 endopeptidase activity in responding to osmotic stress on the cell wall. This is an
221 important finding because it shows that cell wall remodeling may be a crucial and
222  underappreciated component during bacterial life cycles as cells transition into new
223 environments. Interestingly, AshyA cells adapting to low osmolarity resembled
224  phenotypes observed during general endopeptidase insufficiency (OM blebbing [9, 19]),
225  suggesting that under these conditions, cell wall cleavage is a limiting factor for optimal
226  growth. As a side note, the outer membrane blebbing we observed suggests that V.
227  cholerae may not be able to modulate outer membrane biosynthesis relative to cell wall
228  biosynthesis when endopeptidase activity is limited.

229 Cells encode multiple copies of each class of autolysins, indicating that these
230 redundant genes may play differential roles under different conditions. Our work indicates
231 a novel type of specialization for autolysins: an endopeptidase that specializes in
232 adaptation to low osmolarity. The LysM carbohydrate binding domain in ShyA appears to
233 be critical for ShyA’s function under these conditions. While LysM function in
234  endopeptidases is unknown, this domain is clearly central to ShyA function, as cells
235  lacking the LysM domain of ShyA perform worse than cells lacking ShyA altogether.

236 Our data also implicate the ShyA LysM domain in antibiotic tolerance. While cells

237  lacking ShyA exhibited a slight sensitivity to Penicillin G in SF-LB, cells lacking the LysM
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238 domain of ShyA show exacerbated sensitivity to Penicillin G, especially in LB, where
239  growth rate is increased. This indicates that the endopeptidase ShyA is important for cell
240 wall remodeling during a variety of environmental conditions, from changing osmolarity

241  during the normal life cycle to antibiotic treatment in the clinic.

242
243

244 Materials and Methods

245 Bacterial growth conditions

246  Liquid cultures were grown by shaking at 30°C unless otherwise indicated. Where
247 applicable, antibiotics were used at the following concentrations: streptomycin, 200
248  pg/mL; carbenicillin 100 pg/mL. 5-Bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-
249  Gal; 120 pyg/mL) was added to plates for blue-white screening, and sucrose (10%) was
250 added to plates for counterselection against suicide vectors.

251

252  Plasmid and strain construction

253  Plasmids were built using isothermal assembly [23] using primers listed in Table S1. Gene
254  deletions were performed via homologous recombination using the suicide vector
255 pCVD442 [24]. Chromosomal insertions were constructed using the vector pTD101,
256  which inserts genes via double crossover into native lacZ.

257 All strains used in this study (Table S2) are derivatives of V. cholerae EI Tor
258 N16961 (WT). Plasmids were constructed and stored in DH5a, and conjugated into V.
259  cholerae using E. coli SM10 or MFD donor strains. Liquid cultures of the donor strain were

260 prepared in the appropriate antibiotic and mixed in equal ratio (10 yL + 10 uL) with the
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261 recipient strain on an LB plate. After overnight incubation at 37°C, cells were plated on
262 LB containing streptomycin and carbenicillin to select for transconjugants. Colonies
263  containing integration vectors were cured through two rounds of purification on salt-free
264  sucrose agar containing streptomycin. Insertions and deletions were verified using PCR
265  screening.

266

267 The shyA::shyAvsM strain was created by PCR amplifying sequences upstream and
268 downstream of the annotated LysM domain using primers DLP213/214 (upstream
269 homology) and DLP215/216 (downstream). Fragments were column-purified and cloned
270 into Sma1l-digested pCVD442 using isothermal assembly [23]. Deletion of shyC in this
271  background was done using pCVDAshyC [9]. All strains were validated by whole-genome
272  sequencing.

273

274 sBADA and FM4-64 staining

275  Strains were inoculated from frozen stocks into 5 mL LB and incubated overnight at 30°C
276  with shaking. After incubation, cells were diluted 1:1000 into LB or SF-LB. After 1.5 hours,
277 sBADA was added to a final concentration of 125 uM. After 45 min shaking incubation at
278 37C, cells were harvested and imaged on an agarose pad (0.8% agarose in LB or SF-
279 LB) containing FM4-64 (5 pg/mL). Cells were imaged using a Leica DMi8 inverted
280 microscope, and resulting images were processed minimally using Leica LasX software.
281

282 Time lapse microscopy
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283  Cells were imaged under phase contrast on an agarose pad (0.8% agarose in LB or SF-
284 LB) using a Leica DMi8 inverted microscope with frames taken every 5 min. Stage
285 temperature was set to 37C using a PECON TempController 2000-1.

286

287 Quantitative image analysis

288 Time lapse images were analyzed using SuperSegger [20] and the resulting values were
289  graphed using custom R scripts.

290

291 Growth curve analysis

292  Strains were grown overnight in LB and diluted 1:1000 into LB or SF-LB in a 100-well
293 honeycomb plate. The growth of each well was monitored by optical density at 600 nm
294  (OD600) on a Bioscreen C plate reader (Growth Curves America).

295

296 Time-dependent killing assays

297  Cells were inoculated from frozen stocks into 5 mL LB and incubated overnight at 30C
298  with shaking. After incubation, cells were diluted 1:100 into LB or SF-LB containing 100
299 ug/mL Penicillin G. Survival was measured by spot plating and calculating CFU/mL at
300 indicated times.

301

302

303 Acknowledgements

304 This work was supported by NIH-NIAID grants R0O1AI143704 and RO1GM130971 to TD.

305


https://doi.org/10.1101/2025.01.28.635349
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.28.635349; this version posted January 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

306 References

307 1. Typas A, Banzhaf M, Gross CA, Vollmer W. 2011. From the regulation of
308 peptidoglycan synthesis to bacterial growth and morphology. Nat Rev Microbiol
309 10:123-136. doi: 10.1038/nrmicro2677.

310 2. Holtie JV. 1998. Growth of the stress-bearing and shape-maintaining murein
311 sacculus of Escherichia coli. Microbiol Mol Biol Rev 62:181-203

312 3. Silhavy TJ, Kahne D, Walker S. 2010. The bacterial cell envelope. Cold Spring
313 Harb Perspect Biol 2:a000414. doi: 10.1101/cshperspect.a000414

314 4. Vollmer W, Joris B, Charlier P, Foster S. 2008. Bacterial peptidoglycan (murein)
315 hydrolases. FEMS Microbiol Rev 32:259-286. doi: 10.1111/j.1574-
316 6976.2007.00099.x

317 5. Rojas ER, Huang KC. 2018. Regulation of microbial growth by turgor pressure.
318 Curr Opin Microbiol. 2018 Apr;42:62-70. doi: 10.1016/j.mib.2017.10.015. Epub
319 2017 Nov 7. PMID: 29125939.

320 6. Cabeen MT, Jacobs-Wagner C. 2005. Bacterial cell shape. Nat Rev Microbiol
321 3:601-610. doi: 10.1038/nrmicro1205.

322 7. Cho H, Wivagg CN, Kapoor M, Barry Z, Rohs PDA, Suh H, Marto JA, Garner EC,
323 Bernhardt TG. 2016. Bacterial cell wall biogenesis is mediated by SEDS and PBP
324 polymerase families functioning semi-autonomously. Nat Microbiol 19:16172

325 8. Singh SK, SaiSree L, Amrutha RN, Reddy M. 2012. Three redundant murein
326 endopeptidases catalyse an essential cleavage step in peptidoglycan synthesis

327 of Escherichia coli K12. Mol Microbiol 86:1036—-1051. doi: 10.1111/mmi.12058


https://doi.org/10.1101/2025.01.28.635349
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.28.635349; this version posted January 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

328 9. Dorr T, Cava F, Lam H, Davis BM, Waldor MK. 2013. Substrate specificity of an
329 elongation-specific peptidoglycan endopeptidase and its implications for cell wall
330 architecture and growth of Vibrio cholerae. Mol Microbiol 89:949-962. doi:
331 10.1111/mmi.12323

332 10. Egan AJF, Errington J, Vollmer W. 2020. Regulation of peptidoglycan synthesis
333 and remodelling. Nat Rev Microbiol 18: 446-460.

334 11. Dorr T. Understanding tolerance to cell wall-active antibiotics. 2020. Ann N Y Acad
335 Sci. 2021 Jul;1496(1):35-58. doi: 10.1111/nyas.14541. Epub 2020 Dec 3. PMID:
336 33274447; PMCID: PMC8359209.

337 12. Conner JG, Teschler JK, Jones CJ, Yildiz FH. 2016. Staying Alive: Vibrio
338 cholerae's Cycle of Environmental Survival, Transmission, and Dissemination.
339 Microbiol Spectr. 2016 Apr;4(2):10.1128/microbiolspec.VMBF-0015-2015. doi:
340 10.1128/microbiolspec.VMBF-0015-2015. PMID: 27227302; PMCID:
341 PMC4888910.

342 13. Mueller EA, Levin PA. 2020. Bacterial Cell Wall Quality Control during
343 Environmental  Stress. mBio. 2020 Oct 13;11(5):e02456-20. doi:
344 10.1128/mBi0.02456-20. PMID: 33051371; PMCID: PMC7554673.

345 14. Kim YJ, Choi BJ, Park SH, Lee HB, Son JE, Choi U, Chi WJ, Lee CR. 2021.
346 Distinct Amino Acid Availability-Dependent Regulatory Mechanisms of MepS and
347 MepM Levels in Escherichia coli. Front Microbiol. 2021 Jun 30;12:677739. doi:
348 10.3389/fmicb.2021.677739. PMID: 34276609; PMCID: PMC8278236.

349 15. Murphy SG, Alvarez L, Adams MC, Liu S, Chappie JS, Cava F, Dorr T. 2019.

350 Endopeptidase Regulation as a Novel Function of the Zur-Dependent Zinc


https://doi.org/10.1101/2025.01.28.635349
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.28.635349; this version posted January 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

351 Starvation  Response. mBio. 2019 Feb 19;10(1):e02620-18. doi:
352 10.1128/mBi0.02620-18. PMID: 30782657; PMCID: PMC6381278.

353 16. Harper CE, Zhang W, Lee J, Shin JH, Keller MR, van Wijngaarden E, Chou E,
354 Wang Z, Dorr T, Chen P, Hernandez CJ. 2023. Mechanical stimuli activate gene
355 expression via a cell envelope stress sensing pathway. Sci Rep. 2023 Aug
356 26;13(1):13979. doi: 10.1038/s41598-023-40897-w. PMID: 37633922; PMCID:
357 PMC10460444.

358 17. Rawlings ND, Barrett AJ, Thomas PD, Huang X, Bateman A, Finn RD. 2018. The
359 MEROPS database of proteolytic enzymes, their substrates and inhibitors in 2017
360 and a comparison with peptidases in the PANTHER database. Nucleic Acids Res
361 46:D624-D632. doi: 10.1093/nar/gkx1134

362 18. Buist G, Steen A, Kok J, Kuipers OP. 2008. LysM, a widely distributed protein
363 motif for binding to (peptido)glycans. Mol Microbiol 68:838-847. doi:
364 10.1111/j.1365-2958.2008.06211.x

365 19. Murphy SG, Murtha AN, Zhao Z, Alvarez L, Diebold P, Shin JH, VanNieuwenhze
366 MS, Cava F, Dorr T. 2021. Class A Penicillin-Binding Protein-Mediated Cell Wall
367 Synthesis Promotes Structural Integrity during Peptidoglycan Endopeptidase
368 Insufficiency in Vibrio cholerae. mBio. 2021 Apr 6;12(2):e03596-20. doi:
369 10.1128/mBi0.03596-20. PMID: 33824203; PMCID: PMC8092314.

370 20. Stylianidou S, Brennan C, Nissen SB, Kuwada NJ, Wiggins PA. 2016.
371 SuperSegger: robust image segmentation, analysis and lineage tracking of
372 bacterial cells. Mol Microbiol. 2016 Nov;102(4):690-700. doi: 10.1111/mmi.13486.

373 Epub 2016 Sep 23. PMID: 27569113.


https://doi.org/10.1101/2025.01.28.635349
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.28.635349; this version posted January 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

374 21. Gregory GJ, Boyd EF. 2021. Stressed out: Bacterial response to high salinity
375 using compatible solute biosynthesis and uptake systems, lessons
376 from Vibrionaceae. Comput Struct Biotechnol J. 2021 Feb 1;19:1014-1027. doi:
377 10.1016/j.csbj.2021.01.030. PMID: 33613867; PMCID: PMC7876524.

378 22. Wendel BM, Pi H, Kriuger L, Herzberg C, Stiilke J, Helmann JD. 2022. A Central
379 Role for Magnesium Homeostasis during Adaptation to Osmotic Stress. mBio.
380 2022 Feb 22;13(1):e0009222. doi: 10.1128/mbio.00092-22. Epub 2022 Feb 15.
381 PMID: 35164567; PMCID: PMC8844918.

382 23. Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA 3rd, Smith HO. 2009.
383 Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat
384 Methods. 2009 May;6(5):343-5. doi: 10.1038/nmeth.1318. Epub 2009 Apr 12.
385 PMID: 19363495.

386 24. Donnenberg MS, Kaper JB. 1991. Construction of an eae deletion mutant of
387 enteropathogenic Escherichia coli by using a positive-selection suicide vector.
388 Infect Immun. 1991 Dec;59(12):4310-7. doi: 10.1128/iai.59.12.4310-4317.1991.
389 PMID: 1937792; PMCID: PMC259042

390 25. Fridman O, Goldberg A, Ronin I, Shoresh N, Balaban NQ. 2014. Optimization of
391 lag time underlies antibiotic tolerance in evolved bacterial populations. Nature.
392 2014 Sep 18;513(7518):418-21. doi: 10.1038/nature13469. Epub 2014 Jun 25.

393 PMID: 25043002.


https://doi.org/10.1101/2025.01.28.635349
http://creativecommons.org/licenses/by-nc-nd/4.0/

