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ABSTRACT The Bacillus subtilis ytrGABCDEF operon encodes a putative ABC transporter, 
its transcriptional repressor YtrA, and YtrG, a small transmembrane protein of unknown 
function. The operon is induced by inhibitors of the membrane-bound lipid II cycle, cold 
shock, and during the exponential to stationary phase transition and has been implica­
ted in antibiotic stress adaptation, cell wall synthesis, sporulation, biofilm formation, and 
competence. Here, we assessed its contribution to antibiotic stress adaptation using a 
broad range of ytr mutant strains and different susceptibility testing setups. We could 
not confirm a consistent role of the operon in antibiotic survival. However, we observed 
a stimulating effect of ABC transporter expression on cell wall synthesis and turnover 
and could pinpoint this to the membrane-bound lipid II cycle. We conclude that the 
ytrGABCDEF operon is induced by antibiotics that target lipid-linked cell wall precursors, 
not because it constitutes a dedicated antibiotic stress response but rather because 
these stress conditions mimic its natural trigger. We speculate that this could be related 
to the accumulation of intracellular cell wall precursor compounds, a signature effect of 
antibiotics that bind to lipid-linked cell wall precursors such as lipid II or bactoprenol 
phosphate.

IMPORTANCE The Bacillus subtilis ytrGABCDEF operon is a reliable and specific marker 
for the inhibition of cell wall biosynthesis by antibiotics. It has therefore advanced as 
a common reporter in transcriptomic, proteomic, and reporter gene studies aimed at 
elucidating antibiotic mechanisms of action. Despite this established role, its function is 
poorly understood, and its contribution to survival under antibiotic exposure is debated. 
Here, we provide evidence that the function of the operon is not related to antibiotic 
stress but rather that its induction is a by-product of antibiotic-induced changes in cell 
wall metabolism.

KEYWORDS antibiotic stress response, Bacillus subtilis, ABC transporters, cell wall 
biosynthesis

B acillus subtilis is a well-characterized Gram-positive model organism, most promi­
nently used for studying bacterial cell division, cell wall synthesis, and sporulation 

(1–4). Its evolutionary closeness to important Gram-positive pathogens, such as Bacillus 
cereus, Bacillus anthracis, Listeria monocytogenes, and Staphylococcus aureus, has made 
it a popular non-pathogenic model for studying antibiotic mechanisms and stress 
responses (5–7). Thus, a B. subtilis proteomic profiling library, comprising stress response 
profiles to around 100 different compounds with antimicrobial properties, constitutes 
the broadest systematic collection of proteomic stress responses to antibiotics and 
other antimicrobials (8). These profiles allow the identification of highly specific marker 
proteins that are indicative of a specific antibacterial mechanism or target and are 
thus a powerful tool in mode of action analysis (7). Some marker proteins are rather 

January 2026  Volume 14  Issue 1 10.1128/spectrum.02694-25 1

Editor Valerie Jean Carabetta, Rowan University 
Cooper Medical School, Camden, New Jersey, USA

Address correspondence to Michaela Wenzel, 
wenzelm@chalmers.se.

Luna Baruah and Margareth Sidarta contributed 
equally to this article. Author order was determined 
alphabetically.

The authors declare no conflict of interest.

See the funding table on p. 17.

Received 29 August 2025
Accepted 20 November 2025
Published 5 December 2025

Copyright © 2025 Baruah et al. This is an open-access 
article distributed under the terms of the Creative 
Commons Attribution 4.0 International license.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

20
 J

an
ua

ry
 2

02
6 

by
 1

29
.1

6.
14

0.
34

.

https://crossmark.crossref.org/dialog/?doi=10.1128/spectrum.02694-25&domain=pdf&date_stamp=2025-12-05
https://doi.org/10.1128/spectrum.02694-25
https://creativecommons.org/licenses/by/4.0/


well-characterized, and their functions in antibiotic stress adaptation are clear, for 
example, upregulation of fatty acid synthases in response to treatment with the fatty 
acid synthesis inhibitor platensimycin (9). However, some proteins are reliable markers 
for a specific mechanism; however, their functions are partially or entirely unknown. This 
is the case for YtrB and YtrE, which are specific and reliable markers for inhibition of cell 
wall synthesis (10, 11).

These proteins are part of the ytrGABCDEF operon (Fig. 1A). Earlier studies described 
the operon to encode one single ATP-binding cassette (ABC) transporter YtrBCDEF (Fig. 
1B) (12–15). In this model, YtrB and YtrE constitute the ATP-binding subunits, YtrC and 
YtrD the transmembrane channel proteins, and YtrF an extracytoplasmic substrate-bind­
ing lipoprotein. The GntR family transcriptional repressor YtrA is the transcriptional 
repressor of the operon, and its deletion results in constitutive expression of the 
ABC transporter (14). Finally, the small transmembrane protein YtrG is part of the 
operon but is not predicted to be part of the ABC transporter (14, 16). Newer studies 
have proposed two independent transporters, YtrB2CD and YtrE2F2 (Fig. 1C) based on 
Alpha Fold structural predictions (17). The YtrE2F2 structure could indeed be observed 
experimentally, yet in a system that only expresses the E and F subunits and not the 
remaining operon (18). The genetic organization and regulation of the operon, lacking 
any known secondary promoter or posttranscriptional modifications and showing the 
same regulation patterns for all genes (13, 19), raises the question how a YtrB2CD and 
YtrE2F2 stoichiometry could be achieved. Future structural and genetic studies will be 
needed to conclusively unite these differing observations.

A number of 2D gel-based proteomic profiling studies have shown upregulation of 
YtrB and YtrE after treatment with compounds that interfere with cell wall synthesis 
(Table S1) (8, 10, 11, 20–23). A similar transcriptomic study found comparable results for 
operon transcript levels (Table S2) (14). Induction of ytr genes in response to cell wall 
synthesis inhibitors has been confirmed in further independent studies, for example, 
for vancomycin (3.3-fold to 5.9-fold induction after 3 min of treatment) (24), bacitracin 
(9.1-fold induction after 5 min of treatment) (25), and plectasin (56-fold after 10 min of 
treatment) (26). Moreover, the Pytr promoter has been used as a reporter for glycopepti­
des, such as vancomycin (27, 28) and ristocetin (27).

All these studies have consistently found that the ytr genes are expressed in response 
to antibiotics that interfere with the lipid II cycle, more precisely those that bind 
to lipid-linked cell wall precursors (bactoprenol phosphate/pyrophosphate, lipid I/II). 
Compounds that interfere with cytosolic or extracellular cell wall synthesis steps or 

FIG 1 Genetic organization of the ytr operon (A) and predicted subunits of the encoded ABC transporter according to Yoshida et al. (13) (B) and Yu et al. (18) (C).
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specifically inhibit the involved enzymes do not affect ytr expression (Tables S1 and S2) 
(8, 10, 11, 14, 20–26). Senges et al. proposed that the encoded ABC transporter plays 
a role related to the lipid II cycle and speculated that it may be involved in resistance 
against such compounds (11). This speculation was corroborated by the finding that 
a ∆ytrA mutant, constitutively expressing ytrGABCDEF, was less sensitive to the acute 
effects of nisin than the corresponding wild-type strain (11).

In addition to antibiotic induction patterns, further observations have suggested a 
link between the ytr operon and cell wall synthesis (13, 15, 29). Koo et al. observed that 
a ∆ytrA mutant, constitutively expressing the operon, lost its genetic competence (29). 
Following up on this, Benda et al. found that ΔytrA, as well as other ytr mutants that 
showed reduced competence, had a strongly increased cell wall thickness, potentially 
hampering the uptake of DNA (15). Additionally, the ∆ytrA deletion strain showed altered 
biofilm morphology and reduced sporulation (13, 15, 29). Both sporulation and biofilm 
formation are affected by the disruption of cell wall synthesis (15, 30, 31). The ytr operon 
has also been implicated in stationary phase transition, acetoin consumption, and cold 
shock (13, 19) (see also Fig. S1). Together, these observations suggest that the ytr operon 
plays a role during active cell growth and during adjustment to slow/stalled growth but 
is not needed for maintenance of non-growing stationary phase cells. This fits with a role 
in cell wall synthesis and/or homeostasis.

Here, we focused on the role of the ytr operon in adaptation to cell wall synthesis 
inhibition by antibiotics. Although we could not find clear evidence for a decisive role 
of the ytr operon in antibiotic adaptation, we could confirm its involvement in cell wall 
synthesis and sporulation and found clear temperature-dependent phenotypes.

RESULTS

Antibiotic susceptibility of the ytr mutant panel

Despite being reliably induced by inhibitors of the lipid II cycle, a clear role of the ytr 
operon in antibiotic resistance could not be established so far. Thus, disc diffusion and 
minimal inhibitory concentration (MIC) tests using a wide array of cell wall synthesis 
inhibitors did not result in altered antibiotic susceptibility of a ∆ytrABCDEF mutant (14). 
However, acute shock experiments with ∆ytrA showed reduced nisin susceptibility (11), 
suggesting that phenotypes may be observed in strains constitutively expressing the 
ytr operon, or with acute shock assays. To examine this, we performed susceptibility 
assays with a range of ytr mutants: ∆ytrA (PH5), ∆ytrB (PH1), ∆ytrC (PD3), ∆ytrD (PD2), 
∆ytrE (PH2), ∆ytrF (PD1), ∆ytrAB (GP3193), ∆ytrAE (GP3196), ∆ytrABE (GP3206), ∆ytrACD 
(BLMS3), and ∆ytrGABCDEF (GP2646). If the operon is of importance for cellular survival 
under antibiotic stress, we expect a lower susceptibility of the ∆ytrA strain and a 
higher susceptibility of the ∆ytrGABCDEF strain. Single mutants of transporter subunits 
(∆ytrB, ∆ytrC, ∆ytrD, ∆ytrE, and ∆ytrF) and constitutively expressed incomplete transporter 
variants (∆ytrAB, ∆ytrAE, ∆ytrABE, and ∆ytrACD) were included to assess the importance 
of individual subunits, if susceptibility changes were found. All susceptibility assays were 
performed at both 37°C and 24°C to examine the effects of lower temperature.

Our initial antibiotic set consisted of ampicillin, nisin, vancomycin, D-cycloserine, 
and tetracycline. Based on gene expression data, nisin and vancomycin (binding lipid 
II) were expected to result in an altered susceptibility phenotype, whereas ampicillin 
and D-cycloserine (inhibiting extracellular and intracellular steps of cell wall synthe­
sis, respectively) were not. The translation inhibitor tetracycline was included as an 
unrelated negative control. However, only ampicillin showed the expected pattern in 
standard microdilution MIC assays at 37°C (Fig. S2; Table S3). Additionally, all strains 
constitutively expressing incomplete transporter variants (∆ytrAB, ∆ytrAE, ∆ytrABE, and 
∆ytrACD) showed increased susceptibility to ampicillin. At 24°C, only ∆ytrAB, ∆ytrAE, and 
∆ytrABE strains showed mildly but reproducibly increased ampicillin susceptibility (Fig. 
S3; Table S3). It should be noted that the ∆ytrAB, ∆ytrAE, ∆ytrABE, and ∆ytrACD strains 
show clearly prolonged lag phases at lower temperatures (Fig. 2B). Thus, their increased 
susceptibility is likely an unspecific consequence of generally reduced fitness. For nisin, 
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the ∆ytrGABCDEF mutant was more resistant at 37°C, whereas ∆ytrA was considerably 
more susceptible than the wild-type at 24°C. This pattern was the opposite of what was 
expected based on previous results (11), and the remaining strains showed no cohesive 
pattern. D-cycloserine was less effective against ∆ytrC, ∆ytrD, and ∆ytrE at 37°C, but less 
effective against ∆ytrABE and ∆ytrACD at 24°C, likewise not allowing clear conclusions. 
No reproducible MIC changes were observed for vancomycin and tetracycline at either 
temperature.

Since ampicillin was the only antibiotic that produced the expected pattern for ∆ytrA 
and ∆ytrGABCDEF, we decided to test additional β-lactam antibiotics to examine whether, 
against the notion of the gene expression data, the ytr operon may protect against this 
antibiotic class. Thus, our second test set included ertapenem, cefoxitin, meropenem, 
and cloxacillin (Fig. 3; Table S4). Only for ertapenem did we find a lower susceptibility of 
∆ytrA and a higher susceptibility of ∆ytrGABCDEF, yet only at 37°C. All other antibiotics 
showed a tendency to be more active against ∆ytrAB, ∆ytrAE, ∆ytrABE, ∆ytrACD, likely due 
to the compromised fitness of these strains.

Mutant susceptibility to acute antibiotic shock

Since Senges et al. observed lower nisin susceptibility of ∆ytrA under acute antibiotic 
stress, we decided to perform acute shock experiments with the three antibiotics that 
showed clear MIC differences, ampicillin, ertapenem, and nisin. To this end, cultures 
were grown until the exponential growth phase and subsequently treated with different 
concentrations of antibiotic (Fig. S5 to S10). In contrast to endpoint optical density (OD) 
measurements used in MIC assays, acute shock assays permit assessment of the extent of 
growth inhibition over time, allowing the detection of immediate, subtle, and transient 
effects that go unnoticed in MIC assays (32). Here, we took into account the degree of 
initial cell lysis, length of the lag phase before recovery from initial inhibition/lysis, and 
maximum OD, comparing each mutant with the WT under the same conditions. Indeed, 
applying these criteria, several conditions that appeared indifferent in the MIC showed 
sensitive or tolerant phenotypes in these experiments (Table 1). However, we still could 
not reproduce the lower nisin susceptibility phenotype of the ∆ytrA mutant (11).

FIG 2 Growth curves of B. subtilis 168CA and ytr mutants at 37°C (A) 24°C (B). Left panels show strains not constitutively expressing the operon (∆ytrB, ∆ytrC, 

∆ytrD, ∆ytrE, ∆ytrF, and ∆ytrGABCDEF) whereas the right panels show strains that force-express the whole operon or parts thereof (∆ytrA, ∆ytrAB, ∆ytrAE, ∆ytrABE, 

and ∆ytrACD). See also Fig. S4 for graphs with log scales.

Research Article Microbiology Spectrum

January 2026  Volume 14  Issue 1 10.1128/spectrum.02694-25 4

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

20
 J

an
ua

ry
 2

02
6 

by
 1

29
.1

6.
14

0.
34

.

https://doi.org/10.1128/spectrum.02694-25


Effects of antibiotics on YtrD localization

To test the behavior of the Ytr transporter under antibiotic stress, we constructed a 
strain expressing a xylose-inducible YtrD fusion to monomeric superfolder green-fluo-
rescent protein (msfGFP, strain MS42) as a proxy for the whole ABC transporter. As 
expected, YtrD showed a clear ubiquitous membrane localization in small clusters, a 

FIG 3 MICs of different β-lactam antibiotics against ytr deletion mutants at 37°C and 24°C. Error bars show the standard 

deviation of the mean.
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characteristic pattern for many transmembrane proteins (33). This localization pattern 
did not change with temperature (Fig. S11). Hence, we performed antibiotic experi­
ments at 37°C. To test the effects of antibiotic stress on YtrD localization, we selected 
ampicillin, nisin, vancomycin, and D-cycloserine as cell wall synthesis inhibitors, the 
proton ionophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) as a control 
for membrane depolarization, and the protein synthesis inhibitors erythromycin and 
tetracycline as unrelated controls (Fig. S12). Vancomycin, erythromycin, and tetracycline 
had no major effects on YtrD localization. CCCP induced accumulation of the protein in 
characteristic clusters that typically occur as a consequence of a dysregulation of fluid 
lipid domains due to membrane depolarization (34, 35). Accordingly, the same domains 
were induced by nisin, which forms transmembrane pores after docking to lipid II (36). 
Additionally, nisin and ampicillin induced large membrane domains, from which YtrD 
was excluded. Such domains usually represent gel phase membranes that occur in lysing 
cells (37). D-cycloserine caused the accumulation of YtrD in bright membrane patches 
as well as delocalization of the protein into the cytosol, yet only at a time point where 
cell lysis had already set in, suggesting that these phenotypes are secondary effects. 
Thus, YtrD acted like most membrane proteins, being attracted to fluid and excluded 
from rigid membrane domains, and neither its normal localization nor its behavior under 
antibiotic stress pointed toward a specific recruitment under antibiotic stress, as can 
be observed with cell envelope stress proteins (38). It should be noted that we also 
attempted to localize YtrE to account for the possibility of a YtrE2F2 transporter, yet did 
not observe any membrane localization of a YtrE-msfGFP fusion (strain PH4) (Fig. S11).

Possible role of the ytrGABCDEF operon in cell wall homeostasis

Despite varying results, our antibiotic susceptibility assays generally support the notion 
that the function of the ytrGABCDEF operon is connected to cell wall synthesis. However, 
if the operon was involved in adaptation to antibiotic stress, we would have expec­
ted to find more consistent susceptibility changes that correlate better with the gene 
expression data, that is, lower susceptibility of ∆ytrA to antibiotics that target lipid-linked 
cell wall precursors (vancomycin and nisin), and higher susceptibility of ∆ytrGABCDEF. 
This was not the case, leading us to the conclusion that the ytr operon is not induced 
as part of a protective stress response against these antibiotics. Rather, we propose that 
treatment with these compounds mimics conditions that would normally induce the 
operon. Outside of antibiotics, the operon is induced by cold shock and transition to the 
stationary growth phase (13, 19, 39). Both conditions impact cell wall homeostasis due 

TABLE 1 Summary of antibiotic susceptibility assays for ampicillin (Amp), nisin (Nis), and ertapenem (Ert)a

37°C 24°C

Amp Nis Ert Amp Nis Ert

MIC AS MIC AS MIC AS MIC AS MIC AS MIC AS

∆ytrA T S I S T T I I S S I I
∆ytrB I T T S S T I I I S I I
∆ytrC I S I T nd S I I T T nd S
∆ytrD I I I S nd I I T T T nd I
∆ytrE I T I S S I I T S S I I
∆ytrF I I I I nd I I T I I nd I
∆ytrAB S S I T S S S T T T I S
∆ytrAE S S I S S S S I I S S S
∆ytrABE S S I S S S S S I S S S
∆ytrACD S S T T I S I T T T I S
∆ytrGABCDEF S T T S S I I T I S I S
aSensitivity/tolerance in acute shock experiments was determined based on the extent of growth inhibition and 
length of lag phase in cultures able to recover from initial inhibition/lysis. The more sensitive (S) or more tolerant 
(T) strains are indicated as follows: more sensitive: S, more tolerant: T, indifferent/no reproducible result: I, nd: not 
determined. MIC: minimal inhibitory concentration, AS: acute shock.
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to an adaptation to slower growth and an induction of autolysis. Additionally, both cold 
shock and certain lipid II-binding antibiotics impact the fluidity of the cell membrane (21, 
40). However, a role of the operon in regulating membrane fluidity was dismissed since 
laurdan-based fluidity measurements did not reveal any significant differences between 
the mutants and the wild-type (Fig. S13).

To further probe the connection between the ytr operon and cell wall homeostasis, 
we characterized different ytrGABCDEF deletion mutants with respect to their cell wall 
synthesis and turnover phenotypes. First, we stained the different strains with BODIPY 
FL vancomycin (Van-FL), a fluorescent vancomycin derivative that allows the visualization 
of lipid II and thus indicates the localization of active cell wall synthesis. Fluorescence 
microscopy revealed distinct phenotypes of the different mutant strains (Fig. 4; Fig. S14). 
In exponentially growing wild-type cells, a characteristic pattern can be observed (41). 
These cells show a strong signal at mid-cell, where the cross-wall is synthesized during 
septation, and a less intense, spotty signal along the lateral axis of the cell, where the 
elongation machinery is active. No staining was observed at the cell poles, where no cell 
wall synthesis takes place. This pattern was similar at 37 and 24°C, with a slightly stronger 
septal signal at 37°C (Fig. 4; Fig. S14). While the ∆ytrA and ∆ytrGABCDEF mutants did not 
considerably differ from this pattern, expression of an incomplete transporter, either by 
deletion of ytrA (∆ytrAB, ∆ytrAE, ∆ytrABE, and ∆ytrACD) or by growth at low temperature, 
led to a decrease of the septal or overall fluorescence signal, with the clearest effects 
being observed for ∆ytrAB, ∆ytrAE, ∆ytrABE, and ∆ytrACD at 24°C (Fig. 4).

These observations were supported by quantification of whole-cell fluorescence, 
indicative of the amount of Van-FL binding to available lipid II and thus an estimate 

FIG 4 Microscopy images of B. subtilis 168CA (WT) and ytr mutants labeled with Van-FL. Cells were grown at 24°C. Exposure times, light intensity, and 

brightness/contrast settings were identical for all samples. Scale bar 2 µm. See Fig. S13 for the corresponding 37°C experiment.
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for the relative amount of lipid II in the cell membrane (Fig. S15). Intriguingly, at 37°C, 
the Van-FL signal was higher in ∆ytrA and lower in ∆ytrGABCDEF (Fig. S14 and S15), 
suggesting that the presence of the operon stimulates cell wall synthesis, an observa­
tion matching the thicker cell wall phenotype observed for ∆ytrA by Benda et al. (15). 
However, it must be considered that the increased cell wall thickness of certain mutants 
(shown to be the case for ∆ytrA, ∆ytrAB, and ∆ytrAE but not ∆ytrGABCDEF) (15) may 
affect the dye accessibility of membrane-bound lipid II, limiting the reliability of this 
quantification. Therefore, we additionally performed line scans across the lateral cell 
axis, visualizing the subcellular distribution of Van-FL, indicative of its accumulation at 
mid-cell (Fig. S16 to Fig. S39, see also schematic in Fig. S16 for a visualization of how line 
scans were drawn). Line scans clearly showed the reduction or loss of septal signal, in 
particular the ∆ytrAB, ∆ytrAE, ∆ytrABE, and ∆ytrACD strains grown at 24°C. These results 
corroborated a connection between the ytr operon and the lipid II cycle.

Next, we stained the same set of strains with BODIPY FL penicillin (bocillin), a 
fluorescently labeled penicillin that binds to penicillin-binding proteins (PBPs), allow­
ing their visualization without the need for expressing fluorescent fusion proteins. In 
exponentially growing wild-type cells, bocillin results in a mostly septal staining pattern 
with weak lateral staining (Fig. S40 and S41), reminiscent of the localization pattern 
of fluorescent protein fusions to PbpB (PBP 2B) and PonA (PBP 1A/1B) (42). Slight 
aberrations of this pattern were observed in the ∆ytrAB, ∆ytrAE, ∆ytrABE, and ∆ytrACD 
strains, which showed small bocillin clusters at the cell membrane in addition to the 
regular septal stain. However, no major disruption of PBP localization was observed, 

FIG 5 Growth curves of B. subtilis 168CA and ytr mutants after temperature shifts. Cultures were shifted from 37°C to 24°C (A), 16°C (B and C), or 4°C (D) after 

dilution of overnight cultures. For the 4°C experiment in (D), the autolysin-defective ∆lytABCDEF mutant was included as a negative control. Left panels show 

strains not constitutively expressing the operon (∆ytrB, ∆ytrC, ∆ytrD, ∆ytrE, ∆ytrF, and ∆ytrGABCDEF), whereas the right panels show strains that force-express the 

whole operon or parts thereof (∆ytrA, ∆ytrAB, ∆ytrAE, ∆ytrABE, and ∆ytrACD) and, in (D), the ∆lytABCDEF control. See Fig. S43 for graphs on a log scale.
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supporting the expression data-derived notion that the ytr operon is linked to lipid II and 
bactoprenol phosphate derivatives.

We then employed a cell wall integrity assay, commonly referred to as “bubble assay,” 
which is based on an acetic acid/methanol fixation protocol. This fixation causes the 
protoplast to protrude through breaches in the cell wall, appearing as “bubbles” on the 
cell surface. This effect is strongly exacerbated by impaired cell wall synthesis as the 
continued activity of autolysins creates gaps in the peptidoglycan sacculus that cannot 
be filled due to the lack of available lipid II (10, 26, 43–45). Although the high variation 
between replicates did not allow us to obtain statistically significant results, there was 
a reproducible tendency for ∆ytrC, ∆ytrD, ∆ytrE, ∆ytrAB, ∆ytrAE, ∆ytrABE, ∆ytrACD, and 
∆ytrGABCDEF to display more bubbles than their corresponding wild-type control at 24°C 
(up to 2.5-fold, see Fig. S42).

Effects on cold-induced autolysis

Cell wall synthesis and autolysis are intimately linked, and autolysis in B. subtilis is 
induced by cold shock. Furthermore, YtrF belongs to the same protein family as FtsX, 
which regulates the major autolysin CwlO (15). Therefore, we decided to perform growth 
experiments at different temperatures to assess a possible role of the ytr operon in the 
regulation of cold-induced autolysis. Figure 2 shows growth curves of the different B. 
subtilis strains grown at constant 37°C and 24°C, and Fig. 5 of cultures shifted from 37°C 
to 24°C, 16°C, and 4°C, respectively. Under all conditions, mutants that constitutively 
expressed the whole or incomplete operon (∆ytrA, ∆ytrAB, ∆ytrAE, ∆ytrABE, and ∆ytrACD) 
showed the strongest growth defects, whereas the whole operon mutant (∆ytrGABCDEF) 
reached higher end ODs than the wild-type (Fig. 2 and 5). When shifted to 16°C, cultures 
underwent initial cell lysis but were able to resume growth eventually (Fig. 5B and C). 
Surprisingly, the whole operon mutant overcame this initial cell lysis faster and grew 
considerably better than all other strains, including the wild-type. All other mutants 
showed a clear delay in resuming growth and grew considerably slower and to lower 
ODs than the wild-type. While ∆ytrF was the least affected, ∆ytrA, ∆ytrAB, ∆ytrABE, and 
∆ytrACD showed the most severe growth defects. When shifted to 4°C, which induces 
autolysis and does not allow cultures to resume growth, the ∆ytrGABCDEF mutants no 
longer exhibited a fitness advantage (Fig. 5D). Slightly faster lysis was observed for 
∆ytrA, ∆ytrAB, ∆ytrABE, and ∆ytrACD. Taken together, these results suggest that the ytr 
operon affects cell lysis and resumed growth of surviving cells after partial lysis of 
the population. The fact that ∆ytrA showed increased lysis, lower fitness, and reduced 
capacity for regrowth, whereas the whole operon mutant generally showed the opposite 
effect, suggests that expression of the ytr operon promotes rather than prevents cell 
lysis. Together with the Van-FL results and the previously published TEM data (15), these 
results point towards increased cell wall synthesis and turnover in cells that constitutively 
express the ytr operon.

Effects on motility and sporulation

Interestingly, ytr mutants exhibit clear phenotypes with respect to several cellular 
differentiation processes with bimodal regulation patterns. This includes the compe­
tence defects and altered biofilm morphology observed by Benda et al. (15), as well 
as autolysis. Additionally, we observed that the ∆ytrAB, ∆ytrAE, ∆ytrABE, and ∆ytrACD 
strains produced colonies with smooth boundaries, whereas wild-type cells and all other 
mutants displayed the “rough” colony boundaries that are characteristic of B. subtilis and 
indicative of swarming microcolonies (46–49), showing that ytr also affects swarming 
motility (Fig. 6).

Furthermore, lower sporulation efficiencies have been found for ∆ytrA (29), as well as 
for mutants that do not express ytrF or the whole operon (13). However, the results for 
ytrF::pMUTIN2 (13) could not be confirmed with ∆ytrF::ery or ∆ytrF::kan deletion mutants 
(29), and when we ran preliminary sporulation efficiency tests, we could also not confirm 
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the previous findings for ∆ytrA and ∆ytrGABCDEF. Therefore, we decided to assess the 
sporulation behavior of these strains in more detail.

To this end, we followed asymmetric septation of the ∆ytrA and ∆ytrGABCDEF mutants 
over time using fluorescence microscopy. The wild-type and the sporulation-deficient 
∆spoIIIE mutant (PG344) (50) were included as controls. Sporulation was induced by 
glucose limitation, and membranes were stained with the non-toxic membrane dye 
FM4-64 from the onset of glucose limitation. Microscopy samples were taken in hourly 
intervals from 0 to 10 h, as well as after 24 h, after resuspension in glucose-free medium. 
Sporulation stages were divided into asymmetric septation, engulfment, forespores, and 
phase-bright spores (51).

All strains were still in the vegetative pre-septation stage at the 1 h time point 
(data not shown). The wild-type and ΔytrA mutant formed asymmetric septa after 2 h 
and initiated the engulfment process, indicated by curved septa, after 3 h (Fig. 7; Fig. 
S44). The sporulation process continued to the forespore stage and started to show 
phase-bright spores from the 5 h time point onward. The ∆ytrGABCDEF mutant displayed 
clearly delayed sporulation with asymmetric septa forming at the 5 h time point and 
phase-bright spores appearing after 7 h (Fig. 7). As expected, the ΔspoIIE strain, lacking 
a gene required for asymmetric septation (52), failed to sporulate and underwent cell 
lysis instead (Fig. S45). After 24 h, the wild-type, ∆ytrA, and ∆ytrGABCDEF had successfully 
sporulated, indicating that sporulation is not defective but merely delayed in the whole 
operon deletion strain. This was supported by the assessment of sporulation efficiency 

FIG 6 Colony morphology of ytr deletion mutants. Lower panels show zoom ins of upper panels. Arrows indicate strains with smooth colony borders.
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by heat treatment after 24 h, which showed similar values for these three strains (Fig. 
S46).

DISCUSSION

It has been well-established that the ytr operon is induced by compounds that impair 
cell wall synthesis (8, 10, 11, 14, 20–26). Thereby, induction correlates with impairment of 
the membrane-bound lipid II cycle, that is, the conversion of lipid I to lipid II as well as 

FIG 7 Fluorescence and phase contrast microscopy images of sporulating B. subtilis 168CA (WT) and 

GP2646 (∆ytrGABCDEF). Cells were taken for microscopy in hourly intervals from 2 to 10 h and at 24 h after 

sporulation induction. The experiment was conducted at 37°C. The sporulation stage was determined 

based on FM4-64 membrane staining and phase contrast images. Arrows indicate different stages of 

sporulation: white: asymmetric septation, yellow: engulfment, blue: forespore stage, red: phase-bright 

spores. Scale bar 2 µm.
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lipid carrier recycling by dephosphorylation of bactoprenol pyrophosphate to bactopre­
nol phosphate (Tables S1 and S2). Despite this consensus, previous studies could not 
find an increased antibiotic sensitivity of ytr operon deletion strains (14). However, a 
∆ytrA deletion mutant that constitutively expresses the operon showed decreased nisin 
sensitivity in acute shock experiments (11). Despite these conflicting observations, it has 
been proposed that the ytrGABCDEF operon could be involved in antibiotic detoxification 
(11, 15). Here, we could not confirm this hypothesis. Although we did find differences 
in the antibiotic sensitivity of diverse ytr mutants in both MICs and acute shock assays, 
the observed effects did not correlate with operon induction patterns, antibiotic targets, 
or antibiotic class, and were mostly in the range of only 2-fold concentration changes. 
We could also not observe any evidence for a specific role of the YtrBCDEF (or alterna­
tively YtrB2CD) transporter under antibiotic stress based on fluorescence microscopy, as 
YtrD-msfGFP did not show any cell wall synthesis or stress-specific localization pattern, as 
known for some cell wall synthesis enzymes and related stress response proteins (21, 38).

From our and others’ results, we conclude that instead of being induced as a specific 
antibiotic stress response, the inhibition of the lipid II cycle, in particular, binding to lipid 
II or bactoprenol, results in the same cellular signal that would naturally induce the ytr 
operon. One possibility could be a change in membrane fluidity, as all three triggers 
known for ytr induction, namely antibiotics, temperature, and growth phase, impact this 
parameter. However, YtrA belongs to the GntR family of transcriptional regulators, which 
is known to bind small molecule inducers (53, 54), making a metabolic regulation more 
likely. An early hypothesis was that acetoin could be the inducer molecule, but that 
was not the case (13). It is tempting to speculate that induction could be related to 
the accumulation of intracellular cell wall precursors, since the accumulation of uridine 
diphosphate N-acetylmuramic acid (UDP-MurNac) pentapeptide is a signature effect of 
lipid II-binding antibiotics (23). However, this speculation needs to be assessed in future 
studies.

It should be noted that YtrA also controls the expression of the ywoBCD operon, 
which has not been studied here. This operon encodes for a membrane protein of 
unknown function, a hydrolase, and a major facilitator superfamily transporter (14). Both 
ytrGABCDEF and ywoBCD operons are induced in the presence of cell wall synthesis 
inhibitors (10, 14, 25). However, deletion of the ywo operon as well as deletion of both 
operons also did not alter antibiotic susceptibility (14).

Another hypothesis was that the ytrGABCDEF operon could be involved in the uptake 
of a cell wall precursor or a molecule that could regulate or otherwise affect cell wall 
synthesis (15). Constitutive expression of the operon in a ∆ytrA deletion mutant led 
to considerably thicker cell walls, supporting an involvement of the transporter(s) in 
cell wall synthesis. However, the same was observed for ∆ytrAB and ∆ytrAE strains, 
expressing non-functional transporter variants that lack one of the ATP-binding subunits, 
essentially ruling out the explanation that an active transport process is responsible for 
this phenotype (15). However, it is conceivable that only one ATP-binding subunit is 
sufficient for the transporter to function or that the protein complex does not act as a 
transporter at all.

Our results confirmed an involvement of the ytr operon in cell wall synthesis. Using 
Van-FL, we could observe decreased labeling in the whole operon mutant, suggest­
ing that less lipid II is present on the membrane surface. In line, the opposite was 
observed with the ∆ytrA mutant. Furthermore, we could see a clear decrease in septal 
lipid II accumulation in mutants expressing a non-functional transporter, suggesting 
reduced cell division activity. No major changes were observed in the localization of 
PBPs, supporting our notion that the ytrGABCDEF operon is connected to the mem­
brane-bound bactoprenol cycle. Although not statistically significant, the tendency of 
ytr mutants to show more cell wall breaches in the bubble assay provides additional 
support, since this method is most sensitive for antibiotics that target a membrane-
bound step of lipid II synthesis (10, 26). The assay is also strongly dependent on autolysin 
activity, and an autolysin-defective mutant does not produce bubbles. Hence, increased 
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bubbles observed at 24°C could be due to either reduced lipid II synthesis, which would 
align well with the Van-FL results, or increased autolysin activity.

B. subtilis undergoes extensive autolysis at cold temperatures (Fig. 5) (55), and the ytr 
operon is known to be induced by cold shock (19, 39). Furthermore, the ∆ytrA mutant 
displayed reduced fitness at 16°C (29). Our results confirm this observation. Almost 
all mutants displayed some degree of growth defect at lower temperatures, especially 
when shifted from 37°C. Thereby, the single mutants ∆ytrB, ∆ytrC, ∆ytrD, and ∆ytrE 
displayed mild defects, whereas the constitutive mutants ∆ytrA, ∆ytrAB, ∆ytrAE, ∆ytrABE, 
and ∆ytrACD were much more strongly impaired. These observations could have many 
reasons, but both a weakened peptidoglycan layer or increased autolysin activity in 
these mutants would be viable explanations for increased cell lysis and slower growth 
rates when adapting to lower temperature. If YtrF would fulfill an autolysin-regulating 
function, as hypothesized based on its similarity to FtsX (15), we would have expected 
stronger phenotypes of the ∆ytrF mutant. In fact, we did not observe a clear phenotype 
of this strain in any of our assays. Similarly, neither deletion nor overexpression of 
ytrF affected competence (15). Interestingly, the ∆ytrGABCDEF strains grew considerably 
better than the wild-type, especially after a harsh temperature shift from 37°C to 16°C. 
This observation may point to a distinct, yet so far unknown function of the ytrG gene.

Unexpectedly, the ∆ytrGABCDEF mutant showed delayed sporulation, suggesting 
that the operon promotes sporulation rather than inhibits it. However, there were no 
differences in sporulation efficiency after 24 h. These results differed from previous 
studies that showed decreased sporulation efficiency in ∆ytrA and a pMUTIN2 insertion 
in the promoter region that does not express the operon (13, 29). Sporulation is a highly 
medium-dependent process, and it is possible that these differences are due to different 
media and sporulation protocols, or even varying strain backgrounds (56–58). More 
extensive studies will be needed to assess the effects of the ytr operon on sporulation 
and explain the conflicting observations made by different groups.

In conclusion, we could not confirm a role of the ytr operon in antibiotic stress 
adaptation. We did, however, provide additional evidence for its involvement in the 
lipid II cycle and a role in promoting both cell wall synthesis and turnover. Based on 
our observations, we propose that antibiotics that interfere with lipid-linked cell wall 
precursors cause a cellular state that triggers de-repression of the ytrGABCDEF operon, 
speculatively the accumulation of an intracellular peptidoglycan precursor molecule 
such as UDP-MurNac.

MATERIALS AND METHODS

Antibiotics

Cefoxitin, cloxacillin, ertapenem, and meropenem were purchased from Sigma Aldrich; 
ampicillin, erythromycin, and kanamycin from Fisher Bioreagents; vancomycin, D-
cycloserine, and tetracycline from Fisher Scientific; nisin from MP Biomedicals; CCCP 
from Alfa Aesar; spectinomycin from Duchefa Biochemie; and daptomycin from 
Abcam. Meropenem, tetracycline, and CCCP were dissolved in sterile DMSO, ampicil­
lin, ertapenem, cefoxitin, cloxacillin, D-cycloserine, nisin, spectinomycin, kanamycin, 
daptomycin, and vancomycin in sterile water, and erythromycin in sterile ethanol. 
Stock concentrations were prepared at 100 mM (CCCP), 0.25 mg/mL (nisin), 50 mg/mL 
(tetracycline, kanamycin), 20 mg/mL (erythromycin), 1 mg/mL (meropenem), or 
10 mg/mL (all other antibiotics). All antibiotic stock solutions were stored at −20°C until 
further use.

Strain construction

Strains, plasmids, and primers used in this study are listed in Tables S5 and S6. Escherichia 
coli strains used as cloning hosts were grown in Luria-Bertani (LB) medium or on LB 
agar supplemented with 0.5% (wt/vol) glucose at 37°C. B. subtilis strains were grown 
at 37°C in Spizizen minimal medium (SMM) (59), LB medium, or on LB agar. Where 
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appropriate, 100 µg/mL ampicillin, 7.5 µg/mL kanamycin, 2 µg/mL erythromycin, or 
100 µg/mL spectinomycin was added for selection.

Plasmid construction

Plasmids pMS33 (Pxyl-ytrD-msfgfp) and pPH2 (Pxyl-ytrE-msfgfp) were designed in 
SnapGene 6.2 and constructed with Gibson assembly (60) (GeneArt Gibson Assembly 
HiFi Kit, Invitrogen). The ytrD and ytrE gene sequences were obtained from the SubtiWiki 
database (16). The ytrD genes were amplified from B. subtilis 168CA (DSM 402) chromoso­
mal DNA, isolated by standard phenol-chloroform extraction (61), using the primer pair 
MSP152/MSP153 for ytrD and PHP14/PHP15 for ytrE. The pMW1 (21) plasmid backbone 
was linearized by PCR using primers MWP1 and Abs1. After 1 h of DpnI treatment at 37°C 
and subsequent purification, Gibson assembly was performed using a 1:1 vector to insert 
ratio (0.08 pmol), resulting in plasmids pMS33 and pPH2, which were then transformed 
into chemically competent E. coli cells (62). The plasmids were isolated and verified by 
sequencing (Eurofins MWG) using the sequencing primers TerS21 and Abs5.

Construction of B. subtilis strains

Strains were constructed by transforming either plasmid or chromosomal DNA into B. 
subtilis 168CA as indicated in Table S5. B. subtilis was transformed according to a standard 
starvation protocol (40). All strains were confirmed by PCR (see Table S6 for PCR primers).

Experimental growth conditions

With the exception of sporulation experiments, in which Belitzky minimal medium 
(BMM) was used, strains were grown in LB medium throughout the study. Unless 
otherwise noted, experiments were performed at both 37°C and 24°C, and cultures were 
kept under continuous agitation to ensure optimal oxygen supply.

Minimal inhibitory concentrations (MIC)

MICs against all strains were determined in a standard microdilution assay (63), following 
the guidelines issued by the Clinical Laboratory Standardization Institute (CLSI) (64), with 
the only exception of using LB as culture medium. All cultures were incubated for 16 h 
prior to reading out the results. The lowest antibiotic concentration inhibiting visible 
growth was defined as MIC.

Acute antibiotic shock experiments

B. subtilis overnight cultures were diluted to an OD600 of ~ 0.05, and all strains were 
grown until the exponential growth phase (OD600 0.4–1). Subsequently, cultures were 
adjusted to an OD600 of 0.3, followed by splitting of the cultures and addition of 
antibiotics as specified in the respective figure legends. Growth was followed by optical 
density readings in 5 min intervals. Measurements were recorded using a BMG Clariostar 
Plus plate reader and were continued until stationary phase. For each condition, every 
strain was compared with the WT with respect to the degree of initial cell lysis, length of 
the lag phase before recovery from initial inhibition/lysis, and maximum OD. Differences 
reproducible across all biological replicates were categorized as sensitive (S) or tolerant 
(T), whereas all samples without growth differences or irreproducible differences were 
categorized as indifferent (I).

Protein localization

Protein localization experiments using B. subtilis MS42 (Pxyl-ytrD-msfgfp) and PH4 
(Pxyl-ytrE-msfGFP) were performed with exponentially growing cultures (OD600 ~ 0.3). 
Localization of YtrD was examined in cells grown at constant 37°C or 24°C or in cultures 
grown overnight at 37°C and shifted to 24°C upon dilution. Antibiotic effects on YtrD 
localization were examined at 37°C. Expression of the fusion protein was induced with 
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0.25% xylose. Antibiotic concentrations were selected based on acute shock experiments 
performed with B. subtilis 168CA under the exact conditions used for microscopy (34). 
Concentrations that led to approximately 50% growth inhibition and were used in 
protein localization experiments are specified in Table S7. Fluorescence light microscopy 
was performed on a Nikon Eclipse Ti2 inverted fluorescence microscope equipped with 
a CFI Plan Apochromat objective (DM Lambda 100× Oil N.A. 1.45, W.D. 0.13 mm, Ph3), a 
Lumencor Sola SE II FISH 365 light source, a Photometrics PRIME BSI camera, an Okolab 
incubator, and Nis ELEMENTS AR 5.21.03 software. All microscopy images were processed 
and analyzed with Fiji (65).

Acetic acid/methanol fixation

B. subtilis overnight cultures were diluted to an OD600of ~ 0.05, and all strains were 
grown until the exponential growth phase (OD600 0.3–0.8). Samples of 200 μL were fixed 
in 800 μL of a 1:3 mixture of acetic acid and methanol. Fixed samples were spotted 
(3-4 × 0.5 μL) on glass slides that were coated with a thin film of 1.2% agarose (66), 
covered with a coverslip, and examined by phase contrast microscopy. Cell wall damage 
was quantified by counting protruding protoplasts (bubbles on the cell surface) and 
expressed as the percentage of bubbles per total cell count.

BODIPY FL vancomycin (Van-FL) staining

Van-FL (V34850, Thermo Scientific) was dissolved in sterile water at a stock concentra­
tion of 1 mg/mL. Aliquots were stored at −20°C until further use. On the day of the 
experiment, the Van-FL stock was mixed 1:1 with unlabeled vancomycin, resulting in 
a 0.5 mg/mL Van-FL working solution. B. subtilis overnight cultures were diluted to an 
OD600 of ~ 0.05, and all strains were grown until exponential growth phase (OD600 0.3–
0.8). Samples of 200 µL were transferred to Eppendorf tubes and stained with 0.4 µL of 
the Van-FL working stock. After 2 min of staining, cells were observed by fluorescence 
microscopy. Septal Van-FL accumulation was quantified by lateral line scans through the 
center of the cell (see Fig. S16). Ten cells per strain and condition were semi-randomly 
selected for line scans, that is, lysed cells, out-of-focus cells, chains, overlapping cells, 
and cells that were too deformed to draw a straight lateral line were excluded from the 
analysis.

BOCILLIN FL penicillin (bocillin) staining

Bocillin (B13233, Thermo Scientific) was dissolved in sterile water at a stock concentra­
tion of 1 mg/mL. Aliquots were stored at −20°C until further use. B. subtilis overnight 
cultures were diluted to an OD600 of ~ 0.05, and all strains were grown until exponen­
tial growth phase (OD600 0.3–0.8). Samples of 200 µL were transferred to Eppendorf 
tubes and stained with 0.2 µL bocillin. After 10 min of staining, cells were observed by 
fluorescence microscopy.

Bacterial growth and lysis experiments

B. subtilis overnight cultures were diluted to an OD600 of ~ 0.05, and all strains were 
grown until exponential growth phase (OD600 0.3-0.8). Cultures were then adjusted to an 
OD600 of 0.05 and transferred to sterile 96-well plates. The growth of the cultures was 
followed by optical density readings in 5 min intervals. Measurements were recorded 
using a BMG Clariostar Plus plate reader and continued until cultures reached the 
stationary phase. Cultures were either grown at constant temperature (24°C, 37°C) or 
subjected to temperature shifts after adjustment to OD600 0.05 (37°C–24°C, and 37°C–
16°C). For temperature-dependent lysis experiments, cultures were shifted from 37°C to 
4°C. The OD600 of cultures shifted to 4°C was measured in 8–16 h intervals over 2 days. 
For growth on solid medium, 5 µL of exponentially growing cultures were spotted on LB 
agar plates and streaked out with an inoculation loop. Growth and colony morphology 
were examined after 16 h of incubation at 37°C.

Research Article Microbiology Spectrum

January 2026  Volume 14  Issue 1 10.1128/spectrum.02694-2515

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

20
 J

an
ua

ry
 2

02
6 

by
 1

29
.1

6.
14

0.
34

.

https://doi.org/10.1128/spectrum.02694-25


Laurdan spectroscopy

Laurdan generalized polarization (GP) was measured as described previously (67, 68). 
In short, B. subtilis  strains were grown in LB supplemented with 0.2% glucose. After 
reaching an OD600  of 0.6, cultures were stained with 10 µM laurdan for 5 min, 
washed four times with prewarmed (37°C or 24°C) laurdan buffer (phosphate-buf­
fered saline (Sigma-Aldrich), 0.2% glucose, 1% dimethylformamide), and resuspended 
to an OD600  of 0.3 using the same buffer. Kinetic laurdan measurements were 
performed at an excitation wavelength of 350 nm and emission wavelengths of 460 
and 500 nm using a BMG Clariostar Plus plate reader. Laurdan GP was calculated 
using the formula:

GP = I435 − I500
I435 + I500

Sporulation assays

Sporulation assays were performed at 37°C. Sporulation of strains 168CA (WT), PG344 
(spoIIIE::ery), PH5 (ytrA::ery), and GP2646 (ytrGABCDEF::ery) was induced by a published 
resuspension method (69) with some modifications. Overnight cultures were grown in 
BMM (70), diluted to an OD500 of 0.05 in fresh BMM, and grown to an OD500 of 0.5. 
Cultures were then harvested by centrifugation (16,200 × g, 2 min, 37°C). Cell pellets 
were resuspended in 1 mL prewarmed BMM without glucose, and the OD500 was 
readjusted to 0.5. Subsequently, 0.5 µg/mL of the membrane dye FM4-64 was added to 
the cell suspension, and incubation of the cells was continued. Fluorescence microscopy 
images were taken every hour from 2 to 10 h, and at 24 h after resuspension. Spore heat 
resistance assays were performed at 24 h after resuspension. Sporulation efficiency was 
determined by heating cells to 80°C for 10 min. Serial dilutions of heated and unheated 
samples were spread on LB agar plates and incubated at 37°C overnight. Spore yield 
was expressed as the ratio of the number of colonies in heated and unheated samples. 
Experiments were performed in biological duplicates.

Statistical analysis

Unless stated otherwise, experiments were performed in biological triplicates, and 
numerical values represent the average of biologically independent experiments. Error 
bars represent the standard deviation of the mean. Where appropriate, P values were 
calculated with unpaired, heteroscedastic t-tests using OriginPro (OriginLab Corporation, 
versions 2023).
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