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Growth rate is modulated by monitoring cell 
wall precursors in Bacillus subtilis

Yingjie Sun    , Sylvia Hürlimann & Ethan Garner     

How bacteria link their growth rate to external nutrient conditions is 
unknown. To investigate how Bacillus subtilis cells alter the rate at which 
they expand their cell walls as they grow, we compared single-cell growth 
rates of cells grown under agar pads with the density of moving MreB 
filaments under a variety of growth conditions. MreB filament density 
increases proportionally with growth rate. We show that both MreB filament 
density and growth rate depend on the abundance of Lipid II and murAA, the 
first gene in the biosynthetic pathway creating the cell wall precursor Lipid II. 
Lipid II is sensed by the serine/threonine kinase PrkC, which phosphorylates 
RodZ and other proteins. We show that phosphorylated RodZ increases 
MreB filament density, which in turn increases cell growth rate. We also show 
that increasing the activity of this pathway in nutrient-poor media results  
in cells that elongate faster than wild-type cells, which means that  
B. subtilis contains spare ‘growth capacity’. We conclude that PrkC functions 
as a cellular rheostat, enabling fine-tuning of cell growth rates in response to 
Lipid II in different nutrient conditions.

Since the seminal work of Monod, bacteria have been considered 
to grow as fast as the most limiting nutrient in the media allows1. To 
accomplish this, bacteria must balance the rates of synthesis of essen-
tial components, such as ribosomes, DNA, membranes and external 
protective structures2,3. For most bacteria, one essential structure is 
the peptidoglycan (PG) cell wall, a covalently crosslinked meshwork of 
glycans surrounding cells that confers shape and protection from lysis.

The Gram-positive rod-shaped bacterium Bacillus subtilis inserts 
new PG into the wall via the action of two different PG synthetic systems: 
the Class A PBPs and the Rod complex4,5. The Rod complex contains pro-
teins required for rod shape: the glycosyltransferase/transpeptidase 
pair RodA/Pbp2a, MreC, MreD, RodZ and MreB (Fig. 1a). MreB polymer-
izes into short, curved membrane-associated filaments that orient to 
align along the rod circumference6–9. MreB orientation constrains the 
Rod complex to move around the rod circumference as it synthesizes 
new PG10–12, resulting in a radial arrangement of glycans that reinforce 
the cell’s rod shape13.

Here we sought to understand how B. subtilis regulates the number 
of active PG synthetic enzymes and the rate at which they insert mate-
rial into the cell wall to enable us to better understand how growth rate 
in this model bacterium is controlled.

Results
The density of directionally moving MreB filaments increases 
with growth rate
The directional motions of the Rod complex are driven by PG  
synthesis10–12, so the activity of the Rod complex can be measured by 
quantifying the number and velocity of directionally moving MreB 
filaments13. As a previous Total Internal Reflection Fluorescence 
Structured Illumination Microscopy (TIRF-SIM) study revealed that 
MreB filaments in B. subtilis are too dense to resolve with conventional 
diffraction-limited TIRF microscopy14, we used our previously pub-
lished temporal correlation method to quantify directionally moving 
MreB filaments. This method counts the number of directionally mov-
ing particles imaged with TIRF microscopy by measuring the temporal 
correlations between adjacent pixels across the cell width as MreB 
filaments (or single molecules) move around the rod circumference13.

We measured the growth rate (using rate of volume increase as a 
proxy) of single cells growing under agar pads composed of different 
media while also measuring the density and velocity of MreB filaments. 
Our data showed that filament density increases with growth rate 
(Fig. 1b), an observation that we verified using TIRF-SIM (Extended 
Data Fig. 1a and Supplementary Video 1). Likewise, we found that 
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(CH)) than in poor media (S750 with glycerol as the carbon source), 
while they observed a ~2-fold increase in velocity between rich (LB) 
and poor (S) media (Extended Data Fig. 1h), similar to their previous 
study15. Together, these experiments led both groups to conclude that 
the differences between our observations arise from some unknown 
difference in our respective growth or imaging conditions that we have 
not been able to pinpoint (Supplementary Discussion 1). Both groups 
remain committed to working together to resolve this discrepancy.

Our single-cell growth data show that under our growth condi-
tions, B. subtilis increases the density of directionally moving Rod 
complexes while maintaining their velocity as growth rate increases, 
as also observed for E. coli15. Next we investigated how B. subtilis modu-
lates the density of Rod complexes. This is unlikely to occur via changes 
in the expression of proteins in the Rod complex because a previous 
proteomic study13 indicated that the abundance of these proteins is 
relatively constant in cells grown in different media (Extended Data 
Fig. 2a). We monitored cellular regulation of active Rod complexes by 
observing mNeonGreen-MreC molecules in different media. We found 
that in nutrient-poor media, most mNeonGreen-MreC molecules dif-
fused in the membrane, but increasingly rich media caused more MreC 
molecules to move directionally (Supplementary Video 3).

MurAA regulates the number of Rod complexes
Past work suggests that Lipid II, the immediate precursor for the 
synthesis of PG, might regulate Rod complex activity. Not only does 

mNeonGreen-MreC density also scaled with growth rate using our 
temporal correlation approach, as did the MreB-mNeonGreen density 
when cells were shifted from poor to rich media (Fig. 1c,d).

To verify that Rod complex velocity does not change with growth 
rate, we tracked single molecules of MreB-HaloTag, HaloTag-Pbp2a and 
mNeonGreen-MreC inside cells in different media. Our data showed 
that each protein’s velocity was invariant when cells were grown in 
different media (Extended Data Fig. 1b and Supplementary Video 2). 
We tracked MreB-mNeonGreen filaments (whose position is less accu-
rately determined) and observed a slight (20%) increase in velocity in 
rich media (Extended Data Fig. 1c,d), but found no change in filament 
velocity when cells were shifted from poor to rich media (Extended 
Data Fig. 1e). These findings contrast with a previous report15 which 
observed a 2-fold increase in MreB velocity for cells growing in LB 
as a rich medium relative to cells growing in S minimal medium. We 
collaborated extensively with the Carballido-López group to under-
stand why our findings differ. They re-analysed two of our datasets to 
show that the discrepancy did not arise from differences in analysis, 
because their quantitation of our single-molecule data also observed 
no change in MreB-HaloTag velocity in three different media (Extended 
Data Fig. 1f) and likewise, their analysis of our media shift also found 
MreB-mNeonGreen velocity to be fairly constant (Extended Data 
Fig. 1g). However, independent experiments using the same strain in 
each lab produced different results. We observed MreB-msfGFP veloc-
ity was only slightly (~20%) faster in rich media (LB or casein hydrolysate 
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Fig. 1 | MreB filament density increases with growth rate. a, Schematic of the 
Rod complex. Arrow indicates Lipid II being flipped across the membrane.  
b, Directional MreB filament density increases with growth rate. Cells expressing 
MreB-mNeonGreen (bYS09) were grown in the indicated media under agar 
pads. Their growth rate and directional MreB were determined by single-cell 
analysis. Cells have a similar growth rate in S750 glycerol and maltose, with 
correspondingly similar MreB densities. c, Directional MreC density increases 
with growth rate. Cells expressing mNeonGreen-MreC (bYS170) were grown 
in the indicated media under agar pads. Their growth rate and directional 
MreC density were determined by single-cell analysis. See also Supplementary 

Video 3. d, MreB filament density increases during nutrient upshifts. Cells 
expressing MreB-mNeonGreen (bYS09) were grown in S750 glycerol for 6 h in 
batch culture, briefly washed in CH, then placed under a pad made of CH media 
immediately before imaging with TIRF. Plotted is the growth rate and the density 
of directionally moving MreB filaments. See also Supplementary Video 4. 
‘Doublings per hour’ indicates the rate at which cell volume doubles as measured 
by single-cell microscopy. For details regarding statistics, see ‘Statistics’ in 
Methods. All constructs are at the native locus. Error bars and envelopes in d 
represent s.d. N values are available in Supplementary Table 1.
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the relative abundance of MurAA (the first enzyme in the pathway 
synthesizing Lipid II16) increase with growth rate (Extended Data 
Fig. 2b)13, but perturbations that fully deplete Lipid II also cause 
MreB filaments to depolymerize, thereby inactivating the associated  
synthetic enzymes17.

To test whether Lipid II production affects MreB filament den-
sity, we titrated the expression of murAA by putting the native copy 
under a xylose-inducible promoter. Increasing murAA induction led 
to increases in both MurAA abundance (Extended Data Fig. 2c) and 
Lipid II levels (Fig. 2a and Extended Data Fig. 2d–f). In nutrient-rich 
CH media, low murAA induction decreased the growth rate and MreB 
density (Fig. 2b). As murAA induction increased, so did growth rate and 
MreB density, with high induction enabling growth rate to match that 
of wild-type (WT) cells where murAA is under its native promoter. Fully 
depleting MurAA caused MreB filaments to depolymerize away from 
the membrane (Supplementary Video 5).

When we repeated murAA titrations in cells growing in slow-growth 
media (S750 glycerol), we observed that low murAA induction reduced 
MreB and MreC density and cell growth, but high murAA inductions 
not only increased the density of both MreB (30%) and MreC (32%) 
compared with WT cells, but also caused cells to grow 45% faster than 
WT cells in the same media (Fig. 2b,c). We produced similar results 

when titrating murAA in cells lacking fluorescently tagged MreB or 
MreC, with cells lysing at extremely low murAA inductions in CH or 
LB (Fig. 2d). Consistent with previous experiments, MreB and MreC 
velocity remained unchanged (Extended Data Fig. 2g,h). These data 
indicate that B. subtilis does not grow at its maximal possible rate in 
limiting nutrient conditions, unlike in rich media.

MreB filament density is regulated by Lipid II levels
To test whether MreB filaments are regulated via interactions with 
the membrane-associated Mur proteins, we tracked single-molecule 
motions of MraY, MurG and the Lipid II flippases MurJ and Amj18. 
None of these proteins showed directional motion (Supplementary 
Video 6), indicating that they do not form stable interactions with the  
Rod complex.

As the above experiments suggested that Lipid II regulates MreB 
filaments, we next tested whether this regulation arises from cyto-
plasmic or external-facing Lipid II. First, we observed MreB with TIRF 
microscopy as we depleted both Lipid II flippases, which we hypoth-
esized would cause Lipid II to accumulate in the cytoplasmic orienta-
tion, as it cannot be flipped into the periplasmic orientation. Similar to 
previously reported murG/murB and uppS depletions17, depleting both 
flippases caused MreB filaments to depolymerize off the membrane 
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Fig. 2 | The density of moving Rod complexes are regulated by murAA 
activity and Lipid II levels. a, Lipid II abundance during murAA titrations and 
in the presence of antibiotics, normalized to Lipid II levels in WT cells. Lipid 
II abundance increases in Pxyl-murAA (bYS365) cells when murAA is induced 
with xylose at higher levels. Sub-MIC treatment with moenomycin (2.5 μg ml−1) 
or cefotaxime (0.25 μg ml−1) in WT cells causes Lipid II accumulation, while 
100 μg ml−1 fosfomycin fully depletes Lipid II (see also Extended Data Fig. 2d–f). 
b, The density of directionally moving MreB filaments can be titrated with murAA 
induction. Cells containing MreB-mNeonGreen and xylose-inducible murAA 
(bYS497) were grown in rich media (CH, left) or poor media (S750 glycerol, 
right) at different murAA inductions, and their single-cell growth rate and 
directional MreB density were determined. WT indicates MreB-mNeonGreen 
cells with murAA under native control (bYS09). See also Supplementary Video 5. 

c, MreC density increases with increasing murAA induction. Cells containing 
mNeonGreen-MreC and xylose-inducible murAA (bYS499) were grown with 
different xylose concentrations in S750 glycerol. WT indicates cells containing 
mNeonGreen-MreC with murAA under native control (bYS170). d, Growth rate 
can be titrated with murAA inductions in different media, with low inductions in 
rich media causing lysis. Cells with MurAA under xylose control (bYS365) were 
grown with different inducer concentrations, and their growth rates assayed in 
different media. Red box indicates the murAA inductions in LB and CH where  
cells did not grow and lysed. Dashed lines represent the mean of WT values.  
All constructs are at the native locus. N values are available in Supplementary 
Table 1. Data in a–c are mean  ±  s.d. In d, boxes indicate 25th–75th percentiles, 
whiskers indicate 10th–90th percentiles, the midline indicates median  
and + indicates the mean.
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(Supplementary Video 7), indicating that MreB filaments are regulated 
directly or indirectly from external-facing Lipid II.

To verify that MreB filament density correlates with the amount 
of Lipid II, rather than with cellular growth rate, we treated cells with 
sub-minimum inhibitory concentration (MIC) levels of moenomycin 
and cefotaxime. Both of these antibiotics are known to slow growth 
and cause Lipid II accumulation19 (Fig. 2a and Extended Data Fig. 2d,e). 
Treatment with moenomycin and cefotaxime reduced the growth 
rate of cells in S750 glycerol as expected, but our temporal correla-
tion approach revealed that the density of MreB filaments increased 
(Extended Data Fig. 2i). This experiment demonstrates that MreB fila-
ment density is modulated by externally facing Lipid II, independent 
of the growth rate.

PrkC activity increases MreB density and growth rate
To determine what protein might allow B. subtilis to sense Lipid II, we 
applied different chemical inhibitors to find compounds that would 
inhibit growth in a media-dependent manner. Staurosporine, an inhibi-
tor of serine/threonine protein kinases, reduced the growth rate of 
cells in minimal but not in rich media (Fig. 3a), suggesting that signal-
ling mediated by Lipid II might occur via one of B. subtilis’ four serine/
threonine kinases20. To assess the roles of the B. subtilis Ser/Thr kinases, 
we grew cells lacking prkA, prkC, prkD or yabT (Supplementary Table 2) 
in S750 glucose and S750 glycerol and found that they grew slower 
than WT cells. The greatest reduction in growth rate (45%) occurred 
in cells lacking prkC growing in S750 glycerol. In another experiment, 
we found that a 47% reduction also occurred when we overexpressed 
PrkC’s cognate phosphatase, prpC, suggesting a role for PrkC in mediat-
ing Lipid II sensing (Fig. 3b).

PrkC contains a cytoplasmic kinase domain and three external- 
facing penicillin-binding and serine/threonine kinase-associated 
domains. The most membrane proximal penicillin-binding and serine/ 
threonine kinase-associated domain of PrkC and its homologues  
have been shown to bind to either Lipid II or muropeptides (a moiety  
within Lipid II), and this binding event increases PrkC’s kinase  
activity20–25. Using a recently developed FRET reporter, PrkC activity  
has been demonstrated to increase in the presence of the Lipid II- 
accumulating antibiotic cefotaxime26. PrkC and PrpC levels have  
been shown to be relatively constant in different media13 (Extended 
Data Fig. 3a).

To see whether PrkC modulates MreB filament density, we tested  
the effect of PrkC activity on MreB filaments in cells in minimal media.  
We found that prkC overexpression caused MreB-mNeonGreen- 
containing cells in S750 glycerol to have 27% more MreB filaments, 
and to grow 28% faster than WT cells in the same media (Fig. 3c and 
Supplementary Video 8). We also tested the growth of ∆prpC cells 
harbouring MreB-mNeonGreen in S750 glycerol and found that they 
contained more MreB filaments and grew faster than WT cells, consist-
ent with the expectation that removing PrkC’s cognate phosphatase 
should increase the amount of PrkC substrates that are phosphory-
lated. Conversely, ∆prkC cells grown in S750 glycerol contained fewer 
MreB filaments and grew slower than WT, and prpC overexpression 
reduced MreB filament density and growth rate compared with WT. 
Overall, we found that overexpression or deletion of prkC affected 
growth rate and MreB filaments in minimal but not rich media, exactly 
as we observed for murAA overexpression.

Next we assayed the effects of overexpressing or deleting prkC in 
strains that did not harbour the MreB-mNeonGreen fusion. In these 
strains, which have the untagged WT MreB at its native locus, PrkC had 
an even larger effect on growth rate, and its ability to modulate growth 
rate was media dependent. For example, prkC overexpression in S750 
with poor carbon sources (glycerol and maltose) increased the growth 
rate (76% in glycerol, 83% in maltose), whereas the growth rate was 
reduced when prkC was deleted (Extended Data Fig. 3b,c). In contrast, 
the growth rate in S750 glucose (a more optimal carbon source) stayed 

constant when prkC was overexpressed but decreased when prkC was 
deleted. Importantly, ∆prkC cells growing in both S750 glycerol and 
CH contained MreB filaments (Fig. 3c), demonstrating that B. subtilis 
contains another process, independent of PrkC, that also modulates 
the number of MreB filaments.

PrkC-mediated growth acceleration in minimal media required 
both pentapeptide binding and kinase activities. Cells containing or 
overexpressing PrkC harbouring mutations that either block pentapep-
tide binding (R500E)24 or abolish kinase activity (K40R)27 as the only 
copy of PrkC did not grow faster than WT cells (Fig. 3d). Furthermore, 
PrkC’s growth-enhancing effect is downstream of MurAA because over-
expressing murAA did not accelerate the growth of ∆prkC cells (Fig. 3e). 
Likewise, murAA overexpression did not increase the growth rate of 
cells containing PrkC(R500E) (Fig. 3e), demonstrating that the growth 
acceleration caused by murAA overexpression requires PrkC to bind to 
Lipid II. Together, these experiments suggest that PrkC modulates both 
MreB filament density and overall growth in nutrient-limited media by 
sensing the amount of external-facing Lipid II, resulting in more MreB 
filaments on the membrane.

PrkC regulates MurAA abundance, allowing for faster growth 
in poor media
Accelerated growth by PrkC overexpression should require more Lipid 
II synthesis, and thus more MurAA. Recent work showed that MurAA 
degradation by ClpCP is mediated by YrzL and YpiB, and is inhibited 
when YrzL is phosphorylated by PrkC25. To test whether PrkC over-
expression accelerates growth by increasing MurAA abundance, we 
measured native MurAA levels by quantitating the cellular fluorescence 
of a MurAA-mNeonGreen fusion. As reported25, we found that overex-
pression of prkC increased MurAA levels, whereas prpC overexpression 
reduced MurAA levels (Fig. 3f). Likewise, ∆yrzL and ∆ypiB cells con-
tained larger amounts of MurAA. Importantly, when we blocked YrzL 
phosphorylation by introduction of a phospho-dead T7A mutation 
(Supplementary Table 2), we observed decreased amounts of MurAA, 
whereas introduction of the phosphomimetic mutation YrzL(T7E) 
increased the abundance of MurAA. To characterize the production of 
YrzL and YpiB, we examined previously published proteomic datasets 
and found that levels of YrzL and YpiB decrease as cells are grown in 
increasingly rich media13 (Extended Data Fig. 3d). We propose that PrkC 
senses Lipid II levels to adjust the rate of cell growth and also controls 
MurAA abundance to increase Lipid II production.

PrkC modulates the density of MreB filaments by 
phosphorylating RodZ
Although our data indicate that PrkC modulates the number of MreB 
filaments, the underlying mechanism is not known. We analysed the 
motion of HaloTag-PrkC using single-molecule tracking but did not 
observe any directional motion, which means that it is unlikely that 
PrkC interacts with the Rod complex (Supplementary Video 9). Next, we 
tested whether a substrate of PrkC regulates the number of MreB fila-
ments. PrkC has been reported to phosphorylate numerous proteins28,29 
including RodZ, which is a component of the Rod complex. RodZ is a 
transmembrane protein with an extracellular region that interacts with 
RodA/Pbp2a, and a cytoplasmic MreB binding domain (Supplemen-
tary Discussion 2)6,30. E. coli lacking RodZ or its cytoplasmic domain 
contain fewer MreB filaments31, and RodZ levels control MreB filament 
density13, suggesting that RodZ promotes MreB filament formation via 
nucleation or stabilization. We verified that in common with MreC, 
MreD and Pbp2A11, a fraction of RodZ molecules move directionally 
around the cell while others diffuse along the membrane, and more 
RodZ molecules move directionally when cells were grown in richer 
media (Supplementary Video 9).

Phosphoproteomic studies previously suggested that PrkC phos-
phorylates RodZ at serine 85, a residue in the linker adjacent to its 
MreB binding domain6,28. We used PhosTag gels to validate that RodZ is 
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Fig. 3 | PrkC activity can limit and overdrive cell growth. a, Staurosporine 
reduces the rate of single-cell growth. WT (PY79) was grown in different 
media at the indicated staurosporine concentrations. b, Effects of kinases 
and phosphatases on cell growth. The growth rate of cells in S750 glucose and 
glycerol was assayed in strains containing deletions of different Ser/Thr kinases 
(bYS542, bYS959, bYS963 and bYS967) or ectopic PrpC overexpression (bYS545 
with 30 mM xylose). c, PrkC activity can limit or overdrive cell growth and 
MreB filament density. The growth rate and MreB filament density of strains 
modulating PrkC activity in nutrient-rich (left) and nutrient-limited media 
(right). PrkC and PrpC were ectopically overexpressed by growing bYS730  
(MreB-mNeonGreen, pxyl-prkC) or bYS732 (MreB-mNeonGreen, pxyl-prpC)  
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MreB-mNeonGreen, ∆prpC. d, PrkC’s Lipid II binding and kinase activity are 
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activity feeds back to murAA expression. Integrated fluorescence of MurAA-
mNeonGreen cells (bYS397 in S750 glycerol) compared to cells containing 
ectopically overexpressed prkC (bYS1063 induced with 30 mM xylose) or prpC 
(bYS1065 induced with 30 mM xylose), ∆prkC (bYS893), ∆yrzL (bYS1069), 
∆ypiB (bYS1071), ∆clpC (bYS1067), and cells ectopically expressing YrzL(T7E) 
(bYS1074) and YrzL(T7A) (bYS1073) as the only copy induced with 1 mM xylose. 
Dashed line separates experiments examining PrkC’s and ClpC’s effect on MurAA 
abundance. MurAA fluorescence was acquired by epifluorescence microscopy 
and normalized to the level of WT MurAA-mNeonGreen cells. All data points 
represent the fluorescence of >1,000 cells. For b and d, WT is PY79; for c and 
e, WT is MreB-mNeonGreen (bYS09); and for f, WT is MurAA-mNeonGreen 
(bYS397). Dashed lines represent the mean of WT values. All constructs are at the 
native locus unless otherwise indicated. N values are available in Supplementary 
Table 1. In a, b and f, boxes indicate 25th–75th percentiles, whiskers indicate 
10th–90th percentiles, the midline indicates median and + indicates the mean. 
Data in c, d and e are mean ± s.d.
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phosphorylated at S85 by PrkC (Extended Data Fig. 4a). RodZ phospho-
rylation increased when we either increased murAA expression, over-
expressed prkC or deleted prpC, suggesting that PrkC phosphorylates 
RodZ in response to increased Lipid II. Likewise, RodZ phosphorylation 
was almost eliminated in the absence of prkC (Fig. 4a and Extended Data 
Fig. 4b). Furthermore, RodZ phosphorylation scaled with the growth 
rate of cells in different media and when carbon, nitrogen or phosphate 
were limiting (Fig. 4b).

To test whether RodZ phosphorylation could modulate cell 
growth, we created strains in which serine 85 in RodZ was changed 
to either alanine (S85A, mimicking dephosphorylation) or glutamic 
acid (S85E, mimicking phosphorylation) (Supplementary Table 2). We 
found that cells in S750 glycerol containing RodZ(S85E) contained 37% 

more MreB filaments (Fig. 4c and Supplementary Video 10) and grew 
65% faster than WT cells grown in the same media, with growth rates 
close to the growth rate of WT cells in S750 glucose. Conversely, cells 
containing RodZ(S85A) showed a slightly reduced growth rate and 
fewer filaments. As with overexpression of murAA and prkC, RodZ(S85E) 
did not accelerate growth in CH. The effects of RodZ phosphorylation 
are epistatic to MurAA and PrkC, as RodZ(S85A) abolished the faster 
growth of both murAA and prkC overexpression (Fig. 4c,d). However, 
without prkC, RodZ(S85E) was not sufficient to increase growth rate, 
suggesting that PrkC phosphorylates proteins other than RodZ for 
cells to attain accelerated growth (Fig. 4c).

Modulation of growth by PrkC could serve different functions. 
First, it could help cells adapt to conditions causing Lipid II fluctuations. 

0.1 0.2 WT 30
0

0.5

1.0

1.5

2.0

Xylose (mM)

D
ou

bl
in

gs
 p

er
 h

ou
r

1.0 1.5

1

2

3

Doublings per hourDoublings per hour

S750
glycerol

1.6 1.8 2.0 2.2
1.5

2.0

2.5

3.0

3.5

4.0

M
re

B 
de

ns
ity

 (n
o.

 µ
m

−2
)

CH

0 0.5 1.0 1.5 2.0 2.5
0

0.1

0.2

0.3

0.4

0.5

0.6

Doublings per hour

Ro
dZ

 p
ho

sp
ho

ry
la

tio
n 

le
ve

l (
a.

u.
)

S750 C limited
S750 N limited
S750 P limited

S750 glycerol

S750 glucose CH

c d

a b

WT

RodZ(S85A) 

∆prkC

prkC
 O

E

prp
C O

E

0.5 m
M

1 m
M

30 m
M

0

0.2

0.4

0.6

0.8

1.0

Ro
dZ

 p
ho

sp
ho

ry
la

tio
n 

le
ve

l (
a.

u.
)

murAA induction

WT RodZ(S85A) RodZ(S85E)
RodZ(S85E),
∆prkC

RodZ(S85A),
∆prkC

RodZ(S85E),
prkC OE

Pxyl-murAA
Pxyl-murAA
RodZ(S85A) 

Pxyl-murAA
RodZ(S85E) 

Fig. 4 | PrkC regulates MreB filaments and cell growth via RodZ 
phosphorylation. a, RodZ phosphorylation depends on PrkC activity and 
MurAA induction. PhosTag SDS–PAGE was used to quantitate (via a gel imager) 
the fractional phosphorylation of HaloTag-RodZ labelled with 1 μM JF549 
HaloTag during steady-state growth. All strains were grown in S750 glycerol. 
Strains used: HaloTag-RodZ (bYS163), HaloTag-RodZ (S85A) (bYS165) and 
HaloTag-RodZ with ΔprkC (bYS646). Ectopic overexpression of prkC (bYS643) 
or prpC (bYS644) was induced using 30 mM xylose in cells containing HaloTag-
RodZ. HaloTag-RodZ cells with xylose-inducible murAA (bYS642) were grown 
with the indicated inducer concentrations. Line indicates mean. b, RodZ 
phosphorylation scales with the growth rate of cells in different media. HaloTag-
RodZ (bYS163) was grown in different media, and the phosphorylation level of 
RodZ assayed using PhosTag SDS–PAGE gels after cells were labelled with 1 μM 
JF549 HaloTag. ‘S750 limited’ corresponds to conditions where cells were grown 
in S750 glycerol where the glycerol for carbon (C), glutamate for nitrogen (N) 
or KH2PO4 for phosphate (P) was reduced by 50-fold. c, During slow growth, 

phosphorylation of RodZ controls MreB filament number and growth rate. Left: 
the growth rate and MreB density of cells containing MreB-mNeonGreen grown 
in CH media, comparing RodZ(S85E) (bYS749) and RodZ(S85A) (bYS748) to WT 
(bYS09). Right: the growth rate and MreB density of cells grown in S750 glycerol, 
with the RodZ S85E and S85A mutations combined with ∆prkC (bYS623 and 
bYS624) or ectopic overexpression of prkC (bYS625) induced with 30 mM xylose. 
d, PrkC-mediated RodZ phosphorylation allows cells to survive across a range of 
Lipid II levels. The growth rate of WT RodZ(bYS365), RodZ(S85A) (bYS631) and 
RodZ(S85E) (bYS633) cells with xylose-inducible murAA grown in S750 glycerol as 
murAA was induced at different levels. At low murAA inductions (0.1 mM xylose), 
RodZ(S85E) cells stopped growing and underwent lysis (red box). Data in  
a–c are mean ± s.d. Dashed lines in c represent the mean of WT values.  
All constructs are at the native locus unless otherwise indicated. N values  
are available in Supplementary Table 1. In d, boxes indicate 25th–75th percentiles, 
whiskers indicate 10th–90th percentiles, the midline indicates median  
and + indicates the mean.
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Indeed, ∆prkC cells show growth defects relative to WT and ∆prpC 
cells in the presence of sub-MIC levels of cell wall-targeting antibiotics 
(Extended Data Fig. 4c–i). Second, PrkC could serve to tune the rate of 
Lipid II production and incorporation across different nutrient condi-
tions. If so, decoupling the rate of Lipid II production from cell wall 
synthesis should result in fitness defects, similar to how low murAA 
inductions cause cells in rich media to lyse (Fig. 2d). To test this hypoth-
esis, we used phosphomutants of RodZ to over- or under-activate PG 
synthesis, and grew these strains in conditions of varying murAA induc-
tion and with different nutrients. Cells containing RodZ(S85E) at low 
murAA induction lysed, showing that overactivation of PG synthesis is 
detrimental when Lipid II is limiting (Fig. 4d). RodZ(S85A) cells grew 
slower than WT RodZ or RodZ(S85E) cells at high murAA inductions, 
indicating that cells cannot achieve a maximal growth rate if PrkC can-
not modulate PG synthesis. Similar effects were observed when RodZ 
mutants were grown in media with different concentrations of essential 
nutrients (Fig. 5a). In minimal media with saturating carbon (glycerol) 
and nitrogen (glutamate), RodZ(S85E) cells showed a growth advantage 
relative to WT and RodZ(S85A) cells. Conversely, when carbon and 
nitrogen sources were limiting, RodZ(S85A) cells in saturating nutri-
ents were unable to attain the maximal growth rate of RodZ(S85E) but 
showed a growth advantage relative to both WT and RodZ(S85E) cells. 
PrkC also modulates how fast B. subtilis adapts to nutrient shifts: when 
shifted from carbon-poor to carbon-rich media, ΔprkC cells adapted 
slower and ΔprpC cells adapted faster than WT cells (Fig. 5b). Likewise, 
ΔprkC cells adapted slower than WT cells during nutrient downshifts 
(Extended Data Fig. 5a).

Morphologically, all three growth-accelerated strains had similar 
differences compared to WT cells. First, all showed a reduced cell width 
(Extended Data Fig. 5b), which probably arises from their increased 
density of MreB filaments13. All three strains also showed increased cell 
length and volume (Extended Data Fig. 5c,d), similar to what occurs 
when WT B. subtilis is grown in richer media13,32,33.

Accelerated growth correspondingly increases other essential 
processes
Given that RodZ(S85E) and overexpression of murAA and prkC each 
accelerate cell growth by increasing the rate of cell-wall insertion, we 
wanted to test whether other essential processes in the cell scale accord-
ingly. When WT cells are grown in richer media, it has been reported 
previously that other essential processes scaled to keep up with growth 
rate, including the concentration of ribosomes (increases to increase 
the rate of protein synthesis34) and the frequency of division (increases 
to match the frequency of cell doubling in size and to maintain cell 
size homoeostasis35), and the number of replication forks per volume 
remains constant36.

To test whether other essential processes in our growth-accelerated 
mutants scale as well, we assayed the amount of ribosomes, frequency 
of division and number of DNA replication forks in cells that either 
overexpressed murAA or prkC, or contained RodZ(S85E), and compared 
these measurements to those for WT cells growing in different media. 
These experiments revealed that all three processes scaled equivalently 
with the accelerated growth rate, similar to what has been observed for 
WT cells grown in different media: as growth rate increases, the number 
of ribosomes increases34 (Fig. 5c), their frequency of division increases 
and interdivision time decreases35 (Fig. 5d and Extended Data Fig. 5e), 
while the number of replication forks per volume remains roughly 
constant36 (Fig. 5e).

Discussion
Together, our data demonstrate that rather than maximizing growth 
solely on the most limiting metabolite under conditions of slow growth, 
B. subtilis appears to modulate the overall rate of cell growth by meas-
uring the flux of Lipid II through cell wall synthesis and subsequently 
tuning the number of active Rod complexes. This is further evidenced 

by the strong correlation between MreB filament density and growth 
rate across all our experiments (Fig. 5f). The cell’s metabolic state and 
PG synthetic activity are connected via PrkC, a kinase that phosphoryl-
ates multiple proteins when activated by Lipid II. Increased Lipid II levels 
cause PrkC to phosphorylate RodZ, increasing the number of MreB 
filaments and enzymes inserting material into the wall, causing cells to 
elongate faster (Fig. 5g). PrkC-mediated tuning of MreB filaments must 
occur in addition to some other MreB regulating process, as ∆prkC cells 
still contain MreB filaments in both rich and poor media. Furthermore, 
PrkC also modulates MurAA stability via YrzL, thereby controlling 
Lipid II, the signal that activates PrkC. This positive feedback might 
serve to increase the amount of PG precursors needed for increased 
Rod complex activity as nutrients increase (Fig. 5g).

While this study focused on cell wall synthesis, PrkC and its 
homologues21,37,38 not only modulate (p)ppGpp synthesis39 but also 
phosphorylate hundreds of proteins involved in different cellular 
processes28,29,40. Accordingly, we see that other cellular processes scale 
accordingly with the increased growth caused by overactivation of the 
PrkC pathway. Together, these results suggest that PrkC might func-
tion as a cellular rheostat, tuning the activities of different cellular 
processes in response to Lipid II so their activities scale across a range 
of nutrient conditions.

Our findings have implications for our understanding of the limi-
tations of bacterial growth. While it has been long held that the most 
limiting nutrient determines the maximal growth rate of bacteria, 
these experiments reveal that when growing in limiting nutrients under 
agar pads, B. subtilis still contains the potential to grow ~1.5 faster in 
minimal media, similar to what has been observed in E. coli mutants 
increasing carbon flux41,42. Along with other work demonstrating that 
carbon-limited E. coli contains an excess of inactive ribosomes43, our 
findings suggest that rather than growing at the maximal possible rate, 
B. subtilis actively holds back some growth capacity in reserve, activat-
ing or deactivating this capacity to tune their growth in response to the 
nutrient state or the presence of antibiotics.

Methods
Culture growth
Unless otherwise noted, B. subtilis was grown in CH medium or S750 
minimal media with different carbon sources. Where indicated, xylose 
or isopropyl thiogalactoside (IPTG) was added. Cells were grown at 
37 °C to an optical density (OD)600 of ~0.4–0.6. The default concentra-
tion of the carbon source in S750 was 1%.

General imaging conditions
All components were prewarmed to 37 °C including MatTek dishes, 
coverslips, agarose pads and media. Exposure times varied between 
300 ms and 1 s, as indicated, and the interval between frames was 1 s. 
A 488 nm laser line was used for the imaging of mNeonGreen, and a 
561 nm laser line was used for the imaging of JF549-Halo dye.

Single-cell growth rate time-lapse experiments
Cell culture (2 μl) was spotted on No. 1.5 glass-bottomed dishes (Mat-
Tek) under 3% agarose pads made with growth media. Phase-contrast 
images were collected on a Nikon Ti microscope equipped with a Hama-
matsu ORCA Flash4 CMOS camera with a Nikon Plan Apo λ ×100/1.4NA 
objective with exposure times of 300 ms and pixel size of 64 nm. Images 
were acquired from 30 to 60 fields of view every 2 min for a total of 
2–4 h using Nikon NI Elements. Analysis of phase-contrast time-lapse 
movies was performed using a custom-built package in MATLAB. The 
doubling time was calculated on the basis of polynomial fitting of 
ln(A(t)) = k × t + b, where A(t) is the cell area, t is the time, and k and b 
are the coefficients for the polynomial fit. The growth rate (doublings 
per hour) was calculated as 60/Td, where Td is the doubling time and is 
calculated as ln(2)/k. Traces were excluded if the R2 for the fitting of 
ln(A(t)) versus t was less than 0.90.
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Fig. 5 | The MurAA/PrkC system tunes the rate of cell growth in various 
nutrient conditions. a, RodZ phosphorylation gives a growth advantage when 
cells have excess nutrients but is detrimental when nutrients are limiting. Growth 
rates of WT (PY79), RodZ(S85A) (bYS125) and RodZ(S85E) (bYS127) cells assayed 
in either S750 glycerol or S750 glycerol where the carbon (glycerol), nitrogen 
(glutamate) or phosphate (KH2PO4) were diluted 50-fold. b, PrkC modulates the 
rate at which cells adapt to nutrient upshifts. The growth rates of WT(PY79), ΔprkC 
(bYS542) and ΔprpC (bYS543) were measured as cells were shifted from S750 
with 0.02% glycerol to S750 with 1% glycerol. c, The amount of ribosomal proteins 
increases with the faster growth rates of accelerated strains. Growth rate vs  
RplL-GFP expression in WT cells (bER1103), cells containing RodZ(S85E) 
(bSKH325) and cells overexpressing murAA (bSKH338) or ectopically 
overexpressing prkC (bSKH348) induced with 30 mM xylose. All cells expressed 
RplL-GFP at the native locus. The amount of RplL-GFP per unit area of cells 
was normalized to the level of WT(bER1103). d, Cells divide more frequently 
as growth-accelerated cells grow faster. Division frequency was measured by 
the frequency of mNeonGreen-pbp2B constriction in cells containing just the 
fluorescent fusion (bME07), cells containing RodZ(S85E) (bSKH389) and cells 
overexpressing murAA (bSKH55) or ectopically overexpressing prkC (bSKH387) 
induced with 30 mM xylose. See also Extended Data Fig. 5e. e, Initiation of DNA 
replication remains constant across different growth-accelerated strains. The 
growth rate and the DnaN-msfGFP foci density per μm3 in WT cells (bYS1145), cells 

containing RodZ(S85E) (bYS1149) and cells overexpressing murAA (bYS1151) or 
ectopically overexpressing prkC (bYS1152) induced with 30 mM xylose. f, MreB 
filament density scales with growth rate across all media conditions and genetic 
perturbations. MreB filament density plotted against growth rate using all data 
from Figs. 1b, 2b, 3c, 3e and 4c. g, Model for regulation of cell growth by PrkC.  
Top: schematic of PrkC-mediated control of cell growth by Lipid II. PrkC senses the 
amount (or flux) of Lipid II. Activated PrkC then phosphorylates RodZ, YrzL and 
other cellular targets. Phosphorylated RodZ then increases the amount of MreB 
filaments (either by nucleation or stabilization), which then activates the enzymes 
within the Rod complex. PrkC also phosphorylates YrzL, which increases the 
amount of MurAA by preventing its degradation by ClpCP, thus increasing Lipid 
II levels. Bottom left: when nutrients are limiting, there is low level of Lipid II, and 
thus PrkC is relatively inactive. This causes RodZ to be mostly unphosphorylated, 
resulting in only a few MreB filaments per cell. Bottom right: as external nutrients 
increase, Lipid II abundance increases, leading to increased PrkC activity. This 
results in an increased phosphorylation of RodZ, which increases the number of 
MreB filaments in the cell, causing cells to elongate faster. All strains were grown 
in S750 glycerol unless otherwise noted. Dashed lines in a and c–f represent 
the mean of WT values. All constructs are at the native locus unless otherwise 
indicated. N values are available in Supplementary Table 1. In a, boxes indicate 
25th–75th percentiles, whiskers indicate 10th–90th percentiles, the midline 
indicates median and + indicates the mean. Data in b–f are mean ± s.d.
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For nutrient upshift analyses, cells were first grown in slow-growth 
media to mid-log (OD600 of ~0.4–0.6) and then imaged under 3% agarose 
pads with the fast-growth media. Phase-contrast time-lapse movies 
were then segmented, and single-cell growth rates were calculated on 
the basis of the piece-wise linear fitting of the area of cells. The instan-
taneous rate of growth during shift was calculated by rolling window 
regression using a window of 15 min.

Bulk growth rate measurements
Cultures were grown at 37 °C to an OD600 of ~0.6. The cultures were 
diluted back to a calculated OD600 of 0.05 (replicated in 2–5 wells for 
each culture) and their growth measured using an Epoch microplate 
spectrophotometer (BioTek) at 37 °C with continuous shaking. The 
growth rates were calculated from OD600 measurements that were 
recorded every 5 min for 6–10 h.

TIRF-SIM imaging of MreB-mNeonGreen
Cells were prepared as described in ‘Culture growth’. Cells were placed 
under an agarose pad in a No. 1.5 glass-bottomed dish (MatTek) for 
imaging. Images were collected on a GE OMX in TIRF-SIM mode, using 
an Edge 5.5 sCMOS camera (PCO AG) and a ×60 objective. Exposures 
(100 ms) from a 488 nm diode laser were used for each rotation. Raw 
images were reconstructed using SoftWoRx software (GE Healthcare). 
The pixel size after reconstruction was 40 nm.

MreB-mNeonGreen and mNeonGreen-MreC dynamics assayed 
by TIRFM
Cells were prepared as described in ‘Culture growth’. Images were col-
lected on a Nikon Ti microscope equipped with a Hamamatsu ORCA 
Flash4 CMOS camera with a Nikon ×100/1.45NA objective. The pixel 
size was 65 nm. Cells were imaged with TIRFM for 120 s, followed by a 
single phase-contrast image.

For the nutrient upshifts conducted on strains expressing 
MreB-mNeonGreen, cultures grown in slow-growth media to mid-log 
(OD600 of ~0.6) were concentrated by centrifugation at 4,500 g for 
60 s. The cell pellet was resuspended in nutrient-rich media (CH). Cell 
culture (2 μl) was then spotted on an ethanol-cleaned MatTek dish with 
a No. 1.5 glass coverslip under a 3% agarose pad containing CH, placed 
into a 37 °C chamber and immediately imaged. Time-lapse imaging of 
MreB-mNeonGreen was performed every 15 min with 300 ms exposures 
and 1 s time interval.

Imaging MreB-HaloTag, HaloTag-Pbp2a, HaloTag-RodZ, 
HaloTag-MurG and HaloTag-PrkC by TIRFM
MreB-HaloTag cells were incubated with 50 pM of HaloTag-JF549 
ligand for 30 min during growth at 37 °C with rotation and then washed 
twice with 2 volumes of growth media for sparse labelling. Cells were 
imaged at 1 s intervals using TIRF microscopy. The time interval for 
MreB-HaloTag and HaloTag-Pbp2a was 500 ms and 1 s, respectively. 
HaloTag-Pbp2a, HaloTag-RodZ and HaloTag-PrkC were incubated 
with 1 uM of HaloTag-JF549 ligand for 30 min for complete labelling. 
Following this, cells were washed twice with 2 volumes of growth media 
before imaging. HaloTag-MurG was incubated with 100 μM IPTG for 
30 min and then labelled with 1 μM of HaloTag-JF549 ligand for 30 min 
for labelling.

Analysis of the velocity of directionally moving MreB, MreC 
and Pbp2a
Particle tracking of MreB, MreC and Pbp2a was performed using the 
software package FIJI44 and the TrackMate plugin45. First, the phase 
images of cells were segmented, then a segmentation mask was used 
to reject the tracks outside of the cells. Spots with a diameter of 250 nm 
were identified using the Laplacian of Gaussians detector. These spots 
were tracked over a 100 nm search radius using the linear motion LAP 
tracker of TrackMate. No missing links or gaps were allowed and only 

tracks that are longer than six frames were used for calculations of 
particle velocity. Particle velocity for each track was calculated on 
the basis of nonlinear least-squares fitting using MSD(t) = 4Dt + (vt)

2, 
where MSD is the mean squared displacement, t is the time interval, D 
is the diffusion coefficient and v is velocity. The time interval used for 
the velocity analysis was 80% of the track length. Tracks were excluded 
if the R2 for the fitting of log(MSD(t)) versus log(t) was less than 0.95. 
Single-molecule trajectories were discarded if displacement was 
<250 nm.

Analysis of the density of MreB filaments and MreC enzymes 
using correlated motion analysis
The method used to quantitate the density of MreB filaments and 
MreC enzymes has been published and extensively characterized 
previously13. Briefly, phase images were segmented, and the width and 
midline of each cell were calculated. Next, the fluorescence time-lapses 
were analysed on the basis of the segmentation mask of the phase 
image. Cell contours and dimensions were calculated using the Mor-
phometrics software package. Then kymographs were generated for 
each row of pixels along the midline of the cell, and the time-lapse 
movie for each cell was converted into a single two-dimensional image. 
To identify filaments in the kymograph, closed image contours were 
generated in the two-dimensional image. For these contours, we calcu-
lated the total intensity, the centroid and orientation. Next, to identify 
cases where the same MreB filament appears in multiple sequential 
kymographs, each object in a given kymograph was linked to a cor-
responding object in the previous and following kymographs on the 
basis of the above properties of the object, and these objects counted 
as one event. All of the image analyses were performed using previously 
published custom MATLAB code13.

Analysis of the density of MreB filaments imaged with 
TIRF-SIM
Particle tracking of MreB was performed using FIJI /TrackMate as 
described for velocity analysis. Next, the phase images of cells were 
used for image segmentation. We then calculated the centre of each 
track and registered the tracks to a cell if the centre falls in the perimeter 
of a cell. We counted the number of tracks that moved within each cell 
and normalized the density calculation with cell surface area.

Imaging RplL-sfGFP, DnaN-msfGFP and mNeonGreen-pbp2B
Cells were prepared as described in ‘Culture growth’. Cells were placed 
under an agarose pad in a No. 1.5 glass-bottomed dish (MatTek). Epif-
luorescence and phase images were collected using a Nikon Eclipse Ti 
equipped with a Nikon Plan Apo λ ×60/1.4NA objective and an Andor 
Clara camera. The pixel size was 108 nm. When imaging DnaN-msfGFP, 
cell membranes were imaged by adding 0.5 μg ml−1 FM 5–95 to the 
agarose pad.

Quantitation of RplL-sfGFP intensity
We obtained normalized expression by applying a correction factor 
as previously described46 using 13.6 min as the maturation time for 
sfGFP. To measure concentrations of RplL, cells expressing a native 
copy of RplL-sfGFP were imaged by quantitative epifluorescence 
microscopy. Epifluorescence and phase images were collected every 
5 min for 45 min. Doubling time was calculated as described in the 
‘Single-cell growth rate time-lapse experiments’ section. To correct for 
inhomogeneities in the illumination, normalized fluorescence intensity 
was obtained by applying a flat-field correction47 using 100 mg ml−1 
fluorescein as a reference. In growing cells, relative fluorescence and 
protein expression are poorly correlated because a fraction of the fluo-
rescent proteins is immature and therefore not producing fluorescence 
signal46. The fraction of immature fluorescent proteins depends on 
the maturation time of the fluorescent protein and the doubling time 
of the growing cells. We obtained normalized expression by applying 
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a correction factor as previously described46 using 13.6 min as the 
maturation time for sfGFP.

Quantitation of the number of DnaN-msfGFP foci per cell
To measure DnaN foci, cells expressing a native copy of DnaN-msfGFP 
were imaged. In B. subtilis, individual cells cannot be distinguished 
using phase-contract microscopy because of cell chaining, so a mem-
brane stain was used to distinguish individual cells. Cell membranes 
were stained by adding 0.5 μg ml−1 FM 5–95 to the agarose pad. Cell 
membrane images of cells were segmented using DeepBacs48. A 
training set was manually generated using 18 images. The number of 
DnaN-msfGFP foci per cell was quantitated as previously described49.

Quantitation of interdivision time
To measure interdivision time, strains expressing a native copy of 
mNeonGreen-pbp2B were imaged every 5 min for 3 h. During division, 
Pbp2B is recruited to the division site and synthesizes the septum that 
partitions cells in two. From the time-lapse movies, we determined divi-
sion events for each cell by noting the first frame when Pbp2B signal 
was no longer concentrated at the division site. Interdivision time was 
calculated by taking the difference between division events between 
mother and daughter cells.

Measurements of B. subtilis cell width and length
Cells were prepared as described in ‘Culture growth’. Overnight cultures 
grown to OD600 of ~0.6 were stained with 1 μg ml−1 FM 5–95 (Thermo 
Fisher) for 1 min and concentrated by centrifugation at 6,000 g for 30 s. 
Culture (2 μl) was applied to No. 1.5 coverslips under a 3% agarose pad 
containing growth medium. Epifluorescence and phase images were 
collected using a Nikon Eclipse Ti equipped with a Nikon Plan Apo λ 
×100/1.4NA objective and an Andor Clara camera, with exposure time 
of 1  s. The pixel size was 64.5 nm.

Biotinylation of Lipid II and detection via western blot
The protocol for Lipid II biotinylation and detection was adapted from 
ref. 19,50. Cells were prepared as described in ‘Culture growth’. Culture 
(10 ml) in CH or S750 glycerol was grown to OD600 of ~0.6. Cells were 
collected by centrifugation for 10 min at 4,000 × g, then resuspended 
in 0.5 ml PBS buffer. Total lipid content of the cells was extracted via 
a two-phase system and dried under nitrogen. The resulting extract 
was mixed with biotinylated lysine (BDL) probe and purified PBP4 
protein. Reaction buffer (10×, 500 mM HEPES, 100 mM MnCl2, pH 7.5), 
BDL (3 mM), Lipid II (3 μM) and PBP4 (10 μM) were combined in a final 
volume of 10 μl in an Eppendorf tube and the reaction was incubated 
at 25 °C for 1 h. To quench the reaction, 10 μl of 2× SDS loading buffer 
was added and the samples were heated at 95 °C for 5 min. The samples 
were then loaded into a 4–20% gradient polyacrylamide gel (BioRad) 
and run at 200 V for 45 min. The products were then transferred onto a 
PVDF membrane (BioRad). The membrane was blocked with Intercept 
TBS blocking buffer (Li-COR) for 1 h. The PVDF membrane was washed 
3 times for 10 min with Tris-buffered saline + 0.01% Tween 20. BDL was 
detected utilizing IRDye 680RD streptavidin (Li-COR) antibody and 
imaged on a Li-COR Odyssey imager.

PhosTag Sodium Dodecyl Sulfate–PolyAcrylamide Gel 
Electrophoresis (SDS–PAGE) of HaloTag-RodZ
Cultures of strains (5 ml) (bYS163, bYS165, bYS612, bYS643, bYS644 
and bYS646) were grown to OD600 of ~0.6, then the culture was labelled 
with JF549-Halo dye. The final concentration of JF549-Halo was 1 μM. 
Cells were washed twice thoroughly with wash buffer (50 mM Tris 
pH 7.5, 150 mM NaCl, 150 mM NaF and 2 mM sodium orthovanadate) 
to remove free dye from the culture. Cells were lysed in lysis buffer 
(50 mM Tris pH 7.5, 150 mM NaCl, 3 mM MgCl2, 0.5% NP-40, 5 μg ml−1 
DNase I (NEB), 1× PhosStop phosphatase inhibitor cocktail (Roche), 
1 mM phenylmethylsulfonyl fluoride and 1 mg ml−1 lysozyme to digest 

the cell wall). Resolving gels (12.5%) for SDS–PAGE were cast with 50 μM 
PhosTag acrylamide (Wako, AAL-107) and 5% stacking gels. The gel was 
scanned with an Azure Sapphire imager.

Epifluorescence measurements of MurAA-mNeonGreen
Cells were prepared as described in ‘Culture growth’. Epifluorescence 
and phase images were collected using a Nikon Eclipse Ti equipped with 
a Nikon Plan Apo λ ×100/1.4NA objective and an Andor Clara camera, 
with exposure time of 500  ms. The pixel size was 64.5 nm. The intensity 
of MurAA-mNeonGreen was then normalized by cell area.

Spot plating assay to determine survival of B. subtilis
Cells were prepared as described in ‘Culture growth’. Overnight culture 
in LB or S750 glycerol was grown to OD600 of ~0.6. OD600 was converted 
to colony-forming units (c.f.u.) ml−1 using the conversion ratio 8 × 108 
c.f.u. ml−1 per OD600. The culture was serially diluted to obtain 1 × 105, 
1 × 104 and 1 × 103 c.f.u. ml−1 cultures. Then 10 μl of 1 × 105, 1 × 104 and 
1 × 103 c.f.u. ml−1 cultures were plated onto LB plates. The fosfomycin 
concentrations on LB plates were 25 μg ml−1. Plates were incubated at 
37 °C overnight.

Mass spectrometry and analysis
The mass spectrometry data shown in Extended Data Figs. 2a,b and 
3a,d were taken from ref. 13, and the methods and normalization for 
those data are detailed in that work. The mass spectrometry method 
used to quantitate the abundance of MurAA in S750 glycerol (Extended 
Data Fig. 2c) with different inductions was conducted as in ref. 13 with 
the following modifications. Briefly, Pxyl-MurAA (bYS365) was grown 
in S750 glycerol with different induction concentrations of xylose, and 
PY79 was grown in S750 glycerol and CH. Cell cultures were grown to 
an OD600 of 0.2–0.5. The cell amounts were normalized by collecting 
the equivalent of 3 ml of OD600 of 0.3 and cell lysates were prepared 
as previously published13. Cells were centrifuged at 6,000 g for 30 s, 
washed once in 1 ml of ice-cold 20 mM TE buffer (Tris-HCl pH 7.5 and 
10 mM EDTA), resuspended in 100 μl TE in the presence of 1 mM phe-
nylmethylsulfonyl fluoride and killed by boiling in a water bath for 
10 min. All of the samples were frozen at −80 °C overnight (or up to 
1 week). Thawed samples were digested with 50 μg lysozyme in the 
presence of 1 mM phenylmethylsulfonyl fluoride at 37 °C. Cell lysates 
were submitted to the Harvard FAS Mass Spectrometry and Proteomics 
Resource Laboratory. For the relative protein quantitation analysis, all 
contaminants from the database search were removed, and only the 
B. subtilis proteins were used to renormalize the protein abundances 
for each sample, where the abundance for each protein was run. For 
Extended Data Fig. 2c, to calculate relative abundances in each run, 
the abundance of each protein was normalized against the mean of 
its abundance in WT cells (PY79) grown in S750 glycerol. For Extended 
Data Figs. 2a,b and 3a,d, to calculate relative abundances in each run, 
the abundance of each protein was normalized against the mean of 
its abundance in WT cells (PY79) grown in CH. The relative abundance 
of proteins in ref. 13 was calculated by normalizing the abundance of 
each protein against its abundance in one of the samples of WT cells 
(PY79) grown in CH.

Peptide labelling, fractionation, mass spectrometry and 
analysis
Peptide labelling was performed as previously published13, with each 
peptide mixture labelled with one of a set of up to 16 isotopic tandem 
mass tags (Thermo Fisher). Fractionation was performed as previously 
published13.

Liquid chromatography–tandem mass spectrometry was per-
formed on a Thermo Orbitrap Lumos (Thermo Fisher) mass spec-
trometer equipped with a dual pump Ultimate 3000 nanoLC (Thermo 
Fisher). Peptides were separated on a 100-μm-inner-diameter micro-
capillary trapping column packed with ~5 cm C18 Reprosil 5 μm 100 Å 
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resin (Dr Maisch), followed by an analytical column packed with ~50 cm 
Reprosil 1.8 μm 200 Å resin. Separation was achieved by applying 
a gradient of 5–27% acetonitrile in 0.1% formic acid over 90 min at 
200 nl min−1. Electrospray ionization was achieved by applying a volt-
age of 1.8 kV using a home-made electrode junction at the end of the 
microcapillary column and sprayed from fused-silica PicoTips (New 
Objective). The Orbitrap instrument was operated in data-dependent 
mode for the mass spectrometry methods. The mass spectrometry  
survey scan was performed in the Orbitrap in the 395–1,800 m/z range 
at a resolution of 6 × 104, followed by selection of the 30 most intense 
ions for CID-MS2 fragmentation using a precursor isolation width win-
dow of 2 m/z, AGC setting of 10,000 and a maximum ion accumulation 
of 200 ms. Singly charged ion species were not subjected to CID frag-
mentation. The normalized collision energy was set to 35 V and an acti-
vation time of 10 ms. Ions in a 10 ppm m/z window around ions selected 
for MS2 were excluded from further selection for fragmentation  
for 60 s.

Raw data were submitted for analysis in Proteome Discoverer 
2.4 software (Thermo Fisher) and analysed as previously described13.

Statistics
For all boxplots throughout this work, boxes indicate the 25th–75th 
percentiles, whiskers indicate the 10th–90th percentiles, the midline of 
the box indicates median and + indicates the mean. For all other graphs, 
error bars represent s.d. For envelope plots, the thick line is the mean, 
the top and bottom dashed curves represent ±1 s.d.

Statistics and the number of experimental replicates are detailed 
in Supplementary Table 1. P values were calculated in GraphPad Prism 9 
using one-way analysis of variance (ANOVA) with multiple comparisons. 
NS, not significant, P > 0.05; ***P < 0.01; ***P < 0.001; ****P < 0.0001. 
Fitting of data in Fig. 5f was performed using linear regression in Graph-
Pad Prism 9. The numbers of experimental replicates are reported in 
Supplementary Table 1.

Strain construction
Strain construction is reported in Supplementary Note 1. A list of all 
strains used in this study is reported in Supplementary Table 2. Sup-
plementary Table 3 contains a list of all primers used.

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

Data availability
Data generated and analysed during this study are either presented 
in the paper or in the supplementary materials. Mass proteomic data 
are available via ProteomeXchange with identifier PXD039295. Source 
data are provided with this paper.
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Extended Data Fig. 1 | Quantitation of MreB, MreC, and Pbp2A velocities,  
and exploration of different MreB velocities attained by the two groups.  
a, Density of directionally moving MreB-mNeonGreen (bYS09) filaments in 
cells growing in different media determined from TIRF-SIM imaging. b, Velocity 
of single molecules of MreB-HaloTag (bYS40), HaloTag-Pbp2a (bYS201), and 
mNeonGreen-MreC (bYS170) are constant across different growth media - 
MreB-HaloTag and HaloTag-Pbp2a were labeled with 50 pM of HaloTag-JF549 for 
30 min. See also Supplementary Movie 2, 3. c, Velocity of fully labeled MreB-
mNeonGreen filaments remains mostly constant across growth rates - Cells 
expressing MreB-mNeonGreen(bYS09) were grown in different media, and MreB 
velocity determined by single-molecule tracking and MSD analysis. d, Velocity 
of MreB-mNeonGreen filaments (bYS09) in cells growing in different media 
determined by TIRF-SIM imaging. e, MreB velocity remains constant during 
shifts from poor to rich media - MreB-mNeonGreen (bYS09) cells were grown in 
S750 glycerol for 6 hs, washed in CH, then placed under a pad made of CH media 
immediately before imaging with TIRF. Plotted is the growth rate and velocity of 
directionally moving MreB filaments at each time point. f, Comparison of MreB 
velocity determined by each group analyzing the MreB-HaloTag (bYS40) data 
in Extended Data Fig. 1b. The MreB velocity was determined by single-molecule 

tracking and MSD analysis. g, Comparison of velocities determined by each 
group analyzing the MreB-mNeonGreen (bYS09) data from the growth shift in 
Fig. 1d. h, Comparison of velocities determined by each group independently 
growing and imaging cells containing MreB-msfGFP (bMD159) in rich and 
minimal media. Carballido-Lopez’s group measured the velocity of MreB-
msfGFP in LB and S media. We measured the velocity of MreB-msfGFP in LB, CH, 
and S750 glycerol. While both groups still disagree, as each continues to attain 
self-consistant velocities across experiments, both groups remain committed to 
working together to resolve this discrepancy in the near future. i, Comparison of 
MreB velocity of MreB-mNeonGreen (bYS09) cells harvested at different OD600 
values. j, MreB velocity of MreB-mNeonGreen (bYS09) over time with cells in 
MatTek dishes vs cells on a CH agar pad sandwiched between two coverslips. 
The MreB velocity of cells in MatTek dishes was fairly constant over 90 minutes, 
however the MreB velocity of cells on pads between two coverslips decreases 
after 20–30 minutes. N values are available in Supplementary Table 2. Boxes 
indicate 25–75 percentiles, whiskers indicate 10–90 percentiles, the midline 
indicates median, and + indicates the mean. Error bars and envelopes represent 
standard deviation. P-values were calculated using one-way ANOVA with multiple 
comparisons.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Relative abundance of Rod complex proteins and 
Mur enzymes, quantitation of MurAA and Lipid II abundance, and effects of 
different MurAA inductions. a, The abundance of Rod complex components 
in WT (PY79) cells grown in different media. Abundances are taken from the 
proteomic mass spectrometry datasets published in Dion et al.13. These datasets 
included two biological replicates. Each protein abundance is normalized to 
the mean abundance of that protein in WT cells grown in CH media. Note that 
membrane proteins, like RodA, were not detected in every replicate. Dotted 
line represents protein abundances in CH. b, The abundance of Mur enzymes 
in WT (PY79) cells grown in different media. Abundances are taken from the 
proteomic mass spectrometry datasets published in Dion et al.13. These datasets 
included two biological replicates. Each protein abundance is normalized to 
the mean abundance of that protein in WT cells grown in CH media. Dotted 
line represents protein abundances in CH. c, The relative abundance of MurAA 
determined by (Left axis) proteomic mass spectrometry in WT (PY79) and Pxyl-
murAA (bYS365) cells growing in glycerol at different xylose concentrations, 
and (Right axis) the relative intensity of WT murAA-mNeonGreen (bYS397) and 
Pxyl-murAA-mNeonGreen (bYS1087) cells growing in glycerol at different xylose 
concentrations. Protein abundances are normalized to WT cells grown in S750 
glycerol. The proteomic mass spectrometry dataset included 2–3 biological 
replicates. Note some error bars are too small to resolve. d, Western blot showing 
accumulation of Lipid II in WT (PY79) cells grown in S750 glycerol in the presence 
of cefotaxime (0.25 μg/ml). Fosfomycin (100 μg/ml) depletes Lipid II from cells. 
The experiment was repeated twice with similar results. e, Western blot showing 
accumulation of Lipid II in WT (PY79) cells grown in S750 glycerol in the presence 
of moenomycin (2.5 μg/ml). The experiment was repeated twice with similar 
results. f, Western blot showing Lipid II levels increases as murAA induction levels 

in Pxyl-murAA (bYS365). The experiment was repeated twice with similar results. 
g, MreB velocity remains constant with murAA induction. Cells containing 
xylose-inducible MurAA and MreB-mNeonGreen (bYS497) were grown in S750 
glycerol with a range of MurAA inductions. The velocity of MreB filaments was 
determined by particle tracking. h, mNeonGreen-MreC velocity under different 
inductions of Pxyl-murAA (bYS499) grown in S750 glycerol. i, Sub-MIC treatment 
of moenomycin (2.5 μg/ml) and cefotaxime (0.25 μg/ml) in both CH (left) and 
S750 glycerol (right) can reduce the growth rate of WT (bYS09) cells without 
reducing MreB filament density. d, Western blot showing accumulation of Lipid II 
in WT (PY79) cells grown in S750 glycerol in the presence of cefotaxime (0.25 μg/
ml). Fosfomycin (100 μg/ml) depletes Lipid II from cells. e, Western blot showing 
accumulation of Lipid II in WT (PY79) cells grown in S750 glycerol in the presence 
of moenomycin (2.5 μg/ml). f, Western blot showing Lipid II levels increases 
as murAA induction level increases in Pxyl-murAA (bYS365). g, MreB velocity 
remains constant with murAA induction. Cells containing xylose-inducible 
MurAA and MreB-mNeonGreen (bYS497) were grown in S750 glycerol with a 
range of MurAA inductions. The velocity of MreB filaments was determined by 
particle tracking. h, mNeonGreen-MreC velocity during different inductions 
of Pxyl-murAA (bYS499) grown in S750 glycerol. i, Sub-MIC treatment of 
moenomycin (2.5 μg/ml) and cefotaxime (0.25 μg/ml) in both CH (left) and S750 
glycerol(right) can reduce the growth rate of WT (bYS09) cells without reducing 
the MreB filament density. Dashed lines represent the mean of WT values. 
All constructs are at the native locus unless otherwise indicated. N values are 
available in Supplementary Table 2. Boxes indicate 25–75 percentiles, whiskers 
indicate 10–90 percentiles, the midline indicates median, and + indicates the 
mean. Error bars represent standard deviation.

http://www.nature.com/naturemicrobiology


Nature Microbiology

Article https://doi.org/10.1038/s41564-023-01329-7

Extended Data Fig. 3 | The Ser/Thr kinase PrkC regulates growth rate.  
a, The relative abundance of PrpC and PrkC in WT (PY79) cells grown in different 
media. Abundances are from the mass spectrometry datasets in Dion et al.13. 
These datasets included two biological replicates. Each protein abundance is 
normalized to the mean abundance of that protein in WT cells grown in CH. PrkC 
is not detected in every replicate. Dotted line represents protein abundances 
in CH. b, Growth rates of ΔprkC (bYS542), ΔprpC (bYS543), ectopic prkC 
overexpression (bYS539 with 30 mM xylose), and ectopic prpC overexpression 
(bYS545 with 30 mM xylose) in cells grown in S750 maltose. c, Growth rates of WT 
(PY79), ΔprkC (bYS542), and ectopic prkC overexpression (bYS539 with 30 mM 
xylose) in S750 glycerol, S750 maltose, S750 glucose, CH and LB. d, The relative 

abundance of YrzL, YpiB, and ClpC/P/X protease in WT (PY79) grown in different 
media. The abundances are from the mass spectrometry datasets in Dion  
et al.13. These datasets included two biological replicates. Each protein 
abundance is normalized to the mean abundance of that protein in WT cells 
grown in CH. Dotted line represents protein abundances in CH. YrzL and  
YpiB are not detected in every replicate. Dashed lines represent the mean of  
WT values. All constructs are at the native locus unless otherwise indicated.  
N values are available in Supplementary Table 2. Boxes indicate 25–75 percentiles, 
whiskers indicate 10–90 percentiles, the midline indicates median, and + 
indicates the mean. P-values were calculated using one-way ANOVA with  
multiple comparisons.
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Extended Data Fig. 4 | Phosphorylation of HaloTag-RodZ and effects of 
PrkC on antibiotic susceptibility. a and b, PhosTag SDS-PAGE was used to 
quantitate the fractional phosphorylation of HaloTag-RodZ (labeled with 
JF549 HaloTag during steady state growth). Separated bands were quantitated 
with a gel imager. a, PhosTag SDS-PAGE gel of HaloTag-RodZ fusions. Top: 
SDS-PAGE supplemented with PhosTag causes a band shift with HaloTag-RodZ 
(bYS163), but not in RodZ(S85A) (bYS165) or ΔprkC (bYS646) cells. Bottom: 
Regular SDS PAGE gel showing no band shift is observed. The experiment was 
repeated twice with similar results. b, Top: PhosTag SDS-PAGE of HaloTag-RodZ 
in cells ectopically overexpressing prkC (bYS643, 30 mM xylose), ectopically 
overexpressing prpC (bYS644, 30 mM xylose), and under different levels of 
murAA (bYS642) induction. Bottom: regular SDS PAGE gel, showing no second 
band is observed. The experiment was repeated twice with similar results. c, Spot 
plating assay of PY79, ΔprkC (bYS542), and ΔprpC (bYS543) cells on LB agar plates 
containing 25 μg/ml fosfomycin. The ability of the cells to grow on plates was 

examined after a 12-hour incubation at 37 °C. d-i, Growth of different strains in a 
shaking plate reader at 37 °C, where the indicated concentrations of antibiotics 
were added at time 0. Envelopes represent standard deviation. Each condition 
was repeated at least 3 times. Note the envelopes on some of the curves are too 
small to resolve. d, Bulk growth of WT (PY79) cells in CH and S750 glycerol with 
different concentrations of fosfomycin. e-f, Bulk growth of WT(PY79) and ΔprkC 
(bYS542) cells grown in CH or S750 glycerol the indicated concentrations of 
fosfomycin. g-i, ΔprkC (bYS542) shows growth defect relative to WT(PY79) after 
exposure to sub-MIC levels of antibiotics. Bulk growth curves of WT (PY79) and 
ΔprkC (bYS542) cells in the presence of sub-MIC (g) moenomycin (5 μg/ml), (h) 
cefotaxime (0.25 and 0.5 μg/ml), and (i) methilinam (2.5 μg/ml). Dashed lines 
represent the mean of WT values. All constructs are at the native locus unless 
otherwise indicated. N values are available in Supplementary Table 2. Envelopes 
represent standard deviation.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Nutrient downshifts of ∆prkC cells, and scaling of 
cellular dimensions under growth accelerated conditions. a, Nutrient 
downshifts of WT (PY79) and ΔprkC (bYS542). Cells were assayed as they were 
shifted from growth in CH to growth in S750 glycerol. b, c, Cell width decreases 
(b), and cell length increases (c) with increasing growth rate in the growth 
accelerated mutants. WT (bME07), RodZ(S85E) (bSKH389), overexpressing 
murAA (bSKH55) with 30 mM xylose, or ectopically overexpressing prkC 
(bSKH387) with 30 mM xylose. Unless otherwise indicated, all strains were 
assayed in S750 glycerol. d, Cell volume remains constant in growth accelerated 
mutants- Volume for each cell is calculated as (π/6) D2+ (π/4) D2 (L-D), where D is 

the cell width and L is the cell length. e, The interdivision time of cells decreases as 
the accelerated cells grow faster – Interdivision time was measured by measuring 
the time between Z ring constrictions in mNeonGreen-pbp2B in S750 glycerol: 
WT cells (bME07), cells containing RodZ(S85E) (bSKH389), cells overexpressing 
murAA (bSKH55) with 30 mM xylose, or cells ectopically overexpressing prkC 
(bSKH387) with 30 mM xylose. Dashed lines represent the mean of WT values. 
All constructs are at the native locus unless otherwise indicated. N values are 
available in Supplementary Table 2. Error bars and envelopes represent  
standard deviation.
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