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A fitness trade-off between growth and survival
governed by SpoOA-mediated proteome allocation

constraints in Bacillus subtilis

Manlu Zhu, Qian Wangt, Haoyan Muf, Fei Han, Yanling Wang, Xiongfeng Dai*

Growth and survival are key determinants of bacterial fitness. However, how resource allocation of bacteria
could reconcile these two traits to maximize fitness remains poorly understood. Here, we find that the resource
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allocation strategy of Bacillus subtilis does not lead to growth maximization on various carbon sources. Survival-
related pathways impose strong proteome constraints on B. subtilis. Knockout of a master regulator gene, spo0A,
triggers a global resource reallocation from survival-related pathways to biosynthesis pathways, further strongly
stimulating the growth of B. subtilis. However, the fitness of spo0OA-null strain is severely compromised because
of various disadvantageous phenotypes (e.g., abolished sporulation and enhanced cell lysis). In particular, it
also exhibits a strong defect in peptide utilization, being unable to efficiently recycle nutrients from the
lysed cell debris to maintain long-term viability. Our work uncovers a fitness trade-off between growth and sur-
vival that governed by SpoOA-mediated proteome allocation constraints in B. subtilis, further shedding light on

the fundamental design principle of bacteria.

INTRODUCTION

Rapid growth is a fundamental property of various types of cells in-
cluding bacterial cells and eukaryotic cells such as yeast cells and
tumor cells (1-3) and is, in principle, advantageous for bacterial
fitness (1, 3, 4). Therefore, growth rate maximization has been pro-
posed to be an important objective of gene regulation in bacterial
cells (1, 3, 5-7). In many circumstances, growth rate is used as a con-
venient parameter to evaluate microbial fitness (8-10). Recent
quantitative studies have suggested that optimal proteome resource
allocation enables bacteria to achieve growth rate maximization in
various conditions (1, 7, 11-16). Molecularly, global signaling path-
ways mediated by guanosine tetra- and pentaphosphate [(p)ppGpp]
and cyclic adenosine monophosphate (cAMP) enable bacteria to
tightly coordinate the biomass growth with proteome resource allo-
cation (I, 12, 15, 17).

A fundamental question is whether faster growth simply means
higher fitness. Given that the environments in the natural niches of
bacteria are often highly fluctuating, bacterial cells must be capable
of surviving under stressful conditions such as nutrient deprivation
(18, 19). Therefore, surviving capability should constitute another
key part of fitness in addition to growth. In this sense, understand-
ing the relationship between growth and survival is of great impor-
tance for understanding the fundamental design principles of
microbes and is thus a fundamental direction of microbiology.
From traditional perspectives, the regulation of growth and survival
might, to a large extent, occur at separate life cycle stages and do not
necessarily interfere with each other. For example, the rpoS-medi-
ated general stress response in Escherichia coli is mainly triggered
during stationary phase instead of exponential phase (I8).
However, it has recently been found that slow-growing E. coli
cells (in poor nutrients) could sustain longer during carbon
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starvation than their fast-growing counterparts (in rich nutrients)
due to a decreased maintenance rate (20), suggesting that the pro-
teome response during slow growth under nutrient limitation could
facilitate the long-term survival of bacterial cells after entry into sta-
tionary phase.

It has recently been found that a substantial proteome constraint
of inactive ribosomes and other nonflux carrying proteins in E. coli
might serve other objectives beyond supporting exponential growth,
e.g., adaption to nutrient upshift, motility (1, 21-23). The imple-
mentations of these alternative objectives, which require additional
proteome resources, might limit the cellular budget of proteome re-
sources (e.g., ribosomes and metabolic proteins) that are required
for supporting biomass growth. Hence, investment on these alter-
native objectives could occur at the expense of exponential growth,
leading to a potential fitness trade-off (improve trait A at the
expense of trait B) (24). In this sense, the existence of the two key
determinants of fitness, growth and survival, raises the important
question of whether resource allocation principles of bacteria
could simultaneously optimize growth and survival or have to
weigh them two against each other.

In this work, we focus on the growth physiology of the model
firmicute Bacillus subtilis, a master of social behaviors and cell dif-
ferentiations (25-27). We find that the strategy of proteome re-
source allocation in B. subtilis leads to balanced investment on
growth-trait and survival-trait instead of growth maximization on
various carbon sources including the preferred carbon, glucose.
Knockout of spo0A, encoding a master regulator protein, substan-
tially increases the growth capacity (both rate and yield) that results
from the resource reallocation from survival-related pathways to bi-
osynthesis pathways. Nevertheless, such a type of resource realloca-
tion improves growth performance at the expense of survival
capability of B. subtilis, supporting the existence of a fitness trade-
off between growth and survival that governed by Spo0OA-mediated
proteome allocation constraints in B. subtilis.
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RESULTS could confer a fitness advantage, we performed a competitive exper-
SpoOA-mediated trade-off between growth and survival in iment between spo0A-null strain and wild-type strain by cocultur-
B. subtilis ing them in the same medium, which is a standard way to compare

We first characterized the exponential growth rates of B. subtilis 168  the relative fitness between two strains (19, 28, 29). As shown in
wild-type strain and its spo0A-null derivative strain (spo0A encodes  Fig. 1B, spoOA-null strain (green circle) grew much faster than
the master regulator of sporulation). The growth rates of these two ~ wild-type strain (blue square) when cultured alone in mannose
strains were comparable to each other in rich medium (fig. S1). minimal medium. However, during coculture in mannose
Notably, spo0A-null strain had substantially higher growth rates medium (Fig. 1B, red diamond), it was quickly outcompeted by
than wild-type strain in minimal media of various carbon sources  wild-type strain at early growth stage (150 min to 213 min) and
including glucose, mannose, arabinose and ribose, respectively  soon completely disappeared during coculture (Fig. 1C). In consis-
(Fig. 1A, see typical log-scale exponential growth curves in fig. tent with this result, the growth of the coculture was arrested at
S2). These results suggest that B. subtilis wild-type strain does not  optical density at 600 nm (ODggg) ~0.5 at 150 min to 213 min
pursue growth maximization even on the preferred carbon source, (marked in purple in Fig. 1B) before restoring, suggesting that
glucose. To explore whether the faster growth of spo0A-null strain ~ spo0A-null strain had undergone massive cell death during this
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Fig. 1. SpoOA-mediated trade-off between growth and survival in B. subtilis. Individual data points and SDs of biological replicates were shown in related panels. (A)
The exponential growth rates of wild-type (WT) and spo0OA-null strain. n = 7, 10, 4, and 7 for WT strain and n = 9, 10, 5, and 4 for spo0OA-null strain growing on glucose,
mannose, arabinose, and ribose, respectively. (B) The growth curves of WT, spo0OA-null strain and their coculture in mannose medium. (C) The competition experiment of
WT versus spoOA-null strain during coculturing in mannose medium. The growth curve of coculture corresponds to (B). (D) The lacZ reporter activities of the two can-
nibalism operons, skf and sdp. For Pskf-lacZ reporter, n = 3 and 6 for spo0OA* background and n = 5 and 4 for spo0A-null background in glucose and mannose media,
respectively. For Psdp-lacZ reporter, n =5 and 6 in glucose and mannose media, respectively, for both spo0A™ and spoOA-null backgrounds. (E) Schematic illustration of the
interaction between WT and spo0A-null strain. (F) The exponential growth rates of WT (n = 10), spoOA-null (n = 10), and skfA sdp—null strains (n = 5) in mannose medium.
(G) The growth curves of WT, skfA sdp—null strain, and their coculture in mannose medium. (H) The competition experiment of WT versus skfA sdp—null strain during
coculturing in mannose medium. (I) The growth curves of spo0A-null, skfA sdp—null strain, and their coculture in mannose medium. (J) The competition experiment of
spo0A-null versus skfA sdp—null strain during coculturing in mannose medium. (K) Long-term viability (measured by colony forming units) of four B. subtilis strains after
nutrient depletion in mannose medium (n = 3). Viability at time zero (when ODgq reaches peak point) is set as 100%. (L) Long-term viability of WT strain after nutrient
depletion on four carbon sources (n = 3). Viability at time zero is set as 100% (n = 3).
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short period. Therefore, the faster growth of spo0A-null strain failed
to confer a fitness advantage. It is known that SpoOA is a key regu-
lator of the cannibalism process that carried out by the skf and sdp
operons in B. subtilis (30). Cannibalism is a social behavior that
occurs during nutrient-limited conditions in which a fraction of
cells that begin to enter into sporulation (SpoOA active cells)
secrete toxins to kill nonsporulating sibling cells (SpoOA inactive
cells) so that the viable cells could feed on the nutrients released
by the dead cells to delay the commitment to spore formation
(30, 31). B-galactosidase (LacZ) reporter assay showed that the ex-
pression of the two cannibalism operons, skf and sdp, were indeed
completely abolished in the spoOA-null strain (Fig. 1D). Therefore,
spoOA-null strain might be directly killed by the cannibalistic toxins
secreted by wild-type cells (which are largely immune to toxins as
spo0A ™ background) during coculture (Fig. 1E). We then conducted
a competitive experiment between the wild-type strain and the can-
nibalism-deficient skfA sdp—null strain, in which the skfA (encoding
the spore-killing peptide) as well as the entire sdpABCDIR operon
were deleted. The skfA sdp—null strain had a comparable growth rate
to wild-type strain when cultured alone in mannose minimal
medium (Fig. 1F); however, it was also quickly outcompeted by
wild-type strain during coculture (Fig. 1H; growth curve of the co-
culture shown in Fig. 1G, pink circles), supporting that cannibalism
could be an important factor that cause the fitness defect of spo0A-
null strain relative to wild-type strain.

We next conducted a competitive experiment between spo0A-
null and skfA sdp—null strains, for which the interference of canni-
balism could be eliminated, to see whether the fast-growing spo0A-
null strain can regain the fitness advantage in this case. The entire
coculturing process lasted for more than 36 hours (Fig. 11, black di-
amonds). When cultured alone in mannose medium, spo0A-null
strain again grew much faster than skfA sdp—null strain (Fig. 11,
green circles versus orange triangles), and the coculture displayed
a similar growth pattern with the monoculture of spo0A-null
strain (black versus green symbols in Fig. 1I). During the initial
~300 min, spo0A-null strain exhibited a fitness advantage over
skfA sdp—null strain with its population fraction steadily increasing
from 50% to more than 80% (Fig. 1J) and ODgg, of the coculture
increased from ~0.15 to the peak point, ~1.95 (black diamonds of
Fig. 11), being consistent with its higher growth capacity and again
supporting that fitness defect of spo0A-null strain relative to wild-
type strain is likely to be related to its devoid of cannibalism.

Notably, the ODgq of all the three cultures exhibited a substan-
tial decline immediately after reaching the peak point (Fig. 11,
marked in purple). This phenomenon, resulting from the massive
cell lysis of B. subtilis population, will be elaborated again later. Al-
though spo0A-null strain predominated in the coculture when
ODgqo reached the peak point, its fraction dropped substantially
during the abrupt decline stage (marked in purple in Fig. 1, I and
]), and furthermore, it was outcompeted by skfA sdp—null strain and
almost completely disappeared later (Fig. 1]). These results indicate
that spo0A-null strain might suffer from a long-term survival defect
compared with skfA sdp—null strain during nutrient deprivation. To
test this hypothesis, we investigated the long-term viability of
various B. subtilis monocultures after nutrient depletion (initiated
when ODgq, reached peak point). When cultured alone in mannose
medium, spoOA-null strain indeed exhibited a much stronger loss of
viability than skfA sdp—null strain, wild-type strain, as well as the
amyE::specR control strain expressing the spectinomycin-resistance
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gene (Fig. 1K and table S1), further demonstrating that spo0A-null
strain indeed suffers a long-term survival defect. Such a survival
defect of spoOA-null strain here could be partially attributed to its
inability of forming spores after nutrient depletion (fig. S3). To
further test whether the long-term survival defect of spo0A-null
strain is related to the spo0A gene itself or the indirect effect of its
fast growth, we measured the long-term survival of wild-type strain
growing on four carbon sources for which the growth rates were
varied four times (from 0.15/hour to 0.62/hour). As shown in
Fig. 1L, the viability curves of wild-type cells growing on four
carbon sources followed similar trends and the cell viability could
be maintained constantly at nearly 10% during long-term incuba-
tion, supporting that the survival defect of spo0A-null strain is
related to the spo0OA gene itself instead of its faster growth than
wild-type strain. Overall, the above results demonstrate that spo0A
knockout stimulated the growth of B. subtilis at the expense of long-
term survival capability and, hence, led to a fitness trade-off
between growth and survival here.

The strategy of proteome resource allocation in B. subtilis

Recent quantitative studies have revealed a profound role of prote-
ome resource allocation in controlling bacterial growth (1, 2, 7, 11,
14, 15). To gain a mechanistic insight into the growth acceleration of
spo0A-null strain and the growth-survival trade-off described
above, we next investigated the proteome resource allocation of B.
subtilis using quantitative mass spectrometry. Our four-dimension-
al (4D) label-free mass spectrometry approach captured more than
2500 individual proteins of B. subtilis with high reproducibility
(tables S2 and S3 and fig. S4). Heatmap and cluster analysis demon-
strate a substantial difference in the global gene expression pattern
between wild-type and spoOA-null strains (Fig. 2A). A first glimpse
of the proteome allocation using proteomaps website (https://
proteomaps.net) (32) shows that spo0A-null strain has increased ex-
pressions of central biosynthetic pathways including ribosomes and
amino acid biosynthetic proteins but a decreased expression of sur-
factin biosynthesis pathways (25, 33) (belong to the category of co-
factor biosynthesis) (Fig. 2B). We further manually quantified the
proteome fractions of various specific sectors of social behaviors
and cell differentiations, e.g., sporulation, competence, cannibal-
ism, quorum sensing, and antibiotic biosynthesis, which could fa-
cilitate the survival and adaption of B. subtilis in the harsh natural
environments (25, 30, 34) (table S4). The biosynthetic proteins of
surfactin, which participates in regulating cell differentiations and
social behaviors (e.g., biofilm, swarming, and quorum sensing) that
are crucial for B. subtilis to adapt to some stressful environments
(19, 25, 35, 36), accounted for a larger fraction of the proteome in
wild-type strain (~6.25%) than spoOA-null strain (~3.85%)
(Fig. 2C). Proteins belonging to cannibalism and sporulation
groups displayed the most pronounced declining trend in spo0A-
null background (Fig. 2, D and E), supporting the dominant role
of Spo0OA in regulating sporulation and cannibalism (30). The
levels of many other social behavior—related proteins involved in an-
tibiotic production (34), competence (25), and Rap regulators (reg-
ulate competence, sporulation, and surfactin biosynthesis) (25) also
decreased strongly in spo0A-null background (Fig. 2, D to F).
Beyond all of this, we also observed a down-regulation in the
levels of many specific stress-responsive proteins involved in prote-
olysis and protein folding, response to toxic substance (Fig. 2, D and
G). Collectively, spo0A knockout triggers a global down-regulation
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Fig. 2. Proteome resource allocation of B. subtilis WT strain and spo0A-null strain. The two strains were growing in mannose minimal medium. Data correspond to
the average of two biological replicates. (A) Heatmap illustration of the proteomes of the two strains. (B) Visualization of the proteomic resource allocation of B. subtilis by
proteomaps website. The subsection term of “mitochondrial biogenesis” inside of the large category “translation” based on Kyoto Encyclopedia of Genes and Genomes
(KEGG) categorization (includes both prokaryotes and eukaryotes). The readers should treat these proteins here as translation factors. tRNA, transfer RNA. (C) The pro-
teome fractions of surfactin biosynthesis proteins. (D) The relative abundances of the typical individual proteins belonging to various social behaviors, cell differentia-
tions, and stress response pathways. (E to G) The proteome fractions of various survival-related pathways. (H) The relative abundances of individual ribosomal proteins
and amino acid biosynthesis proteins. (I) The proteome fractions of ribosomal proteins and amino acid biosynthesis proteins. (J) The changes in the proteome fractions of
ribosome and amino acid biosynthesis and survival-related proteins. The survival-related proteins contain all the proteins in (C) and (E) to (G). (K) lllustration of the central
metabolic pathways. The external nutrients are absorbed and processed by metabolic proteins into amino acid pools, which are further polymerized into proteins by
ribosomes to support cell growth. (L) The coarse-grained illustration of the proteome resource allocations of WT strain and spo0OA-null strain. (M) Growth rates of WT strain
and srfAA srfAB—null strain on different carbon sources. Individual data points and SDs of biological replicates were shown (n = 7, 10, and 4 for WT strain growing on
glucose, mannose, and arabinose, respectively; n = 3, 6, and 4 for srfAA srfAB—null strain growing on glucose, mannose, and arabinose, respectively). (N) spo0OA knockout
triggers a global proteome resource reallocation from survival pathways to biosynthesis pathways, boosting growth at the expense of long-term survival.

of various survival-related pathways that are involved in social be-  such as amino acids and the later one being responsible for proteins
havior, cell differentiation, and stress response of B. subtilis. synthesis (Fig. 2K) (I, 2). The abundance of ribosome, a key deter-

Two major proteome sectors, ribosome and amino acid biosyn- ~ minant of growth rate (2, 37), increased by more than 60% and thus
thesis, exhibited the most pronounced up-regulation of the prote- seemed to be sufficient to account for the 60% increase in the
ome fraction in spo0A-null background, increasing from 4.9 to 8%  growth rate of spo0OA-null strain relative to the wild-type strain.
and from 9.7 to 12.9%, respectively (Fig. 2, H and I, and table S4).  Moreover, quantitative insight into the proteome allocation strategy
Coincidently, the increase in the proteome fraction of ribosome and  of E. coli and yeast growing during carbon limitation (23) further
amino acid biosynthesis (6.2% of the proteome mass) is the same as  suggests that the up-regulation of both ribosomes and amino acid
the decrease in the proteome fraction of survival-related proteins  biosynthesis (~6.2% of the proteome mass) is sufficient to account
(6.2% of the proteome mass) (Fig. 2] and table S4). To support for the faster growth of spo0A-null strain (0.69/hour) than wild-type
high protein synthesis rates and rapid growth, both biosynthesis  strain (0.41/hour) here (fig. S5). On the basis of the recent estab-
proteins and ribosomes are essential to support high metabolic lished phenomenological resource allocation model of bacterial
fluxes with the former one engaging in synthesizing raw materials ~ growth, the bacterial proteome can be dissected into three coarse-
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grained sectors (I, 11, 12, 38-40), the metabolic protein sector in-
cluding enzymes for biosynthesis (M-sector), the ribosome sector
(R-sector) and a constant sector (Q-sector) that is not linked to
biomass growth (including proteins for metabolic maintenance).
The mass fraction of M plus R-sectors is crucial in determining bac-
terial growth (I, 11, 38). Overexpression of an unnecessary protein
(not useful for biomass growth) imposes a proteome burden and
compromises the cellular budget of R-sector and M-sector,
further inhibiting bacterial growth (11, 40). In light of our study
here, we propose a fourth coarse-grained sector, S-sector, that is,
the survival-related pathways. Here, the expression of S-sector
imposes a proteome burden and limits the cellular budget of R-
sector and M-sector of B. subtilis. Knockout of spo0A triggers a re-
source reallocation from S-sector to both R-sector and M-sector
(accounting for ~6.2% of the proteome, Fig. 2]) as less ribosomes
are required for making S-sector so that more ribosomes are avail-
able to increase the levels of R-sector and M-sector (Fig. 2L). The
faster growth of spo0A-null strain than wild-type strain could thus
be quantitatively explained by the proteome resource reallocation
model (fig. S5). We next deleted the highly expressed surfactin bio-
synthesis genes (srfAA and srfAB) (25, 33) to release the proteome
burden of surfactin biosynthesis (~5% of proteome mass, Fig. 2C)
and found that the growth of B. subtilis was indeed boosted
(Fig. 2M), further supporting our resource allocation model here.
Collectively, these results support that spo0A knockout triggers a
global proteome resource reallocation from survival pathways to bi-
osynthesis pathways, boosting bacterial growth at the expense of
long-term survival (Fig. 2N).

Cannibalism and cell lysis shape the growth curve of B.
subtilis
In the growth curves of spo0OA-null strain (e.g., Fig. 1I), we noted
that the ODg exhibited an abrupt decline after growth cessation.
Because dry mass/ODgq changes very weakly across strains and
growth stages (fig. S6), ODgy is a reliable reflection of biomass in
our condition. Therefore, the abrupt decline of ODg(, means a sub-
stantial decrease of population biomass. The abrupt decline stage
also occurred in wild-type strain but at a lower extent than
spo0A-null strain (figs. S6A and S7, A and B). To gain a more accu-
rate insight into the abrupt decline of population mass, we system-
atically characterized the growth kinetics of B. subtilis using the
automatic microplate reader. As shown in Fig. 3 (A to C), the
abrupt decline stages (exemplified in Fig. 3B) of growth curves
were observed for both spo0A-null strain and wild-type strain
growing on different carbon sources. Microscopic imaging of bac-
terial cells at this stage showed large quantities of cell debris, con-
firming the occurrence of massive cell lysis (Fig. 3D, yellow arrow).
During the lysis stage, spo0A-null strain and wild-type strain could
lose nearly 90 and 60 to 70% of population mass (ODgq) in e.g.,
mannose medium, respectively (Fig. 3B and figs. S6A and S7, A
and B). Being consistent with the drop of biomass, cell viability of
B. subtilis also dropped strongly during this lysis stage (fig. S8). Cell
lysis of wild-type strain also occurred strongly in glucose casamino
acid (cAA)-rich medium but weakly in LB-rich medium (blue
circles in fig. S9, A to D), and moreover, cell lysis was again aggra-
vated in spoOA-null strain in both of the two rich media (green tri-
angles in fig. S9, A and B).

In addition to more severe cell lysis compared with wild-type
strain, spoOA-null strain also displayed a higher growth yield (the
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peak point of ODgqp) than wild-type strain on various carbon
sources (Fig. 3, A to C, and figs. S3, S6A, and S7, A and B). We won-
dered whether the difference in growth yield is related to the effect
of cannibalism, which could lead to the killing of a fraction of wild-
type cells but is completely abolished in spo0A-null strain (Figs. 1D
and 2E). In support of this assumption, we found that cannibalism-
deficient skfA sdp—null strain (purple diamonds, Fig. 3, E to G, and
fig. S6A) had similar growth yields with spo0A-null strain (green
triangles, Fig. 3, E to G, and fig. S6A) but higher growth yields
than wild-type strain (blue circles, Fig. 3, E to G, and also figs.
S6A and S10) on different carbon sources. Moreover, knockout of
spo0A in the skfA sdp—null background did not further increase the
growth yields (red triangles, Fig. 3, H to ). These results suggest that
cannibalism compromises the growth yield of wild-type strain via
killing a fraction of B. subtilis cells during late-exponential phase
(legend of fig. S10). In support of this notion, in the competitive
experiments shown in Fig. 1 (C and H), the killing of the cannibal-
ism-deficient strain (skfA sdp—null or spo0A-null) by wild-type
strain did indeed occur during exponential phase. Hence, a fraction
of wild-type cells could also be killed by their counterparts during
this stage when cultured alone, further compromising the
growth yield.

Cell lysis of B. subtilis during nutrient depletion is mediated
by autolysins

The massive cell lysis of B. subtilis after growth cessation is unusual
as this phenomenon were not observed in two fast-growing Gram-
negative bacterial species, E. coli and Vibrio natriegens (fig. S11)
(41). 1t is clear that cannibalism is not related to cell lysis here
because the cell lysis extent of the cannibalism-deficient skfA sdp—
null strain was still comparable to that of wild-type strain (fig. S10
and Fig. 3, E to G), not to mention the even more severe lysis that
occurred in the cannibalism-deficient spo0A-null strain. In addi-
tion, the cell lysis extent of skfA sdp—null strain also became more
severe when its spo0OA gene was deleted (Fig. 3, H to J), suggesting
that the enhanced cell lysis caused by spo0A knockout originates
from other mechanisms. Given that a robust cell wall is crucial
for maintenance of the cell structural integrity, we hypothesized
that the cell lysis was mediated by some cell wall autolytic
enzymes. We then sought to explore the roles of various autolysins
including two major ones, LytC and LytD (42, 43), and two minor
ones, LytE and LytF (44, 45) which are involved in cell wall degra-
dation during vegetative growth of B. subtilis. As shown in Fig. 4A,
the levels of all the four autolysins were much higher in spo0A-null
strain than in wild-type strain. Knockout of these autolysin genes
strongly reduced the cell lysis for both spo0A* and spo0A-null back-
grounds (Fig. 4, B and C, and figs. S6B and S7C; also see fig. S9, D to
F, for rich media). The cell lysis rate was substantially alleviated in
both lytCD-null and IytCDEF-null backgrounds (Fig. 4, D and E).
Moreover, when the lytCDEF genes had been removed, the residual
cell lysis of spo0A™ and spoOA-null strains became comparable to
each other (Fig. 4F), suggesting that the more severe cell lysis of
spo0A-null strain could attribute to its higher levels of autolysins
than wild-type strain.

Peptide uptake is crucial for B. subtilis to feed on the lysed
cell debris

The cell lysis process observed here was so substantial that we ex-
pected the surviving cells could feed on the nutrients released
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Fig. 3. Cannibalism and cell lysis shape the growth curves of B. subtilis. (A to C) Growth curves of WT and spo0OA-null strains in glucose, mannose and arabinose
minimal media monitored automatically by a microplate reader. The decline stage (cell lysis) is marked in red in (B). Note that the ODg(( values obtained from a spec-
trophotometer (figs. S6A and S7, A and B) and the microplate reader here have systematic deviations from each other (for the same cell sample, the ODg(( value of
microplate reader is lower than that obtained by spectrophotometer), but the general trends of growth curves are quite consistent with each other. (D) Cell images
of WT strain and spo0A-null strain during exponential growth stage and decline (cell lysis) stage. The yellow arrow points to some lysed cell debris. (E to G) The
growth curves of WT, spo0A-null, and skfA sdp—null strains in glucose, mannose, and arabinose media monitored automatically by a microplate reader. (H to J) The
growth curves of skfA sdp—null and skfA sdp spoOA-null strains in glucose, mannose, and arabinose media monitored automatically by a microplate reader.

from the lysed cells. We noted that the mass of bacterial population
in some growth curves underwent a notable second-time increment
(regrowth) stage after the abrupt lysis stage (e.g., red arrow, Fig. 3E).
Recent studies on E. coli have shown that the capability of recycling
nutrients released from the dead cells is important for the mainte-
nance of long-term viability of bacterial population (20, 46). We
next went back to the competitive experiment between spo0A-null
strain and skfA sdp—null strain (Fig. 1, I and J). We noted an inter-
esting phenomenon here: During the lysis stage of the coculture, the
fraction of spoOA-null strain dropped quickly from 82% (299 min,
peak point of Fig. 1]) to 32% (555 min, Fig. 1]), suggesting that most
spo0A-null cells had undergone cell lysis during this stage. Then,
after a dozen of hours, the mass (ODg) of the coculture exhibited
a regrowth, increasing from 0.35 to 0.72; however, the fraction of
spoOA-null cells dropped further from 32% to only 1% during this
period (replotted in Fig. 5A). This result is counterintuitive as
spo0A-null strain should have a higher growth capacity than skfA
sdp—null strain when nutrients (released from cell lysis) become
available again. Moreover, when cultured alone in mannose
medium, the viability of spo0A-null strain could actually be main-
tained for a dozen of hours after the lysis stage (fig. S12). We won-
dered whether the puzzle here could be due to that spo0A-null strain
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had defects in competing for the nutrients released from the lysed
cells against skfA sdp—null strain during coculture. We then collect-
ed the supernatant of the spo0A-null culture after lysis and filtered it
to obtain the lysis medium, which contains all the nutrient released
from the lysed spoOA-null population (Fig. 5B). Both the overnight
yield (Fig. 5C) and the growth rate (Fig. 5D) of spo0A-null strain
were indeed much lower than that of wild-type and skfA sdp—null
strains when growing in the lysis medium. Being consistent with
this observation, spo0A-null strain was continuously outcompeted
by skfA sdp—null strain during coculturing in the lysis medium, even
though it had initially been inoculated at a higher fraction (at ~70%)
than skfA sdp—null strain (at ~30%) (Fig. 5E).

The lower growth capacity of spo0A-null strain than wild-type
and skfA sdp-null strains in the lysis medium suggests that
spoOA-null strain might be lack of some proteins that are essential
for the utilization of nutrients contained in the lysis medium. Pro-
teomics studies showed that the expression of the peptide transport
proteins (dpp, app, and opp operons) (47-49) decreased strongly in
spo0A-null strain with the expressions of Dpp and App proteins
being almost completely abolished (Fig. 5, F and G). In addition,
spo0A knockout also caused reduced levels of many peptidases
(for peptide degradation) (fig. S13). We next investigated the role
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Fig. 4. Cell lysis of B. subtilis mediated by autolytic enzymes. (A) The relative abundances of autolysins in WT strain and spo0OA-null strain. Data correspond to the
average of two biological replicates. (B and C) The growth curves of autolysin-deficient strains in spo0A™ and spo0A-null backgrounds. Growth curves were determined
automatically by a microplate reader. (D and E) The effect of autolysin deficiency on the cell lysis of B. subtilis spo0A™ and spoOA-null strains. (F) The growth curves of
IytCDEF-null strains in both spo0A™ and spo0A-null backgrounds. Growth curves were determined automatically by a microplate reader.

of dpp and app systems in nutrient acquisition from the lysis
medium by B. subtilis. Notably, the dpp-null strain and the dpp
appBC—-null strain exhibited similar growth defects with spo0A-
null strain in the lysis medium (Fig. 5H), supporting that the
peptide uptake indeed acts as an important bottleneck for the utili-
zation of nutrient sources in the lysis medium. Because proteins
account for most of bacterial biomass (50), the lysis medium is
likely to contain many short peptides generated during the
process of translation and protein degradation so that peptide trans-
porters and peptidases could enable bacteria to use them. We
further found that overexpression of dpp and app operons could
stimulate the growth rate of spo0A-null strain in the lysis medium
(Fig. 5I), and moreover, Dpp-App overexpression resulted in a
notable regrowth of spo0A-null strain after the lysis stage in
normal glucose and mannose minimal media (orange symbols in
Fig. 5, ] and K). Collectively, these results demonstrate that after
the abrupt lysis stage, skfA sdp—null strain (which is spo0A™) has a
fitness advantage over spo0A-null strain during coculture (Fig. 5A)
as the former strain harbors more proteins engaged in peptide
uptake and metabolism to facilitate the utilization of the nutrients
provided by the lysed cell debris. In such scenario, the limitation of
peptide utilization imposes a fitness cost on spoOA-null
strain (Fig. 5L).

DISCUSSION

Growth is crucial for bacterial fitness and recent studies have re-
vealed a profound role of proteome resource allocation in growth
control of microbes including bacteria and yeasts (I, 7, 11-16).
Meanwhile, increasing evidences show that some other objectives
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such as adaptation to fluctuating environments (4, 51) and chemo-
taxis (52) are also important. The relation between growth and sur-
vival is of special importance as the two traits are key determinants
of fitness. However, whether and how resource allocation could rec-
oncile them remains poorly understood. Here, we report a fitness
trade-off between growth and survival in B. subtilis that is governed
by SpoOA-mediated proteome resource reallocation. As an impor-
tant term in evolutionary biology, the definition of a fitness trade-
off is that improving one trait (trait A) at the expense of another trait
(trait B) (24, 53-55). In our study, there exists a direct competition
between growth trait and survival trait for the finite proteome re-
sources. The proteome allocation strategy of wild-type B. subtilis
strain allows balanced (bet-hedging) investment on growth and sur-
vival instead of growth rate maximization on various carbon
sources. Such a strategy could allow B. subtilis to be better prepared
for the upcoming harsh environments after nutrient depletion.
Knockout of spo0A leads to the proteome resource reallocation
from survival and stress response to biosynthesis pathways, thus
strongly promoting growth at the expense of long-term survival
(Fig. 6). The substantial effect of spo0A knockout on stimulating
growth of B. subtilis is notable given studies on E. coli suggest
that the growth rates could be nearly maximized in various condi-
tions by global regulatory pathways such as (p)ppGpp and cAMP
signaling via optimizing proteome resource allocation (I, 5, 6,
15). The proteome burden of survival and stress response is gener-
ally believed to be low during exponential stage and thus might not
have a notable effect on growth. For example, knockout of rpoS, en-
coding the master regulator of general stress response and stationary
phase (18), does not have notable effects on the exponential growth
rates of E. coli under various nutrient conditions (fig. S14) (20). The
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Fig. 5. Peptide transport is crucial for B. subtilis to feed on the lysed cell debris. (A) The coculture experiment of spo0OA-null strain and skfA sdp—null strain (replotted
from Fig. 1,1and J). The relative fractions of these two strains at ODggo = 0.348 and 0.718 are shown as subpanels. (B) The lysis medium was obtained by filtering the spo0A-
null cultures at the end of cell lysis stage (the red circle). (C) The overnight cultures of WT strain, spo0OA-null strain, and skfA sdp—null strain in the spo0OA glucose- and
mannose-lysis media [means that spoOA-null strain had been cultured in glucose or mannose medium before collecting lysis medium as (B)]. (D) The growth kinetics of WT
strain, spoOA-null strain, and skfA sdp—null strain in the mannose lysis medium. (E) The competition experiment between spoOA-null strain and skfA sdp—null strain when
cocultured in the mannose lysis medium. (F) Schematics of the two peptide transporter operons in B. subtilis, the dpp operon and the app operon. (G) The proteome
fractions of the three peptide transporter systems in WT strain and spoOA-null strain. (H) The growth kinetics of WT strain, spo0OA-null strain, skfA sdp—null strain, dpp-null
strain, and dpp appBC-null strain in the mannose lysis medium. (I) The effect of overexpression of dpp and app operons on the growth kinetics of spo0OA-null strain in the
mannose lysis medium. The expression of dpp and app operons was driven by the grac01 promoter [isopropyl-B-p-thiogalactopyranoside (IPTG)-inducible] of pHTO1
vector. (J and K) The growth curves of spo0OA-null strain and its dpp-app—overexpressing strain in normal glucose and mannose medium determined by a microplate
reader. (L) Schematics of the coculture of spo0A-null strain and spo0A™ strain using the lysis medium. The higher levels of peptide transporters and utilization proteins in
spoOA™ strain confer it a fitness advantage over spoOA-null strain.

high proteome investment of B. subtilis on survival and stress re-
sponse during exponential growth might be partially related to
the unique life cycle of B. subtills, which is often dominated by
various types of complex social behaviors during adapting to
harsh environments (25, 30, 36).

Our study shows that Spo0A could act as an important governor
of the trade-off relation between growth and survival in B. subtilis
via shaping the global resource allocation (Fig. 6). Mechanistically,
SpoOA might regulate the expressions of downstream target genes in
multiple manners. Spo0A is known to be the master regulator of
both sporulation and cannibalism processes (26, 30). In the case
of sporulation, SpoOA-P (phosphorylated form) is known to di-
rectly activate the transcription of various genes including sigE
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and sigF, which encode the two major sporulation o factors (26,
56). In the case of cannibalism, Spo0A-P can directly activate the
transcription of skf operon and, alternatively, indirectly activate
the expressions of both skf and sdp operons via inhibiting the ex-
pression of abrB, which encodes the repressor of cannibalism
(30). For many other target genes that up-regulated by Spo0A,
much less are known regarding the underlying regulatory mecha-
nisms. For example, the regulatory effect of SpoOA on surfactin bio-
synthesis may require the relay of many intermediate regulators
such as AbrB, SigH, and PhrC (35); The expressions of dpp and
app operons are known to be repressed by CodY via direct
binding (57). It is possible that there exist some unknown intercon-
nections between SpoOA and CodY regulatory pathways. In
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addition, the effect of Spo0OA on gene expression could also occur in
a more general, indirect way via resource allocation. In such scenar-
io0, spo0A knockout lowers the expressions of survival and stress re-
sponsive genes, releasing higher fractions of RNA polymerases and
ribosomes for transcribing and translating those ribosome proteins
and amino acid biosynthetic proteins. Such an indirect way of gene
regulation via resource allocation has previously been shown in the
(p)ppGpp signaling pathway of E. coli (15, 38).

Our study provides an example of growth-survival trade-off re-
lation that is governed by the Spo0OA-mediated proteome constraint
in B. subtilis. Recent studies of E. coli have investigated the effect of
the growth status of bacteria on the long-term survival (20, 58). For
example, when growth is limited by nutrient quality, proteome re-
sponse during slow growth could promote the survival of bacteria
and slow growth is then accompanied by a higher survival capability
(20, 58). However, when growth is limited by other types of stress
such as useless protein overexpression or chloramphenicol treat-
ment, slow growth is accompanied with a lower survival capability
because the proteome budget related to survival is also likely to be
curtailed during such types of growth limitations (58). Therefore,
the negative relation between growth and survival does not always
hold and should depend on the specific proteome response.

Trade-off lies at the core of a cross-kingdom research discipline
that seeks to investigate the occurrence of the high degree of biodi-
versity existing in our ecosystem (59, 60). The trade-off between
growth and survival could potentially explain why there exist so
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many slow-growing bacterial species in nature (e.g., the mycobacte-
rial species) (61, 62). It is known that in the natural environment of
bacterial kingdom (e.g., soil), fast-growing species are often not the
dominant species (63). Moreover, for the same bacterial species, a
lot of slow-growing isolates are selected in their natural niches (64,
65). Because bacteria living in their natural niches are often exposed
to highly fluctuating environments such as famine-feast cycles (66)
and a variety of abiotic stresses (18), survival instead of growth
could be preferentially selected in many cases in which a substantial
fraction of cellular resource inside bacteria is allocated to the surviv-
al-related proteome to prepare for future uncertainties, thus com-
promising the growth capacity. Insight into the trade-off
mechanism between growth and survival allows us to artificially
modulate the fitness landscape of microbes across conditions.
Our finding could also have direct implications for the practice of
synthetic biology and microbial biotechnology, in which an artifi-
cially designed genetic circuit could also have a trade-off relation
with the native system of the host bacteria as its operation could
take the cellular resources away from supporting cell growth of
the host bacteria (67, 68). In this sense, lessons from the trade-off
relation between growth and survival in the native bacterial system
could be useful in guiding the design of a fitness-robust strain.
Our study has also systematically characterized the growth kinet-
ics of B. subtilis. In a classical microbiology textbook, it is generally
proposed that bacterial growth follows a four-stages curve: lag
phase, exponential phase, stationary phase, and decline phase
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(sometimes including a fifth stage called long-term stationary
phase) (69). When bacteria like E. coli enter into stationary phase,
the population biomass could stay more or less constant for a
certain period (fig. S11). However, the growth of B. subtilis does
not follow the standard four-stage curve and is strongly affected
by cannibalism and cell lysis. During late exponential phase, a frac-
tion of wild-type cells is killed by cannibalism, which compromises
the growth yield of wild-type cells. More notably, an abrupt cell lysis
stage mediated by autolysins occurs after growth cessation; during
this period, 60 to 90% of cells (especially for spo0A-null strain) in
the population are lysed. Physiologically, such a massive cell lysis of
the population could facilitate the long-term fitness of the rest small
portion of viable cells by using the nutrients released from lysed
cells to sustain for a longer time. Collectively, the cell lysis phenom-
enon could be regarded as an important survival-related physiolog-
ical process of B. subtilis.

Last, we highlight the physiological role of peptide uptake and
metabolism in facilitating bacterial survival under harsh environ-
ments such as nutrient starvation. The peptide uptake systems
have been widely identified among various bacterial species for a
long time (70). However, its physiological role in bacteria is less
well understood relative to those well-characterized carbon or
amino acid transporters (70, 71). Here, we show that for B. subtilis,
the peptide uptake system is required for recycling the nutrients re-
leased from the lysed cells by the rest viable cells, which is crucial for
the fitness of B. subtilis during nutrient depletion. The lack of
peptide uptake systems in spoOA-null strain severely compromises
its capability of regrowth in the lysis medium. It has recently been
shown that the recycling of nutrients released from the dead cells is
crucial for the long-term survival of E. coli population during sta-
tionary phase (20, 46). Given that peptide uptake systems are widely
distributed in bacteria, it could be a general mechanism for bacterial
cells to recycle nutrients from cell carcasses to maintain viability
during stationary phase (nutrient deprivation).

MATERIALS AND METHODS

Strain construction

Strains in the studies were all derivatives of B. subtilis 168 (trpC2)
(72). The gene knockout process of B. subtilis was based on homol-
ogous recombination with the assistance of pDG1730-Sal I (Spc®)
integration vector [with an additional Sal I site at the downstream
region of amyE' of pDG1730 (73)]. The flanking regions (usually at
the range of 600 to 1000 bp) of both downstream and upstream of a
specific gene were polymerase chain reaction (PCR) amplified using
GoldenStar T6 super PCR mix (Beijing Tsingke Biotech Co., Ltd.)
and inserted into the flanking regions of spectinomycin-resistance
gene (spc™) of pDG1730-Sal I (Aat II/Bam HI sites for upstream
fragment; Eco RV/Sal I sites for downstream fragment). The resul-
tant vector was linearized by Xho I or Spe I endonuclease digestion
and then transformed into the wild-type strain using natural com-
petence. The double-crossover gene knockout transformants were
further screened for by colony PCR using 2x GS Taq PCR mix
(Genesand Biotech Co., Ltd). The DNA marker (GoldBand
DL5,000 DNA Marker) and related electrophoresis reagents such
as 50x tris-acetate-EDTA buffer and agarose were purchased from
Yeasen Biotech. To construct multiple gene knockout strains, the
spc” of pDG1730 vector was replaced with catR (chloramphenicol
resistance), ermR (erythromycin resistance), kanR (kanamycin
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resistance), and tetR (tetracycline resistance), respectively, to
obtain gene knockout vectors with different antibiotic markers.
Therefore, mutants of multiple gene deletions were constructed se-
quentially by homologous recombination with different antibiotic
resistance markers (e.g., AskfA::catR, AsdpABCDIR::ermR double-
knockout strain; AlytC::catR, AlytD::ermR, AlytE::kanR, AlytF::tetR
quadruple-knockout strain; dpp::catR, appBC::kanR double-knock-
out strain). The amyE:spc® control strain was constructed by di-
rectly transforming the linearized pDG1730-Sal I vector to wild-
type strain to screen for the strain with spc® gene inserted into the
amyE locus of B. subtilis. The concentrations of antibiotics were as
below: spectinomycin (Solarbio Life Sciences), 100 pg/ml; chloram-
phenicol (Coolaber), 5 pg/ml; erythromycin (Solarbio Life Scienc-
es), 2 ug/ml; kanamycin (Coolaber), 7.5 pg/ml; and tetracycline
(Coolaber), 15 pg/ml.

To construct the Psdp-lacZ and Pskf-lacZ reporter strain, the lacZ
gene of E. coli was PCR amplified and inserted into the Bam HI site
of the pAXO01 integration vector (74). The promoter regions of sdp
operon and skf operon were PCR amplified using the B. subtilis
genome as the template, being further moved into the Xho I/Spe I
site of pAX01-lacZ vector. The resultant lacZ reporter vectors were
then transformed and integrated into the genome of B. subtilis to
obtain the lacZ reporter strains.

To construct the peptide transporter overexpression strain, the
entire dpp operon and app operon were PCR amplified (Ultra Hi-
Fidelity PCR mix, TianGen) and assembled together into the Bam
HI/Sma I site of pHTO1 (75) using the Gibbon assembly kit, 2X
MultiF Seamless Assembly Mix (RK21020) (ABclonal), generating
the pHTO01-dpp-app vector and further transformed into B. subtilis.

Medium

B. subtilis was cultured in a modified C-minimal medium (76) or LB
broth (Coolaber). The basic recipe of C-minimal medium is as
follows: K,HPO, (16 g/liter), KH,PO, (4 g/liter), MnSO,4-4H,0
(2.32 mg/liter), MgSO,-7H,0 (0.123 g/liter), 12.5 pM ZnCl,, tryp-
tophan (50 mg/liter), and ferric ammonium citrate (22 mg/liter).
For all the C-minimal media used, 20 mM NH,CI was used as the
nitrogen source. Carbon sources used included 0.4% glucose, 0.4%
mannose, 0.4% arabinose, and 0.4% ribose. In addition to 0.4%
glucose, glucose plus cAA medium also contained 0.4% cAA.

Cell growth measurement

Cell growth was performed either in an air bath shaker (200 rpm,
37°C) or in a 24-well microplate inside a microplate reader. A stan-
dard cell culturing procedure contains three steps: seed culture, pre-
culture, and final experimental culture (12, 39, 77). For the seed
culture, cells from a fresh colony were inoculated into LB broth
and grew at 37°C to ODgg ~ 1. The seed culture was then washed
and transferred into C-minimal medium supplemented with differ-
ent carbon sources (the same as the final experimental culture) and
grew overnight as precultures. The overnight preculture was inocu-
lated into the same minimal medium at an initial ODgg, ~ 0.02 to
0.03 as the final experimental culture (if the overnight preculture
was still within exponential growth stage at ODggo from 0.2 to 0.6,
then the final culture could be initiated at a higher initial ODgqy ~
0.05). The growth curve was either manually determined by a
Genesys 50 spectrophotometer (Thermo Fisher Scientific) or auto-
matically by an Agilent Biotek Synergy H1 microplate reader. For
measuring the exponential growth rate, five to eight ODgq, points
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(generally at the range of 0.05 to 0.7) were measured by a Genesys 50
spectrophotometer to obtain the growth curve, from which the
growth rate was calculated on the basis of the exponential range
(the linear range at log-scale exponential curve).

Two-strain competitive experiment

Two B. subtilis strains were first cultured separately in mannose
medium to exponential phase (ODgyy ~ 0.6) and then mixed at
a 1:1 ratio (ODggp) into the same minimal medium at an initial
ODggo = 0.1. At the same time, single strain monoculture was
also inoculated at an initial ODg9 ~ 0.1 for comparing the
growth curves of monoculture and coculture. The growth curves
of the cultures were then determined by a Genesys 50 spectropho-
tometer (Thermo Fisher Scientific). At different ODg points, the
coculture was pipetted into two types of LB solid agars: one with no
antibiotics for counting the total cell number and the other one sup-
plemented with specific antibiotics for counting the number of one
strain. For example, for the coculture of wild-type strain and spo0A-
null strain, LB plates with spectinomycin (100 pg/ml) were used to
count the cell number of spo0A-null strain; for the coculture of
wild-type strain and AskfA::catR, AsdpABCDIR::ermR double-
mutant strain, LB plates with chloramphenicol (5 pg/ml) and eryth-
romycin (2 ug/ml) were applied to count the cell number of AskfA::
catR, AsdpABCDIR::ermR double-mutant strain.

B-galactosidase assay

The B-galactosidase (LacZ) activities of Psdp-lacZ and Pskf-lacZ re-
porter strains were determined by the classical o-nitrophenyl B-b-
galactopyranoside (ONPG, purchased from GLPBIO) colorimetric
method (12).

Dry mass measurement

About 100 to 250 ml of cell culture at different growth stages were
collected by centrifugation with the supernatant medium being dis-
carded. The cell pellets were then washed by 50 ml of double-dis-
tilled H,O (ddH,O) and collected again by centrifugation. The
ODgqp of the discarded supernatants was measured to calibrate
the loss of cells. The cell pellets were then suspended in 2 ml of
ddH,0 and transferred to aluminum pans for baking overnight
until reaching a constant weight. The weights of cell pellets were
then normalized by the calibrated ODggj.

Determination of sporulation efficiency

The sporulation efficiency (spore fraction) of B. subtilis was assayed
by the heat shock method (78). The total viable cell count (Nyy,1) of
B. subtilis was determined by plating the serially diluted samples on
LB solid agar media. For counting the spores of B. subtilis, the cul-
tures were first subject to 80°C heating for 20 min to kill the vege-
tative cells and then counted by plating to get the Nypqr (the number
of spores). The sporulation efficiency thus equals to Nypore/Niotal-

Proteomics

The proteomic process generally followed the same procedure as de-
scribed previously for E. coli (51) and detailed again below. Expo-
nential culture of B. subtilis (30 ml; ODgg, 0.6) was collected by
centrifugation (4°C, 8500 rpm for 5 min) in a prechilled 50-ml cen-
trifuge tube (Nest Biotech). The cell pellets were then washed twice
by phosphate-buffered saline, dried by a speed vacuum concentra-
tor (CV600, Beijing JM Technology Co., Ltd.), and stored at a
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—80°C freezer before proteomic analysis. The 4D label-free proteo-
mic experiment (79) was performed by Jingjie PTM Biolabs (Hang
Zhou). For details: The cell pellets were first subject to ultrasonica-
tion in lysis buffer [8 M urea, 1% Triton X-100, 10 mM dithiothrei-
tol (DTT), 1% protease inhibitor cocktail, and 2 mM EDTA]. The
cell debris was then removed by centrifugation (4°C, 12,000¢ for 10
min) and the supernatant was transferred into a new centrifuge tube
for measuring protein concentrations using a The bicinchoninic
acid assay (BCA) Kkit. Protein samples were next pelleted by 20%
trichloroacetic acid (TCA) at 4°C for 2 hours and then collected
with centrifugation (4500 g/min) for 5 min. The precipitates were
washed for twice by precooled acetone and further supplemented
with 200 mM triethylammonium bicarbonate (TEAB). Trypsin
was then added at 1:50 trypsin-to-protein mass ratio for digestion
overnight. The solution was further reduced with 5 mM DTT for 30
min at 56°C and alkylated with 11 mM iodoacetamide for 15 min at
room temperature in darkness. Last, the peptides were desalted by a
C18 SPE column. Solvent A (0.1% formic acid, 2% acetonitrile) and
solvent B (0.1% formic acid, 100% acetonitrile) were then used for
the following peptides separation and Ultra Performance Liquid
Chromatography (UPLC) procedures. The peptides were dissolved
in solvent A and separated by the NanoElute UPLC system. The
flow setting of UPLC was as follows: 0 to 43 min, 6 to 22% B; 43
to 55 min, 22 to 30% B; 55 to 58 min, 30 to 80% B; 58 to 61 min,
80% B; flow rate, 450 nl/min. After UPLC separation, the peptide
was set into capillary ionization source for ionization and further
analyzed by the timsTOF Pro mass spectrometry system. The elec-
trospray voltage applied was set at 1.6 to 1.8 kV. Both the original
peptide ion and its secondary fragments were detected and analyzed
by high-resolution time of flight (TOF). The mass/charge ratio scan
range was 100 to 1700 for full scan. Precursors with charge states 0
to 5 were selected for fragmentation, and 10 PASEF-MS/MS scans
were acquired per cycle. The dynamic exclusion was set to 30 s. The
mass spectra data were searched against the SwissProt B. subtilis 168
databases and analyzed by Maxquant software (80), which gave the
information of both label-free quantification (LFQ) intensity and
intensity based absolute quantification (iBAQ) intensity. The infor-
mation of the relative abundance of each protein across different
conditions was given by LFQ intensity. The mass proteome fraction
(absolute abundance) of individual proteins was obtained using the
iBAQ intensity of each protein to multiply the molecular weight (we
referred to as "iBAQ mass” in table S3) and further normalized by
the sum of the whole proteome (as iBAQ is a proxy of the copy
number of each protein). The iBAQ mass of individual proteins to-
gether with the gene locus-tag were submitted to proteomaps
website to obtain the Kyoto Encyclopedia of Genes and Genomes
(KEGG) resource allocation map of B. subtilis cells (32).

Statistical analysis

The SDs (error bars) of data were analyzed with GraphPad Prism
8.0. Replicate numbers are specified in the captions of the figures
where they appear. Data points for each biological replicates are dis-
played in the related figures.

Supplementary Materials
This PDF file includes:

Table S1

Legends for tables S2 to S4
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