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The trade-off between rapid growth and other important physiological traits
(e.g., survival and adaptability) poses a fundamental challenge for microbes to
achieve fitness maximization. Studies on Bacillus subtilis biology often use
strains derived after a process of lab ‘domestication’ from an ancestral strain
known as Marburg strain. The domestication process led to loss of a large
plasmid (pBS32) encoding a phosphatase (RapP) that dephosphorylates the
SpoOF protein and thus regulates biofilm formation and sporulation. Here, we
show that plasmid pBS32, and more specifically rapP, enhance growth rates by
preventing premature expression of the SpoOF-SpoOA-mediated adaptive
response during exponential phase. This results in reallocation of proteome

resources towards biosynthetic, growth-promoting pathways without com-
promising long-term fitness during stationary phase. Thus, RapP helps B.
subtilis to constrain physiological trade-offs and economize cellular resources
for fitness improvement.

In nature, microbial cells must tightly couple gene expression with cell
growth to constantly adapt to various environments'?. Rapid growth is
a fundamental concern of microbes and is crucial for population
fitness™*~. However, the nutrient availability is often highly fluctuating
in the natural niches of bacteria®'°, and hence bacterial cells must
employ sophisticated adaptive response to cope with severe nutrient
limitation'"2. Therefore, in addition to the trait of growth, alternative
physiological traits such as adaptability and survivability are also cru-
cial for bacterial fitness*'**", Therefore, the gene regulation network
of bacterial cells inevitably needs to support both the growth trait as
well as other physiological traits'®'’. Nevertheless, it is fundamentally
challenging for bacterial cells to optimize these traits simultaneously
as the gene repertoires for different traits (e.g., growth versus survival)
are largely separated from each other"?° and thus have natural con-
flicts of resource allocation” .,

Recent studies have shown that the proteome investment on
alternative traits could be substantial even during exponential stage,
which limits the cellular budget for cell growth and results in trade-
offs'%1%?*%_ For example, when encountering poor nutrient conditions,

E. coli cells harboring higher basal levels of alarmone (p)ppGpp and
cAMP gain increased adaptability and stress response at the cost of
reduced growth rate”'*'®, Therefore, bacterial cells do not always
achieve growth maximization and could spare some “growth capacity”
in some cases'®*. Similarly, growth acceleration by genetic perturba-
tion or adaptive evolution might occur at the cost of reduced survi-
vability, drug tolerance or adaptability”’*’. The fundamental trade-off
between cell growth and other important traits thus poses a natural
challenge for microbial cells to implement resource allocation deci-
sions. It remains unclear whether bacteria could somehow constrain or
avoid such trade-offs to minimize the unnecessary resource preemp-
tion by alternative physiological traits from growth trait during
exponential stage, namely, achieving need-based regulation of
resource allocation.

Here we focused on the growth physiology of model Gram-
positive bacterium B. subtilis, for which the growth control strategy
still remains poorly understood. The laboratory domesticated strain
168, generated by X-ray treatment of the ancestral Marburg strain in
1940s*, is not only the earliest sequenced model gram-positive
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bacterium™ but also the most intensively studied object in the B. sub-
tilis community due to its high amenability to genetic manipulation®**,
Compared with its ancestral Marburg strain NCIB 3610 (=ATCC 6051)*,
strain 168 has acquired a few mutations in related genes such as sfp,
swrA, trpC, and gudB, and is thus defective in certain social behaviors
such as biofilm formation and swarming motility>***. Moreover, strain
168 has lost the pBS32 endogenous plasmid of the ancestral Marburg
strain. These genetic differences raise the fundamental issue of to what
extent strain 168 can really represent the growth physiology of its
ancestral B. subtilis strain®. In this work, we identify a global strategy of
the ancestral B. subtilis strain to achieve rapid growth without com-
promising long-term fitness by employing need-based regulation of
resource allocation, which has been lost in the widely-used domes-
ticated B. subtilis strain.

Results

rapP in pBS32 plasmid encodes a growth accelerator in B.
subtilis

We first compared the growth rates of three B. subtilis strains including
the wild type 168 strain, its ancestral NCIB 3610 strain and the NCIB
3610-derived DK1042 strain. DK1042 strain could be used as a sub-
stitute of NCIB 3610 strain with the only minor genetic difference being
that the former one carries a Q12L mutation in the com/ gene*®, locating
at the endogenous pBS32 plasmid. Therefore, DK1042 strain is more
amenable to genetic modification owing to its higher natural trans-
formation efficiency than NCIB 3610 strain®. These three strains dis-
played the same growth rates in LB rich medium (Fig. S1). In contrast
with LB medium, the domesticated 168 strain exhibited much lower

growth rates than NCIB 3610 and DK1042 strains on various carbon
sources including the preferred carbon source, glucose
(Figs. 1A and S2A, B). Given that 168 strain has lost the endogenous
pBS32 plasmid, we then looked into the growth of DS2569 strain’®,
which was the pBS32-cured (ApBS32) NCIB 3610 strain (Fig. 1B).
DS2569 strain displayed comparable growth rates with 168 strain,
being also much lower than the growth rates of NCIB 3610 and
DK1042 strains (Figs. 1C and S2C, D), suggesting that the reduced
growth of strain 168 was mainly attributed to the loss of pBS32 instead
of the few mutations in chromosome. This result is counterintuitive as
it is proposed that the extrachromosomal plasmids often confer fit-
ness costs on the host”*, suggesting that pBS32 plasmid might bear
some potential growth accelerators.

Only a few genes in pBS32 have currently been characterized
and the physiological function of this plasmid still remains
unclear®. It has recently been shown that the deletion of rapP
gene in pBS32 could negatively affect the growth rate of 3610
strain®’. We thus next sought to investigate the rapP gene,
encoding a Rap-family phosphatase that targets SpoOF and acts
as an inhibitor of biofilm formation®-*°. Strikingly, DS7906 strain
(ArapP) displayed similar slow growth rates with the DS2569
(ApBS32) strain (Figs. 1C and S2C, D) and RapP complementation
could fully restore the reduced growth rate of DS7906 strain
(Fig. S3, pink), suggesting that the rapP gene itself was enough to
account for the growth acceleration effect of pBS32. We note that
complementation with RapP E49A, the phosphatase inactive
form*’, could also (albeit not fully) restore the slow growth of
DS7906 strain (Fig. S3, orange), suggesting that not only the
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Fig. 1| The growth physiology of undomesticated and domesticated B. subtilis
strains. A The growth rates of NCIB 3610, DK1042, and 168 strains on various
carbon sources. Data are presented as the mean values + standard deviations (SD)
of several biological replicates (for NCIB 3610 strain: n = 7 for glucose and mannose;
n=9 for arabinose and ribose; for DK1042 strain: n=5, 8, 6, 10 for glucose, man-
nose, arabinose and ribose, respectively; for 168 strain: n=7, 10, 6, 9 for glucose,
mannose, arabinose and ribose, respectively). B Schematics of several B. subtilis
strains used in this study. “Chr” is short for chromosome. NCIB 3610, DK1042,
DS2569, and DS7906 share the same sequence of chromosomes while the
domestical 168 strain carries additional mutations (represented by red points) in
some chromosomal positions such as sfp, swrA, trpC, and gudB. C The growth rates
of DK1042, 168, DS2569, and DS7906 strains on various carbon sources. Data of

DK1042 and 168 are the same as (A). Data are presented as the mean values +
standard deviations (SD) of several biological replicates (for DS2569:n =5, 5,4, 3 for
glucose, mannose, arabinose and ribose, respectively; for DS7906 strain:n=5, 6, 4,
7 for glucose, mannose, arabinose and ribose, respectively). D Correlation of RNA/
protein ratios versus growth rates for DK1042, NCIB 3610, and DS7906 strains
under various nutrient conditions. Data of DK1042 and NCIB 3610 strains almost
completely overlap with each other. E Comparison of RNA/protein ratios of
DK1042, NCIB 3610, and DS7906 strains on different carbon sources. Individual
data points are from different biological replicates. (n=3 for NCIB 3610 on arabi-
nose and ribose and n = 2 for all the rest conditions). Source data are provided as a
Source Data file.
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phosphatase activity but also some other effects (e.g., the direct
binding to SpoOF*°) contribute to the growth acceleration effect
of RapP. We then measured the ribosome content of B. subtilis as
ribosome synthesis lied at the core of bacterial growth
control****2, The RNA/protein ratio>*’, a proxy of ribosome
content, displayed the same linear correlation (R-line) with
growth rate for DK1042, NCIB 3610, and DS7906 strains under
various nutrient conditions (Fig. 1D). However, DK1042 and NCIB
3610 strains possessed higher ribosome content than
DS7906 strain on all carbon sources alongside the R-line
(Fig. 1D, E), suggesting that RapP could allow cells to devote
more resources to biosynthetic pathways to support higher
growth rates.

Growth acceleration effect of rapP depends on SpoOF-SpoOA
signaling

When B. subtilis encounters harsh environments such as nutrient
starvation or enters into stationary phase, cellular sensor kinases such
as KinA and KinB are activated and further activate the master reg-
ulator SpoOA via the SpoOF-SpoOB-Spo0OA phosphorelay**. The active
phosphorylated form of SpoOA, SpoOA-P, further activates various
adaptive processes such as cannibalism, competence, biofilm forma-
tion and ultimately, sporulation**™*. RapP, as a Rap-family phospha-
tase which is capable of targeting SpoOF*>*$*°, could regulate certain
social behaviors of B. subtilis such as biofilm formation via interfering
with the SpoOF-SpoOA signaling pathway**°, We found that the
knockout of spoOF or spoOA substantially increased the growth rates of
DS7906 strain on various carbon sources (Figs. 2A and S4), as similarly
observed in the case of 168 strain due to resource re-allocation from
SpoOA-mediated survival and adaptive pathways to biosynthetic
pathways (Fig. 2B)”. In contrast, spoOF or spoOA knockout only mar-
ginally affected the growth rates of DK1042 strain (Fig. 2C). As a result,
in both spoOF-null and spoOA-null backgrounds, the growth difference
between DK1042 (rapP*) strain and DS7906 (ArapP) strain completely
disappeared (Fig. S5), strongly suggesting that the growth acceleration
effect of rapP attributes mainly to its interference of SpoOF-SpoOA
signaling pathway, which could mimic the effect of spoOA deletion”.

The effect of rapP on the expressions of sporulation genes

We next wondered how rapP could quantitatively affect the expres-
sions of downstream genes of SpoOF-SpoO0A signaling pathway. One of
the central physiology processes located downstream of SpoOF-
SpoOA signaling pathway is sporulation, a crucial adaptive strategy of
B. subtilis in response to nutrient starvation***>. qPCR analysis showed
that the absence of rapP indeed stimulated the expressions of SpoOA-
dependent sporulation genes such as spollE, spollGA, spollAA, and sigE
in DS7906 strain compared with the rapP* DK1042 strain during
exponential stage (Fig. 3A). We further systematically measured the
promoter activities of spollE and spollGA using lacZ reporter assay to
monitor the fluctuation of SpoOA activity during exponential stage
under various nutrient conditions. Since the basal promoter activities
of sporulation genes were very low during exponential stage even in
poor nutrient conditions, lacZ reporter assay was based on a sensitive
fluorescent substrate (see Section “Methods”). The promoter activities
of spollE and spolIGA in DS7906 strain exhibited a strong negative
relation with growth rates on different carbon sources (red symbols in
Fig. 3B, C). In contrast, the promoter activities of spollE and spolIGA in
DK1042 strain were largely maintained at basal levels (blue symbols in
Fig. 3B, C), suggesting that RapP effectively suppressed SpoOA activity
and further minimized the leaky expressions of SpoOA-dependent
sporulation genes in B. subtilis during exponential stage. The strong
growth-rate dependences of spollE and spollGA expressions were also
observed in the wild type 168 strain which was also devoid of rapP
(Fig. 3D, E, red symbols) but certainly compromised in the spoOA-null
background (Fig. 3D, E, green symbols). The negative growth-rate

dependent expression of sporulation genes supports that SpoOA
activity undergoes marked fluctuations under different growth rates
and increased even during slow exponential growth (before growth
cessation), which is presumably the result of a “passive regulation” in
which the release of RNA polymerase from rRNA synthesis during slow
growth promotes spoOA transcription and further the production of
active SpoOA-P*°,

The effect of RapP on proteome allocation in B. subtilis

To test the global effect of RapP on gene expression, we next sys-
tematically investigated the proteome allocation of B. subtilis. We
compared the proteomes of exponentially growing DK1042 and
DS7906 strains in both mannose and ribose media using 4D label-free
mass spectrometry®, which could capture over 2500 individual pro-
teins of B. subtilis with high reproducibility (Supplementary
data 1 and 2, Fig. S6). Heatmap analysis showed that the presence of
RapP indeed reshaped the global gene expression pattern of B. subtilis
(Fig. 4A, B). A visualization of cellular resource allocation by proteo-
maps website (https://proteomaps.net)*> showed that DK1042 strain
had a higher investment on ribosome biosynthesis but a lower
investment on the biosynthesis of secondary metabolites (e.g., sur-
factin and other antibiotics) than DS7906 strain®**(Fig. 4C). Similar
result could be observed when comparing the fast-growing DK1042
cells with the slow-growing DK1042 cells in two nutrient conditions
(Fig. S7A). We further quantified the mass fractions of various func-
tional proteome sectors of B. subtilis (Figs. 4D, E and S7B, Supple-
mentary data 2-4). Although RapP had been primarily proposed to be
a biofilm inhibitor®, the proteome fractions of biofilm-related proteins
were generally low and not quite affected by rapP knockout during
exponential growth (Fig. S8), suggesting that the growth effect of RapP
was not related to its regulation of biofilm formation. We then looked
into the “core biosynthetic sector” of proteome that included various
biosynthetic pathways supporting biomass growth. Among them,
glycolysis and TCA cycle are central catabolic pathways that are
responsible for cellular energy generation® as well as producing
catabolic precursors for the subsequent anabolism'’; amino acid (AA)
biosynthesis and nucleotide (NT) biosynthesis are key anabolic path-
ways to supply amino acids and nucleotides®; ribosomes, ribosome
(Rb)-affiliated proteins and tRNA charging proteins are directly
engaged in protein synthesis®®. Compared with the slow-growing
DS7906 strain, DK1042 strain had a higher proteome investment on
the core biosynthetic sector in both mannose and ribose media
(Fig. 4F, G), being consistent with the result of RNA/protein ratio
(Fig. 1D, E).

Proteome allocation constraint is fundamentally related to the
growth control of bacteria™. It is intriguing that the ancestral B.
subtilis strain has more cellular resources devoted to biosynthetic
pathways to support faster growth. Then we wondered where did
these extra resources come from? Given that RapP interferes with the
SpoOF-SpoOA signaling pathway, we then looked into those major
adaptive response pathways such as sporulation, surfactin bio-
synthesis, oligopeptide uptake, antibiotic biosynthesis, utilization of
alternative nutrients, proteolysis, and response to toxicants (Sup-
plementary data 3 and 4). DK1042 strain had substantially lower
proteome investment on those major adaptive response pathways
than DS7906 strain in both mannose and ribose media (Figs. 4H, |
and S9). Moreover, the levels of some other minor sectors of adap-
tive response pathways such as cannibalism*, competence”, and
glycogen biosynthesis®, although being low in absolute abundances,
were also downregulated in DKI1042 strain compared with
DS7906 strain (Fig. 4J). Therefore, compared with DS7906 strain,
DK1042 strain achieves faster growth by allocating more cellular
resources to fuel the biosynthetic pathways via turning down its
cellular budget on adaptive pathways, as shown in Fig. 4K. These
results are consistent with the effect of spo0OA knockout on proteome
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Fig. 2 | The effect of spoOF or spoOA knockout on the growth of DS7906, 168,
and DK1042 strains. A The effect of spoOF or spoOA knockout on the growth rates
of DS7906 strain on different carbon sources. Data are presented as the mean
values + standard deviations (SD) of several biological replicates. n=5, 6, 4,7 on
glucose, mannose, arabinose and ribose, respectively for DS7906 strain; n =4 for
all the conditions of spoOF-null and spoOA-null strains. B The effect of spoOF or
spo0A knockout on the growth rates of 168 strain on different carbon sources. Data
are presented as the mean values + standard deviations (SD) of several biological
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for wild type 168 strain. n = 4 for all the conditions of spoOF-null strain.n=9,10,7,6
on glucose, mannose, arabinose and ribose for spoOA-null strain. C The effect of
spoOF or spoOA knockout on the growth rates of DK1042 strain on different carbon
sources. Data are presented as the mean values + standard deviations (SD) of
several biological replicates. n=5, 8, 6, 10 on glucose, mannose, arabinose and
ribose, respectively for DK1042 strain. n =4 and 3 for spoOF-null strain and spoOA-
null strain, respectively. Source data are provided as a Source Data file.
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Fig. 3 | The effect of RapP on the expressions of sporulation genes. A Relative
mRNA levels of four sporulation genes in DS7906 strain compared with

DK1042 strain growing in mannose and ribose media, respectively. Data are pre-
sented as the mean values + standard deviations (SD) of several biological repli-
cates. n =4 for all the conditions except in the case of sigF data on ribose, for which
n=5. B Growth-rate dependent promoter activities of spollE gene in DK1042 and
DS7906 strains. Data are presented as the mean values + standard deviations (SD)
of several biological replicates. n =3 and n =4 for DK1042 and DS7906 strain,
respectively. C Growth-rate dependent promoter activities of spolIGA in DK1042
and DS7906 strains. Data are presented as the mean values + standard deviations

growth rate (1/h)

(SD) of four biological replicates (n=4). D Growth-rate dependent promoter
activities of spollE gene in wild type 168 and its spoOA-null strains. Data are pre-
sented as the mean values + standard deviations (SD) of three biological replicates
(n=3). E Growth-rate dependent promoter activities of spolIGA gene in wild type
168 and its spoOA-null strains. Data are presented as the mean values + standard
deviations (SD) of several biological replicates. n = 3 for all the data points. The LacZ
reporter activities were measured by a fluorescent MUG substrate (see “Methods”)
and expressed as relative fluorescence units (RFU). Source data are provided as a
Source Data file.

allocation” and confirm that the presence of RapP in ancestral strain,
via targeting SpoOF-SpoOA signaling pathway, promotes cell growth
by shifting cellular resources from SpoOA-mediated adaptive path-
ways to biosynthetic pathways. Systematically, for the four condi-
tions studied here (two strains on two carbon sources), we could see
clearly that the levels of core biosynthetic sector increased linearly
with increasing growth rates while the levels of adaptation sector
exhibited the opposite trend (Fig. 4L). Taken together, we concluded
that the absence of RapP stimulated the overexpression of adaptive

response pathways at the cost of reduced cellular investment on
biosynthetic pathways, ultimately resulting in the reduced growth
rate of rapP-null B. subtilis (illustrated in Fig. 4M).

Need-based activation of sporulation pathway in the ancestral B.
subtilis

A potential problem associated with the increased growth rate of the
ancestral B. subtilis is a compromise of fitness during starvation stage
due to a lower investment on adaptive response, which is remarkable
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Fig. 4| The effect of RapP on proteome allocation of B. subtilis. A, B Heatmaps of
the proteomes of DK1042 and DS7906 strains growing in mannose and ribose
media, respectively. C Proteome allocation of DK1042 and DS7906 strains visua-
lized by the proteomaps website. Note that the term “mitochondrial biogenesis”
inside of the large category “translation” was based on KEGG categorization con-
sisting of both prokaryotes and eukaryotes. The readers should thus treat these
proteins here as translation factors. Moreover, genes involved in biosynthesis of
surfactin and some other lipopeptide antibiotics should be more properly treated
as biosynthesis sector of secondary metabolites instead of cofactor biosynthesis.
D, E The mass fractions of various functional proteome sectors of B. subtilis
growing in mannose and ribose media. F, G The mass fractions of several core
biosynthetic sectors of B. subtilis growing in mannose and ribose media. H, I The
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mass fractions of various adaptive response pathways of B. subtilis growing in
mannose and ribose media. ] The mass fractions of several low-abundant adaptive
response pathways of B. subtilis. K The proteome fractions of total core biosyn-
thetic pathways and total adaptive response pathways in mannose and ribose
media. Total core biosynthetic sector refers to the sum of various sectors in (F) and
(G) while total adaptive response sector refers to the sum of various sectors in
(H-J). L The correlation of the proteome fractions of core biosynthetic category
and adaptive response category with growth rates for the four conditions of B.
subtilis. M Schematic illustration showing that the absence of RapP triggers the
resource allocation from biosynthetic pathways to adaptive response pathways.
For (D-J), individual data points correspond to two biological replicates (n = 2).
Source data are provided as a Source Data file.

in the case of spoOA-null strain”. To see if this was the case, we con-
ducted a two-strain fitness competitive experiment between DK1042
and DS7906 strains at two different initial mixed ratios (1:1 and 1:3)
(Fig. 5A-D). In both cases, DK1042 strain gradually gained a fitness
advantage over the DS7906 strain during exponential growth stages
before nutrient depletion (Fig. 5B, D). Even after stationary phase when
cells entered into autolysis stage” or during long-term starvation
stage, the proportion advantage of DK1042 cells could be largely
maintained in the coculture (Fig. 5B, D), suggesting that DK1042 strain
did not display a fitness defect in relative to DS7906 strain during
starvation stage. Therefore, we next sought to investigate the
expression patterns of those adaptive response genes in DK1042 strain
during different growth stages. We again measured the promoter
activities of two sporulation genes, spollE, and spolIGA, using LacZ
reporter assay as sporulation is a key adaptive strategy of B. subtilis
during nutrient starvation. Strikingly, the promoter activities of both
genes in DK1042 strain, although being tightly repressed during
growth stages (light green area in Fig. 5E, F), abruptly increased
by ~200 folds after nutrient depletion (light orange area in Fig. 5E, F). In

comparison, DS7906 strain exhibited a much higher leaky expressions
(basal levels) of spollE and spolIGA during early exponential phase
(dashed line, Fig. 5G, H). Moreover, the expressions of spollE and
spollGA in DS7906 strain began to increase even before nutrient
depletion and finally only increased by less than 5-fold after entering
into starvation stage (Fig. 5G, H). Being consistent with the gene
expression patterns, DK1042 strain just exhibited a delay in entering
into sporulation (red circles, Fig. 5I) compared with DS7906 strain
(pink squares, Fig. 5I). Moreover, spore fractions of DK1042 strain
could further increase steadily to 70% during long-term starvation
stages (8 days after nutrient depletion) while the spore fractions of
DS7906 strain were maintained at 70-80% (Fig. 5)). The delay of
sporulation in DK1042 strain is reminiscent of the biological meaning
of cannibalism of B. subtilis, which is beneficial for B. subtilis to delay or
avoid the commitment to the highly energy-cost sporulation
process™*°, Taken together, our results suggest that the presence of
RapP allows the ancestral B. subtilis to prevent the premature expres-
sion of proteins related to adaptive response. That is, cells tightly
restrict the expressions of adaptive response pathways to unleash its
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Fig. 5 | Need-based activation of sporulation pathway in the ancestral B. sub-
tilis. A The growth curve of DK1042-DS7906 coculture in mannose minimal med-
ium. DK1042 and DS7906 strains were initially mixed at a ratio of 1:1. B The relative
fractions of DK1042 and DS7906 cells in the coculture of (A) growing in mannose
minimal medium. At each red point of the growth curve in (A), the fractions of
DK1042 and DS7906 cells in the coculture were sequentially measured by plating.
The X-axis denotes the eight time points (red) throughout the growth curve of (A).
C, D Same as (A, B) but the DK1042 and DS7906 strains were initially mixed at a
ratio of 1:3. E The promoter activities of spollE analyzed by LacZ reporter assay at
different growth stages of DK1042 strain. For (E-H), the light green area shows the
growth stage before nutrient depletion. The light orange area shows the starvation
stage after nutrient depletion. F The promoter activities of spollGA analyzed by
LacZ reporter assay at different growth stages of DK1042 strain. G The promoter
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activities of spollE analyzed by LacZ reporter assay at different growth stages of
DS7906 strain. H The promoter activities of spollGA analyzed by LacZ reporter
assay at different growth stages of DS7906 strain. I Sporulation efficiency of
DK1042 and DS7906 mono-cultures under different growth stages in mannose
medium. Sporulation data are presented as the mean values + standard deviations
(SD) of three biological replicates (n =3). The reference growth curves of DK1042
and DS7906 were shown, respectively. J, K The spore fractions and total viable cell
counts of DK1042 and DS7906 mono-cultures during long-term starvation in
mannose medium. Data points were measured on different days after nutrient
depletion. The time of nutrient depletion refers to the time point when ODgoo
reaches the highest value in the growth curve. Data are presented as the mean
values + standard deviations (SD) of several biological replicates. n=3 for all the
data points. Source data are provided as a Source Data file.

growth potential during exponential stage while strongly activate
adaptive responses after entering into starvation stage. Such an eco-
nomical strategy does not compromise the long-term fitness of B.
subtilis as we observed that DK1042 strain could maintain an even
larger population size than DS7906 strain during long-term starvation
after nutrient depletion (Fig. 5K).

Introduction of RapP accelerates the growth of domesticated B.
subtilis strain

We next sought to investigate whether the introduction of RapP into
domesticated B. subtilis strains could accelerate their growth. We
constructed the RapP-complementation strains by integrating an
IPTG-inducible expression cassette of rapP into the amyE locus of 168
strain and another domesticated PY79 strain (Fig. 6A). PY79 strainis a
commonly used prototrophic bacterium®>®" and exhibits similar
reduced growth rates with 168 strain compared with the ancestral
strain (Fig. S10). Addition of different concentrations of inducers could
effectively titrate the expression of RapP in B. subtilis (Fig. 6A). Indeed,
titrated expression of RapP strongly increased the growth rates of both
168 and PY79 strains on various carbon sources (Figs. 6B, C and S11)
and enabled 168 strain to achieve comparable growth rates with
DK1042 strain (Fig. 6D). We further found that RapP overexpression

increased the ribosome contents (reflected by RNA/protein ratio) of
168 and PY79 strains in ribose medium (Fig. 6E). As shown in Fig. 6F,
the increase of ribosome content could quantitatively explain the
increase of growth rate as their relations completely overlapped with
the linear relation between RNA/protein ratio and growth rate (R-line
in Fig. 1D). In contrast to the trend of RNA/protein ratios, the expres-
sions of sporulation genes (a reflection of SpoOA activity) were
strongly inhibited by RapP overexpression in both 168 and PY79 strains
(Fig. 6G). The growth acceleration effect of RapP disappeared in both
spoOA-null and spoOF-null backgrounds (Fig. 6H, 1), reinforcing the
notion that RapP overexpression could accelerate cell growth via tar-
geting the SpoOF-SpoO0A signaling pathway.

We finally investigated the effect of RapP complementation on
the proteome allocation of domesticated strain using mass spec-
trometry (Supplementary data 5-7, Figs. 7A and S12). In our condi-
tion, the RapP level in the RapP-overexpression 168 strain is almost
the same as its natural level in DK1042 strain (Fig. 7B). RapP over-
expression strongly re-shaped the global gene expression patterns of
168 strain (Fig. 7A) and altered the levels of various functional pro-
teome sectors (Fig. 7C). Being consistent with the notion established
in the case of ancestral strain (Fig. 4M), RapP overexpression
increased the proteome investment on core biosynthetic sector
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Fig. 6 | Introduction of rapP accelerates the growth of domesticated B. subtilis
strains. A An IPTG-inducible rapP expression cassette was integrated into the amyE
locus of the domesticated B. subtilis 168 and PY79 strains to obtain the rapP-
overexpressing strains. The mRNA levels of rapP could be titrated by addition of
different concentrations of IPTG into the medium. Data are presented as the mean
values + standard deviations (SD) of three biological replicates (n =3). B The effect
of rapP overexpression on the growth rates of 168 strain on different carbon
sources. Control refers to wild type 168 strain. Data are presented as the mean
values + standard deviations (SD) of several biological replicates (for n>3). For
mannose medium, n=10, 2, 1, 3, 3, 1, 3 for control condition, O pM, 50 pM, 100 pM,
200 pM, 300 uM and 400 pM IPTG, respectively; for arabinose medium,n=6, 3, 3,
3, 1, 3 for control condition, O pM, 50 pM, 100 pM, 200 pM, 400 pM IPTG,
respectively; for ribose medium, n=9, 3, 3, 3, 1, 4, 4 for control condition, O uM,
50 uM, 100 pM, 200 uM, 400 pM and 600 pM IPTG, respectively. C The effect of
rapP overexpression on the growth of PY79 strain on different carbon sources.
Control refers to wild type PY79 strain. Data are presented as the mean values +
standard deviations (SD) of several biological replicates (for n>3). For mannose
medium, n=4, 3, 2, 3, 3 for control condition, O pM, 50 pM, 100 pM and 300 uM
IPTG, respectively; for arabinose medium, n=4, 3, 2, 3, 3 for control condition,

0 uM, 50 uM, 100 pM, 400 puM IPTG, respectively; for ribose medium, n=3 for all
the conditions except for 0 uM and 400 pM IPTG conditions, in which n=4. D The
growth rates of DK1042, DS2569, DS7906, and 168 RapP-overexpressing (OE)
strains on various carbon sources. The data of 168 RapP OE strain correspond to the
highest values of growth rates shown in Fig. 6B. Data are presented as the mean
values + standard deviations (SD) of several biological replicates. Data of DK1042,

DS2569, and DS7906 are the same as shown in Fig. 1C. For the RapP OE condition,
n=3, 3, 4 for mannose, arabinose, and ribose media, respectively. E The effect of
RapP overexpression on RNA/protein ratio of 168 and PY79 strains growing in
ribose medium. 400 uM and 300 pM IPTG were added to the medium of 168 and
PY79 RapP-overexpressing strains, respectively. Control refers to the wild type 168
and PY79 strains. Data are presented as the mean values + standard deviations (SD)
of three biological replicates (n =3). F The correlation of RNA/protein ratio versus
growth rate for the condition of RapP overexpression. Data points correspond to
the data in (E). The gray R-line refers to the linear fit of Fig. 1D. G Relative mRNA
levels of four sporulation genes in wild type 168 and PY79 strains compared with
their RapP OE strains in ribose medium. 400 uM IPTG was added to the medium of
RapP OE strain. Data are presented as the mean values + standard deviations (SD) of
four biological replicates (n=4). H The effect of RapP overexpression on the
growth of spo0OA-null 168 strain on different carbon sources. Control refers to
spoOA-null 168 strain without rapP integration. Data are presented as the mean
values + standard deviations (SD) of several biological replicates. For the control
conditions, n =10, 7 in mannose and arabinose media, respectively. n =4 for all the
rest conditions of mannose and arabinose media. n= 6 for all the conditions in
ribose medium. I The effect of rapP overexpression on the growth of spoOF-null
168 strain on different carbon sources. Control refers to spoOF-null 168 strain
without rapP integration. Data are presented as the mean values + standard
deviations (SD) of several biological replicates. n =4 for control conditions on all
three carbon sources. For the RapP overexpression conditions, n =3 for mannose
and arabinose media; n = 4 for ribose medium. Source data are provided as a Source
Data file.

(Fig. 7D) while reduced the levels of adaptive response proteins
(Figs. 7E, F and S13). The increase in the level of core biosynthetic
sector was quantitatively comparable with the decrease in the level
of adaptive response sector (Fig. 7G). Collectively, RapP over-
expression accelerates cell growth of domesticated strain by trig-
gering a resource re-allocation from adaptive response pathway to
biosynthetic pathway (illustrated in Fig. 7H).

Discussion

To thrive in nature, bacterial cells have to balance various important
traits, resulting in a seemingly inevitable trade-off'>*>*, For example,
bacteria such as E. coli could sense the poor nutrients as a signal of
environmental deterioration based on their ecological experiences'® so
that they employ (p)ppGpp and cAMP signaling pathways to activate
adaptive response at the cost of reduced biosynthetic pathways,
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Fig. 7 | Introduction of rapP re-shapes the resource allocation of domesticated
strain. A Heatmap of the proteomes of wild type 168 and its RapP-overexpressing
(OE) strains in ribose medium. 400 uM IPTG was added to the medium of RapP-
overexpressing strain. B The proteome fraction of RapP protein in DK1042 strain
growing in mannose and ribose media and the 168 RapP OE strain growing in ribose
medium. C The mass fractions of various functional proteome sectors. D The mass
fractions of several core proteome sectors of biosynthesis. E The mass fractions of
various adaptive response pathways. F The mass fractions of several low-abundant
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adaptive response pathways. G The proteome fractions of total core biosynthetic
sector and total adaptive response sector. Total core biosynthetic sector refers to
the sum of various sectors in (D) while total adaptive response sector refers to the
sum of various sectors in (E, F). H Schematic illustration showing that RapP over-
expression triggers a global resource re-allocation from adaptive response path-
ways to biosynthetic pathways, further accelerating the growth of domesticated
strain. For (B-F), individual data points correspond to two biological replicates
(n=2). Source data are provided as a Source Data file.

ultimately resulting in slow growth but enhanced survivability under
poor conditions™'3*%*, In contrast, artificial inactivation of stress
response could increase the growth rate but at the cost of reduced
long-term survivability, as shown recently in the spoOA-null strain of B.
subtilis”. Here we showed that the ancestral B. subtilis strain possesses
an important molecular strategy of growth control, which is lost in the
commonly used domesticated strains. Such strategy, mediated by a
plasmid-encoded RapP protein, could effectively constrain the phy-
siological trade-offs. RapP allows B. subtilis to achieve need-based
regulation of resource allocation (“do the right thing at the right time”)
(illustrated in Fig. 8): minimizing the proteome burden of SpoOA-
mediated adaptive response to unleash the growth potential during
exponential stage while substantially activate them during starvation
stage. Therefore, bacteria could achieve rapid growth during expo-
nential stages without compromising the long-term fitness during late
starvation stages (Fig. 5), and thus successfully addressing the growth-
survival trade-off issue found in spoOA-null strain®. In contrast, rapP-
deficient strain has an unnecessarily higher proteome burden on

adaptive response even during exponential stage, which results in
slower growth (Fig. 8). Therefore, although trade-off itself is funda-
mental, its extent could be effectively constrained by bacterial cells
using sophisticated molecular strategies to reduce the direct conflicts
among different objectives.

Our study has shown that RapP, by targeting the SpoOF-SpoOA
signaling pathway, promotes cell growth by shifting a global resource
re-allocation from adaptive pathways to biosynthetic pathways. It is
known that SpoOA-P not only activates sporulation but is also required
for various adaptive processes, e.g., cannibalism, biofilm formation,
antibiotic biosynthesis, and competence, either via direct transcription
activation*** or indirect ways such as its relief of the AbrB-dependent
repression*®®®, Our data show that the presence of RapP indeed causes
a global downregulation of SpoOA-mediated adaptive pathways
(Figs. 4K and 7G). Nevertheless, there are still some differences among
the quantitative trends of different adaptive pathways. Sporulation
and several other pathways are strongly downregulated by RapP in
both mannose and ribose media (Figs. 4H,  and 7E). However, there are
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limits the cellular budget of biosynthesis and results in slower growth. B Schematic
illustrations showing that rapP" ancestral strain maintains a much lower leaky
expression of adaptive response pathways (e.g., sporulation) than rapP-null strain
during exponential stage. As a result, rapP* ancestral strain (blue) could achieve
need-based regulation of gene expression to unleash the growth potential during
exponential stage while substantially activate adaptive response during starvation
stage. Source data are provided as a Source Data file.

no obvious changes in the levels of biofilm-related proteins (Fig. S8).
Some other adaptive pathways such as cannibalism exhibit different
trends in mannose and ribose media (Fig. 4)). The underlying reason
could be related to the different sensitivities of different adaptive
pathways to the levels of SpoOA-P as it is known that the expressions of
different adaptive pathways (e.g., sporulation, biofilm formation,
competence, and cannibalism) are sensitive to different thresholds of
SpoOA-P levels***%%5¢_In principle, different adaptive pathways could
have direct competitions for the limited numbers of cellular SpoOA-P,
further affecting the relative abundances of each other, which ulti-
mately lead to some differences in the sensitivities of various adaptive
pathways to the effect of RapP. In addition, we also note that RapP
could increase the levels of motility proteins (Fig. 7C), which is logical
as motility genes (fla/che operon) are negatively regulated by SpoOA®.

Sporulation is a highly time-consuming and energy-demanding
adaptive process that is mainly triggered in B. subtilis when encoun-
tering long-term starvation**’, Previous studies have shown that
domesticated B. subtilis strain employs cannibalism to kill a fraction of
sibling cells to obtain additional nutrient sources so that the commit-
ment to sporulation can be avoided or delayed****%°, Our study reveals
that RapP is a highly effective regulator that delays the premature
entering into the energy-cost sporulation process (Fig. 51). The rapP-
deficient strain not only has much higher basal levels of sporulation
genes but also activates the expression of sporulation genes before
nutrient depletion, which is clearly not economical for B. subtilis. As a
result, rapP-deficient strain enters into sporulation process much

earlier than rapP" strain, though it contains even higher expression
levels of cannibalism-related proteins in mannose medium (Fig. 4J).
Therefore, RapP represents a global strategy to delay sporulation in the
ancestral strain, which has been lost in the domesticated strain.

Plasmids, as major vehicles driving horizontal gene transfer (HGT),
play an important role in bacterial ecology and evolution®. Plasmids
may help bacteria to adapt to specific environments by conferring
some beneficial traits, such as antimicrobial resistance, virulence,
heavy metal tolerance, and utilization of alternative nutrient sources®.
In particular, the key role of plasmids in driving the dissemination of
antibiotic resistance is widely recognized®’°. Despite the potential
benefits conferred by plasmids, plasmid carriages exert physiological
burdens (metabolic and proteome costs) on hosts and are thus often
associated with fitness costs, usually manifesting as reduced growth
rates or weakened competitiveness”*%, For example, clinical pathogens
expressing plasmid-encoded AmpC-type [-lactamase display reduced
growth rates in drug-free conditions®. The fitness costs of plasmids
could ultimately result in the loss of plasmids®. To maintain the long
persistence of plasmids, bacteria could evolve compensating muta-
tions in plasmids and chromosomes to ameliorate the plasmid
cost”**7! In contrast to numerous cases of plasmid costs, here we
provide a special example of plasmid carriage that could confer fitness
(growth) advantage to the host cells. The positive effect of RapP in
pBS32 plasmid on cell growth is substantial and broadly applicable to
various carbon sources (Fig. 1), and therefore could be beneficial for
the maintenance of pBS32 in B. subtilis in ecological niches.

Nature Communications | (2024)15:9567


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53992-x

A fundamental concern in the field of synthetic biology and
microbial biotechnology is how to maximize the designed function,
e.g., microbial bioproduction’>’*, The trade-off between the natural
functions of host cells and the synthetic circuits poses a fundamental
challenge to the optimization of the designed function’>”. To address
this issue, a promising research avenue focuses on the construction of
minimal cells with streamlined genome so that unnecessary genetic
elements are removed to increase the availability of cellular resources
for the synthetic circuit’®”’. For example, it has been reported that
genome-reduced B. subtilis strain gets superior capacities in the pro-
duction of foreign-secreted proteins’®. Nevertheless, the workload of
mini-genome construction is generally high and requires a systematic
annotation of the essential genes’®. Moreover, despite the tremendous
efforts of constructing mini-genome strains, the success rate in
improving bioproduction performance is relatively low due to unfor-
eseeable effects on the host physiology”>’®. Our study provides a
delicate lesson of nature about how cells economize their own cellular
resources for biosynthesis. The RapP allows cells to minimize the
resource competition from alternative pathways so that the cellular
budget for supporting biomass growth could be maximized during
exponential stage. Therefore, to improve the designed functions, it is
conceivable to identify and manipulate related regulators of various
redundant competitive pathways so that more cellular resources are
available to support the designed functions.

Methods

Strain construction

Strains used in this study included B. subtilis 168 strain (trpC2)*, the
prototrophic PY79 strain, and the ancestral NCIB 3610 strain®.
DK1042 strain is almost genetically identical to NCIB 3610 strain except
that it carries a com/?? mutation in pBS32 plasmid and DS2569 strain is
the NCIB 3610 strain that cured of pBS32 plasmid*®. DS7906 strain is
the rapP-null 3610 strain*°. DK1042, DS2569, and DS7906 strains were
kindly provided by Kearns lab. All the other strains in this study were
derivatives of these parental strains.

Gene knockout of B. subtilis in this study was based on the double-
crossover homologous recombination using the pDG1730-Sall (spc®)
integration vector”. To construct related spoOF-null strain, the flank-
ing regions of both upstream and downstream of the spoOF gene were
PCR amplified using the genome of 168 strain as the template, being
further inserted into the Aatll/BamHI and EcoRV/Sall sites of pDG1730-
Sall, respectively, generating the pDG1730-spoOF knockout vector.
The pDG1730-spoOF vector was then linearized by Xhol digestion and
transformed into related B. subtilis strain by natural competence for
screening the spectinomycin-resistant double-crossover transfor-
mants. The spoOA knockout of B. subtilis was performed with similar
procedures.

To construct the PspollE-lacZ and PspollGA-lacZ reporter strains,
we used the integrated vector pAX01”. The lacZ gene of E. coli
MG1655 was inserted into the BamHI site of pAXO0l, generating
pAXO1-lacZ vector. The promoter regions of spollE and spolIGA were
PCR amplified using the genome of 168 strain as the template, being
further moved into the Xhol/Spel sites of pAXOl-lacZ vector. The
resultant lacZ reporter vectors were then transformed and inte-
grated into the genome of various B. subtilis strains to obtain the lacZ
reporter strains.

To construct the RapP-overexpressing domesticated strains, we
first designed an artificial IPTG-inducible PgracO2 promoter, which was
derived from the Pgrac100 promoter®. PgracO2 promoter contains
one more lac operator (lacO) to replace the original spacer region
between -10 and —35 region of Pgrac100 promoter in order to achieve
much tighter regulation. The sequence of PgracO2 is as below:

5’agctattgtaacataatcggtacggggstgaaaaagetaacggaaaagggagcgsa
aaagaatgatgtaagegigaaaaattttttaaaaaatctctigacatigtgagcggataacaat
attataagaattgtggaattgtgagcggataacaattcccaattaaaggaggaa 3’

The PgracO2 DNA fragment (chemically synthesized by Tsingke
Biotech) was inserted into the Kpnl/BamHl sites of the pHTO1 vector to
replace the original PgracOI promoter. The rapP gene was then PCR
amplified using pBS32 as template. The lacR-PgracO2 cassette in
pHTO1 and rapP gene were assembled by Gibbson assembly using
Gibbson assembly kit, 2X MultiF Seamless Assembly Mix (RK21020)
(ABclonal), and inserted into the BamHI site of pDG1730-CmR vector,
generating the pDG1730-rapP vector. The pDG1730-CmR was con-
structed by inserting the chloramphenicol resistance marker (Cnm®)
cassette of pHTOI1 into the EcoRV/EcoRl sites to replace the original
spectinomycin-resistance marker (spc®) of pDG1730-Sall (in order to
facilitate the following integration to the spectinomycin-resistant
spoOA-null and spoOF-null strains). The pDG1730-rapP was then line-
arized by Xhol and transformed into 168 or PY79 strains so that the
lacR-PgracO2-rapP cassette was integrated into the amyk site of B.
subtilis.

To facilitate the two-strain competitive experiment, the pDG1730-
Sall was linearized by Xhol and directly transformed into DK1042 strain
so that the spectinomycin-resistance gene was integrated into amyE
locus of DK1042 strain, generating the DK1042 spc* strain.

For RapP complementation, the PrapP-rapP cassette (the coding
region of rapP together with its native promoter) was PCR amplified
using pBS32 plasmid as the template and further inserted into the
Nhel/BamHl sites of pHTO1 vector. The E49A mutation was introduced
directly by PCR-mediated mutagenesis approach combined with Dpnl
digestion®.

Growth medium

B. subtilis was cultured in either LB broth or modified C-minimal
medium®. The basic recipe of C-minimal medium is as below: 16 g/L
K,HPO,, 4g/L  KH,PO, 232mg/L MnSO44H,0, 0.123g/L
MgSO0,4-7H,0, 12.5 uM ZnCl,, 50 mg/L tryptophan, and 22 mg/L ferric
ammonium citrate. 20 mM NH4Cl was used as the nitrogen source.
Carbon sources used were one of the following: 0.4% glucose, 0.4%
mannose, 0.4% arabinose, or 0.4% ribose. The glucose plus casamino
acids (cAA) medium contained 0.4% casamino acid and 0.4% glucose.

Cell growth procedures

Batch culture growth of B. subtilis was performed either in an air bath
shaker or a water bath shaker (200 rpm, 37 °C). A standard cell cul-
turing procedure contained three steps: seed culture, pre-culture, and
final experimental culture. For seed culture, cells from a fresh colony
were inoculated first into LB broth (Coolaber, Beijing) and grew several
hours to ODggo > 1. For pre-culture, the seed culture was washed and
transferred into the C-minimal medium for growing overnight. On the
next day, the overnight pre-culture was inoculated into the same
C-minimal medium at an initial ODgoo of ~0.02 as the final experi-
mental culture (if the overnight pre-culture was still within exponential
growth stage at ODgoo from 0.2 to 0.6; then the final culture could be
initiated at a high initial OD. The growth curve was manually measured
using a Genesys 50 spectrophotometer (Thermo Fisher Scientific). 5-8
ODgoo data points (usually within the range of 0.05-0.5) were mea-
sured to obtain the exponential growth curve for calculating growth
rate. Growth curves were alternatively measured using an Agilent
Biotek Synergy H1 microplate reader.

B-galactosidase (LacZ) reporter assay

Due to low activities of PspollE-lacZ and PspollG-lacZ reporter, we used
a sensitive fluorescence substrate  4-methylumbelliferyl-D-
galactopyranoside (MUG, purchased from GLPBIO)* in order to
detect the low activity of B-galactosidase. In brief, 50-200 pl cell
sample was supplemented with Z-buffer (with 200 pg/mL chlor-
amphenicol) to a final volume of 400 pl. 50 pl of 3 mg/mL MUG was
then added to initiate the reaction process. 180 pl reaction mixtures
were then immediately transferred to a costar black 96-well plate and
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subject to kinetic measurement for 2-4 h using an Agilent Biotek
Synergy H1 microplate reader (Ex/Em: 360 nm/460 nm). The slope of
the linear fit of the time-course fluorescence intensity (normalized by
the volume of cell sample) was used as an indicator of the LacZ activity.

Measurement of RNA/protein ratio

To obtain the RNA/protein ratio of B. subtilis, we measured both the
total RNA content and total protein content of exponentially growing
B. subtilis cultures. The determination of total RNA was based on the
perchloric acid (HCIO4) and potassium hydroxide (KOH) treatment
method while determination of total protein were based on the
Bicinchoninic acid assay (BCA), which was performed as described in
You et al.®.

Two-strain competitive experiment

The overnight mono-cultures of DK1042 (spc®) strain (with spcR inte-
grated at the amyE locus of DK1042 strain) and DS7906 strain in
mannose medium were grown to exponential stages (ODgpo~0.5),
being then mixed at a ratio of 1:1 or 1:3 and further inoculated into the
same minimal medium at an initial ODggo~ 0.1. Throughout the pro-
cess of competitive experiment, the growth of the coculture was
monitored using a Genesys 50 spectrophotometer (Thermo Sci). At
different growth stages, 0.3 mL cell sample was taken and subject to
serial dilution. The properly diluted sample was pipetted into two
types of LB agar: one supplied with 100 pg/mL spectinomycin for
determining the cell count of DK1042 strain in the coculture; another
drug-free agar for determining the total cell count of the coculture.

Sporulation efficiency

The sporulation efficiency of B. subtilis was assayed by the heat shock
method®. At each time point, two 0.3 mL cell samples from the same B.
subtilis cultures were taken: one sample was directly subject to serial
dilutions for measuring the total cell count, Ny, Meanwhile, the other
sample was subject to heat treatment under 80 °C for 20 min to kill the
vegetative cells but retain the spores. The heat-treated sample was
then also serially diluted to get the count of spores, Nyyore. The spor-
ulation efficiency equals to Neyore/Neotar-

mRNA level determination by qRT-PCR

Determination of mRNA levels such as spollE, spollGA, spollAA, sigE,
and rapP was based on qRT-PCR method as similarly described in
Zhu et al.®, 0.8 mL exponentially growing culture of B. subtilis
(ODgp0~0.4) was added to 1 mL cold stop solution (60% ethanol, 2%
phenol, 10 mM EDTA, and 10 pg/mL actinomycin D) in a 2mL cen-
trifuge tube. The fixed cells were then pelleted for RNA extraction
using a bacterial RNA extraction kit (TianGen Biotech, Beijing). cDNA
synthesis was then performed with first-strand cDNA synthesis
reverse transcriptase kit (TianGen). The gRT-PCR reaction was per-
formed in an ABI QuantStudio 3 real-time Thermocycler using the
Hieff® qPCR SYBR Green Master Mix (Yeasen Biotech) according to
the manual. The PCR reaction procedure was as follows: 95 °C for
5 min, followed by 40 cycles of 95 °C for 10 s, 60 °C for 20 s and 72 °C
for 30s.

Proteomics

The proteomics method was based on 4D label-free mass spectro-
metry as described in Zhu et al.” and provided again as below: 40 mL
exponentially growing culture of B. subtilis (OD600~0.4) was
transferred into a pre-cooled 50 mL centrifuge tube, and collected by
centrifugation (4°C, 8000xg for 5min). The cell pellets were
washed twice by PBS, dried by a speed vacuum concentrator (CV600,
Beijing JM Technology Co., Ltd.), and stored at =80 °C freezer prior
to proteomic analysis. The 4D label-free proteomic experiment> was
performed by Jingjie PTM Biolabs (Hang Zhou). For details: the cell
pellets were first subject to ultra-sonication in lysis buffer (8 M Urea

8 Murea, 1% Triton X-100, 10 mM DTT, 1% protease inhibitor cocktail,
and 2 mM EDTA). The cell debris was then removed by centrifugation
(4 °C, 12,000 x g for 10 min) and the supernatant was transferred into
a new centrifuge tube for measuring protein concentrations using
BCA kit. Protein samples were next pelleted by 20% TCA at 4 °C for
2 h and then collected by centrifugation (4500 g/min) for 5 min. The
precipitates were washed twice by pre-cooled acetone and further
supplemented with 200 mM TEAB. Trypsin was then added at 1:50
trypsin-to-protein mass ratio for digestion overnight. The solution
was further reduced with 5mM DTT for 30 min at 56 °C and alkylated
with 11 mM iodoacetamide for 15 min at room temperature in dark-
ness. Finally, the peptides were desalted by 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 UPLC procedures. The peptides were dissolved in
solvent A and separated by the NanoElute UPLC system. The flow
setting of UPLC was as follows: 0-43 min, 6% ~22%B; 43-55min,
22%~30%B; 55-58 min, 30%~80%B; 58-61min, 80%B; flow rate:
450 nl/min. After UPLC separation, the peptide was set into Capillary
ionization source for ionization and further analyzed by timsTOF Pro
mass spectrometry system. The electrospray voltage applied was set
at 1.6-1.8 kV. Both the original peptide ion and its secondary frag-
ments were detected and analyzed by high-resolution TOF. The m/z
scan range was 100-1700 for full scan. Precursors with charge states
0-5 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 Bacillus sub-
tilis 168 databases (plus the annotation information of pBS32 plas-
mid) and analyzed by Maxquant v1.6.15.0 software®®, which gave the
information of both LFQ intensity and iBAQ intensity. The relative
abundance of each protein across conditions was indicated 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 (MW) (referred to as “iBAQ
mass” in supplementary data) and further normalized by the sum of
the whole proteome (as iBAQ is a proxy of the copy number)*. The
iBAQ mass of individual proteins was submitted to proteomaps
website (https://proteomaps.net) to obtain the KEGG resource allo-
cation map of B. subtilis cells*>.

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

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with
the dataset identifier PXD053191 for XA1826LQ project and PXD053195
for XA1827LQ project. The core data of proteomics related to Fig. 4,
Fig. 7, and related supplementary figures are provided also in Sup-
plementary Data 1-7. Source Data are provided with this paper.
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