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ABSTRACT In Bacillus subtilis, biofilm and sporulation pathways are both controlled by
a master regulator, Spo0OA, which is activated by phosphorylation via a phosphorelay—a
cascade of phosphotransfer reactions commencing with autophosphorylation of histidine
kinases KinA, KinB, KinC, KinD, and KinE. However, it is unclear how the kinases, despite
acting via the same regulator, SpoOA, differentially regulate downstream pathways, i.e.,
how KinA mainly activates sporulation genes and KinC mainly activates biofilm genes. In
this work, we found that KinC also downregulates sporulation genes, suggesting that
KinC has a negative effect on SpoOA activity. To explain this effect, with a mathematical
model of the phosphorelay, we revealed that unlike KinA, which always activates SpoOA,
KinC has distinct effects on SpoOA at different growth stages: during fast growth, KinC
acts as a phosphate source and activates SpoOA, whereas during slow growth, KinC
becomes a phosphate sink and contributes to decreasing SpoOA activity. However,
under these conditions, KinC can still increase the population-mean biofilm matrix pro-
duction activity. In a population, individual cells grow at different rates, and KinC would
increase the SpoOA activity in the fast-growing cells but reduce the Spo0OA activity in the
slow-growing cells. This mechanism reduces single-cell heterogeneity of SpoOA activity,
thereby increasing the fraction of cells that activate biofilm matrix production. Thus,
KinC activates biofilm formation by controlling the fraction of cells activating biofilm
gene expression.

IMPORTANCE In many bacterial and eukaryotic systems, multiple cell fate decisions are
activated by a single master regulator. Typically, the activities of the regulators are con-
trolled posttranslationally in response to different environmental stimuli. The mechanisms
underlying the ability of these regulators to control multiple outcomes are not under-
stood in many systems. By investigating the regulation of Bacillus subtilis master regulator
Spo0A, we show that sensor kinases can use a novel mechanism to control cell fate deci-
sions. By acting as a phosphate source or sink, kinases can interact with one another and
provide accurate regulation of the phosphorylation level. Moreover, this mechanism
affects the cell-to-cell heterogeneity of the transcription factor activity and eventually
determines the fraction of different cell types in the population. These results demon-
strate the importance of intercellular heterogeneity for understanding the effects of
genetic perturbations on cell fate decisions. Such effects can be applicable to a wide
range of cellular systems.

KEYWORDS biofilm, modeling, intercellular heterogeneity, sporulation, systems
biology

oil microbes are frequently exposed to environmental stress conditions, including
nutrient starvation. To ensure survival, cells often sense environmental changes
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and respond by inducing a set of genes (1). Upon starvation, the soil bacterium Bacillus
subtilis differentiates into distinct cell types. At the onset of starvation, a subset of
B. subtilis cells lose their motility, form chains, and gain the ability to produce and
secrete extracellular matrix (2, 3). As a result, biofilms—multicellular communities
encased in the extracellular matrix—are formed (4). When starvation is prolonged,
B. subtilis cells begin to form spores (5), which are metabolically inert and highly resist-
ant to environmental stresses. In the starving community, growing, biofilm-forming,
and sporulating cell types coexist (6, 7), but the mechanisms controlling this heteroge-
neity are not fully uncovered.

Both biofilm matrix production and sporulation are triggered by the activation of
Spo0A, a master regulatory transcription factor (8, 9). The phosphorylated form of SpoOA
(Spo0A~P) acts as a transcriptional regulator that directly and indirectly controls sporula-
tion genes (10, 11), and the threshold amount of SpoOA~P triggers sporulation (10, 12,
13). Moreover, SpoOA~P indirectly activates genes related to biofilm matrix production via
the Sinl-SinR-SIrR regulatory network. SpoOA~P activates the expression of Sinl, which in
turn sequesters and thereby inactivates the transcriptional regulator SinR (14, 15). SinR
represses the expression of SIrR, which can also sequester and inactivate SinR (16, 17).
Inactivation of SinR results in the derepression of a set of genes and operons controlling
biofilm formation, including the tapA (formerly named ygxM)-sipW-tasA operon, encoding
proteins required for proper extracellular matrix formation (18).

The phosphorylation of SpoOA is achieved via a four-component His-Asp-His-Asp
phosphotransfer cascade termed phosphorelay (19). At the top of the cascade, there
are at least five histidine kinases (KinA, KinB, KinC, KinD, and KinE) that are autophos-
phorylated under different conditions (20, 21). Thereafter, the phosphate (phosphoryl
group) from each of the phosphorylated kinases is transferred to two intermediate
phosphotransferases SpoOF and SpoOB, in this order, and eventually to Spo0OA (19). The
concentration of SpoOA~P is further fine-tuned by the phosphatase SpoOE, which
dephosphorylates SpoOA~P (22).

Intriguingly, despite acting via the same biochemical mechanism and via the same
master regulator, different kinases play distinct roles in the regulation of cell differen-
tiation. KinA appears to be primarily responsible for sporulation upon starvation (21).
KinA autophosphorylation is inhibited by Sda, which acts as a checkpoint protein to
ensure proper sporulation (23-25). Our study showed that the slowdown of growth
leads to an increase in cellular KinA concentration, which eventually results in the ini-
tiation of sporulation (26). On the other hand, KinC mainly controls biofilm formation
(27). How different kinases activate the same transcription factor but lead to distinct
cell fates is still unclear.

In this work, combining experimental data with mathematical modeling, we explain
how KinA and KinC interplay in the regulation of biofilm matrix production and sporu-
lation. Our experiments showed that deletion of kinC increases sporulation gene
expression, suggesting that KinC negatively affects cellular SpoOA~P concentration. To
explain this effect, we used a mathematical model of phosphorelay. The model pre-
dicted that, when KinA is active, KinC reduces SpoOA~P concentration by acting as a
phosphate sink. However, this prediction seemingly contradicts the positive effect of
KinC on biofilm gene expression under the same conditions. To reconcile the conflict-
ing roles of KinC in two gene expression programs, we investigated how KinC affects
heterogeneity in single-cell gene expression. As predicted by the model, the presence
of KinC reduces the cell-to-cell heterogeneity of SpoOA~P concentrations. As a result,
more cells will reach sufficient SpoOA~P concentration to activate biofilm gene expres-
sion. Thus, KinC positively regulates biofilm formation by increasing the fraction of cells
that can activate biofilm matrix production.

RESULTS
Different effects of KinC and KinA on matrix production and sporulation. To
understand the roles of KinA and KinC in the regulation of SpoOA and cell fate
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FIG 1 Effect of KinA and KinC on PtapA/PspollG activity and sporulation. (A and B) The dynamics of
B-galactosidase activities from PtapA-lacZ (A) and PspollG-lacZ (B) in different strains (WT, AkinC, and AkinA).
The strains were cultured in liquid MSgg medium. The samples were collected at the indicated times after
culture. The mean activities of at least three independent experiments are shown with standard deviations. (C)
Counts of spores and total viable cells of different strains at 8 and 24 h (T8 and T24, respectively) of culture in
liquid MSgg medium. The mean counts of at least four independent experiments are shown with standard

deviations.

decisions at the population level, we measured the activities of two different SpoOA-
controlled promoters, tapA and spollG (see Materials and Methods for details). The
tapA operon encodes proteins required for matrix production (18, 28). Its expression is
indirectly activated by SpoOA~P at a low-concentration threshold (10). The spollG op-
eron encodes the mother cell-specific pro-of and its processing enzyme (29). Under
sporulation conditions, it is directly controlled by SpoOA~P at a high threshold (10,
30). For comparison, we also investigated the effects of kinB deletion and kinD deletion
on tapA expression. The results indicate that the deletion of kinB has an effect very sim-
ilar to that of kinA deletion (Fig. S1A), suggesting that these kinases can be lumped to-
gether in our models. Furthermore, under our conditions, the effect of kinD is minor
(Fig. S1B).

The dynamics of PtapA activity suggest that KinA and KinC are active at different
stages of growth in liquid MSgg medium conditions (see Materials and Methods for
details). In the AkinA strain, the PtapA activity was only slightly lower than in the wild-
type (WT) strain at early times (Fig. 1A, 3 to 5 h of culture). However, after 5 h of cul-
ture, the PtapA activity stopped increasing and became much lower in the AkinA strain
than in the WT strain. Thus, KinA is active mainly during later times of starvation, when
cell growth slows down, which is in agreement with published results (21, 26). In con-
trast, in the AkinC strain, the PtapA activity was significantly lower than in WT cells at
all times (Fig. 1A). These results indicate that KinC-dependent activation of SpoOA
increases matrix gene expression throughout the experimental time course.

In contrast, our results indicate a different effect of KinC on sporulation gene
expression. As Fig. 1B shows, at early times (3 to 5 h of culture), PspollG activity
remained very low in all the strains. At later times (after 5 h of culture), the PspollG ac-
tivity increased in the WT and the AkinC strains, but the AkinC strain showed higher ac-
tivity than the WT strain (Fig. 1B). In comparison, no PspollG activity was detected in
the AkinA strain (Fig. 1B).

To further examine the role of KinC in the regulation of sporulation, we measured
the sporulation efficiencies of WT and AkinC cells grown in MSgg medium. To this end,
we counted the number of spores and the total number of viable cells (Fig. 1C; also,
see Materials and Methods for details). We found that the AkinC strain showed early
onset of sporulation compared with the WT strain in MSgg (Fig. 1C, T8). After 24 h of
culture, many of the WT cells would form spores, so the deletion of kinC cannot further
increase the spore counts (Fig. 1C, T24). These results indicate that the deletion of kinC
accelerates sporulation. In contrast, the sporulation in the AkinA strain is greatly dimin-
ished (Fig. 1C), consistent with previous studies (21). No significant effect of deletion
on the total number of viable cells was observed. Taken together, our results suggest
that KinC negatively affects SpoOA~P levels after 5 h of culture, keeping it below the
threshold required for sporulation.
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FIG 2 Mathematical model explaining the different effects of KinC on SpoOA~P concentrations. (A) Kinetic scheme of the
phosphorelay network explicitly showing two phosphorylation pathways by two kinases. The hollow arrows indicate the direction
of phosphate flux: When KinA concentrations are low, KinC preferentially transfers the phosphate to SpoOF and maintains an
intermediate SpoOA~P level. At high KinA concentrations, the direction of phosphate flux is flipped, and KinC acts as a
phosphate sink. (B) Predicted fraction of SpoOA~P as a function of KinA and KinC concentrations. The black dashed lines are the
contour lines of the SpoOA~P fraction. The green and blue dashed lines mark the KinA concentrations corresponding to the
green and blue curves in panel C. (C) The predicted fraction of SpoOA~P changes with KinC concentrations in different manners
under different concentrations of KinA. When KinA concentration is low (0.03 wM; green curve), the fraction of SpoOA~P
increases with KinC concentrations. At high KinA concentration (3 wM, blue curve), higher KinC concentrations would result in
lower fractions of SpoOA~P. The dashed lines show the SpoOA~P fractions at intermediate KinA concentrations (0.1 M, 0.4 M,

0.8 uM, 1.2 uM, 1.6 uM, and 2 uM).

A kinetic model of the phosphorelay provides an explanation of the distinct
roles of KinC in the regulation of SpoOA~P. To further explore the roles of KinA and
KinC in the regulation of SpoOA~P, we employed a detailed mathematical model of
phosphorelay (Fig. 2A; also, see Materials and Methods for details). The model was
extended from earlier published models from our group which were calibrated using
experimental data (12, 13, 26, 31, 32). Given that KinC is not as efficient as KinA in phos-
photransfer to SpoOF (33), we assigned different kinetic parameters to KinA and KinC
(see Materials and Methods for details). Notably, we modeled all of the phosphotrans-
fer reactions as reversible (Fig. 2A) based on the prior in vitro experiments (20, 34). The
model allowed us to investigate how KinA and KinC together regulate SpoOA~P.

The model predicted how the fraction of SpoOA~P (the concentration of SpoOA~P
divided by the concentration of total Spo0OA) changes as a function of KinA and KinC
concentrations. Due to different kinetic parameters, the phosphate flux from KinA to
SpoOF is larger than that from KinC to SpoOF. As Fig. 2B shows, the model predicted
that SpoOA~P fraction is low when both KinA and KinC concentrations are low. The
increase in either KinA or KinC leads to the increase in SpoOA~P fraction but to differ-
ent extents; the increase in KinA concentration leads to a much higher phosphorylated
fraction (Fig. 2B). These results reveal that by itself KinA generates high levels of
Spo0A~P while KinC by itself maintains intermediate levels.

Furthermore, this model predicted the distinct effects of KinC on Spo0OA~P at differ-
ent KinA concentrations. When KinA concentrations are high (Fig. 2B), the increase in
KinC concentration would decrease rather than increase the fraction of phosphorylated
Spo0A~P. The distinct effects of KinC on SpoOA~P are further illustrated in Fig. 2C.
When KinA concentrations are low, the autophosphorylation of KinC is the major
source of phosphate, so the steady-state SpoOA~P levels would increase when KinC
concentration increases. However, at high concentrations of KinA, SpoOA~P levels
would be negatively correlated with KinC concentration. In that case, KinC acts as a
phosphate sink, and the direction of the phosphotransfer reaction conducted by KinC
would be shifted in the reverse reaction from SpoOF~P to KinC (Fig. 2A, hollow arrow).
This prediction of the model is robust to the uncertainty of the parameter values
(Fig. S6; also, see Materials and Methods for details).

The model provides an explanation of how KinC differently regulates SpoOA~P at
different growth stages. To assess if the distinct roles of KinC for SpoOA~P (Fig. 2A
and B) are sufficient to explain the observed dynamics of PtapA and PspollG activity
(Fig. 1A and B), we need to model how the concentrations of KinA and KinC change
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with time. Recent experimental and theoretical studies reveal that the slowdown of
cell growth increases the cellular concentrations of KinA, leading to the pulsatile
increase in SpoOA level and activity (26, 31, 35-37). Although multiple mechanisms of
nutrient or starvation sensing could be employed by cells, using the cell growth rate as
an indirect measure of the sensory system is particularly appealing, since it bypasses
the need for any dedicated metabolite sensing systems (26, 27, 38). Thus, we assumed
that the decrease of growth rate drives the increase in SpoOA~P concentrations via
the increase in the concentration of KinA and KinC proteins.

A slowdown of growth leads to the accumulation of stable proteins (39). In our
model, several processes contribute to this accumulation (see Materials and Methods
for details). First, the growth rate determines the protein dilution rate. For stable pro-
teins, the effect of dilution is stronger than degradation; therefore, a lower growth rate
leads to slower dilution and higher concentration (39). Second, slow-growing cells
have smaller cell volumes (26), which also leads to higher cellular concentrations of
proteins with the same copy number. For simplicity, the transcription rate and transla-
tion rate are assumed to be independent of growth rate. The model successfully
explained the effect of growth rate on the concentration of stable proteins (26). To
incorporate slowdown of growth into our model, we measured the growth curve dur-
ing the starvation and fit a simple growth dynamics model to estimate cell growth rate
at different times (see Materials and Methods and Fig. S3A for details). Assuming that
the biochemical reactions are faster than the change of growth rate, we can use quasi-
steady-state approximation to predict the steady-state concentration of KinA and KinC
at different times.

Sda, an inhibitor of KinA, also affects the growth rate dependency of KinA activity.
Sda inhibits KinA by binding to its autokinase domain (23, 24). It is also known that
growing cells with actively replicating DNA produces increasing concentrations of Sda,
leading to inhibition of KinA and thus inhibiting entry into sporulation (40). Our experi-
ment showed that the deletion of sda could restore tapA expression at early times in
the AkinC strain (Fig. S2A). The result suggests that Sda also affects matrix production
by inhibiting KinA at the early stages of starvation. Therefore, we introduced Sda into
the model. Notably, Sda is subject to rapid degradation in vivo (25), whereas KinA and
KinC were assumed to be stable proteins. As a result, the slowdown of growth would
increase KinA concentration but would only slightly affect Sda concentration (Fig. S2B).
While Sda could also inhibit KinC, this inhibition is significantly less effective than that
of KinA (23). Thus, the Sda inhibition on KinA makes the concentration of active KinA
(free from Sda) more sensitive to growth rate than KinC (Fig. 3A). As the growth rate
decreases, the concentration of KinC gradually increases due to the decrease of dilu-
tion rate and cell volume. As for KinA, at early times (before 5 h), the concentration of
active KinA is very low because of the excess of Sda. At later times, KinA concentration
increases but Sda concentration does not change much, so Sda can no longer fully in-
hibit KinA (Fig. S2C). As a result, the concentration of active KinA rapidly increases after
5 h (Fig. 3A).

Using the dynamics of concentrations of active KinA and KinC as inputs, our model
explains how KinA and KinC affect the dynamics of SpoOA~P. At early times, KinA is
inhibited by Sda, and KinC is the main phosphate source involved in the phosphorelay.
Thus, the deletion of kinC reduces SpoOA~P concentrations before ~5 h, whereas the
deletion of kinA has a minor effect (Fig. 3B). At later times (after ~5 h), the concentra-
tion of active KinA increases in the starving WT cells, and KinA become the major phos-
phate source, so the deletion of kinA would significantly reduce the SpoOA~P concen-
trations. In that case, KinC acts as a phosphate sink and negatively regulates SpoOA~P,
so the deletion of kinC results in higher SpoOA~P concentrations (Fig. 3B).

To see if the predicted SpoOA~P concentrations can explain observed expression
patterns of the downstream genes, we first assumed that tapA and spollG expression
are determined by SpoOA~P with monotonic phenomenological functions (see
Materials and Methods for details; the unknown parameters were optimized to fit the
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FIG 3 Effect of growth rate changes explains the roles of KinC at different growth stages. (A)
Predicted dynamics of the concentration of active KinA/KinC (solid lines, left y axis) and growth rate
(dashed line, right y axis). The growth rate dynamics are calculated with a model that is fitted to the
experimental data (see Materials and Methods for details). (B) Predicted dynamics of SpoOA~P
concentration in WT, AkinC, and AkinA strains. (C and D) Predicted dynamics of PspollG (C) and tapA
(D) activity in WT, AkinC, and AkinA strains. The solid line represents a model fit for the PspollG
activity dynamics. The experimental data presented in Fig. 1 are rearranged and presented as
different markers.

experimental data). The results successfully explain the effect of KinA and KinC on the
dynamics of spollG expression (Fig. 3C). Expression of spollG is known to be directly
activated by SpoOA~P with a high threshold (10). As shown in Fig. 3C, before ~5 h,
the PspollG activity is low in all three strains, and the positive effect of KinC on
SpoOA~P does not significantly affect the expression of spollG. After ~5 h, in the WT
strain, due to the accumulation of KinA, the SpoOA~P concentrations increase and
become high enough to trigger spollG expression. Thus, the deletion of kinA would
eliminate spollG expression, while the deletion of kinC raises SpoOA~P concentrations,
leading to higher spollG expression. The model matched the experimental data well
(Fig. 3C), supporting our proposed model that KinC negatively regulates SpoOA~P by
acting as a phosphate sink.

In contrast, the model is unable to fully explain the observed patterns of tapA
expression. The fitted model simulations were in good agreement with the experimen-
tal data of PtapA activity dynamics in the WT and AkinA strains but not the AkinC strain
(Fig. 3D). The model predicted that the PtapA activity would be higher in the AkinC
strain than in the WT strain because of the higher SpoOA~P concentrations after ~5 h,
whereas experimental data showed lower PtapA activity in the AkinC strain than the
WT strain over the whole time range (Fig. 3D). Thus, the model assuming monotonic
(Hill function) activation of gene expression on SpoOA~P is not able to fully explain
the effect of AkinC on tapA.

One possible way to resolve this contradiction is to assume that SpoOA~P has dif-
ferent effects on tapA expression depending on the concentrations of SpoOA~P, i.e.,
assume that tapA is repressed by high concentrations of SpoOA~P, as suggested by
Chai et al. (41). However, when included in our model, this high-concentration repres-
sion mechanism would lead to nonmonotonic dynamics of PtapA activity in the AkinC
strain (Fig. S4A), which was not observed in the experiment (Fig. TA). To further test
the effect of high concentrations of SpoOA~P on PtapA activity, we measured PtapA
activity in a strain with kinA overexpressed using an IPTG (isopropyl-B-b-thiogalacto-
pyranoside)-inducible promoter (37, 42). The results indicate that high SpoOA~P con-
centrations generated by overexpressed KinA did not repress PtapA activity. Instead,
the overexpression of KinA resulted in much higher PtapA activity than in the WT strain

January/February 2022 Volume 13 Issue 1 e01694-21

mBio’

mbio.asm.org 6


https://mbio.asm.org

Mechanism of Biofilm Gene Program Activation by KinC

I AkinC mean=1.3
A B_t>04 ] D z 02 B WT mean=1.6
Low KinA levels — Low SpoOA~P 2 c
levels 8 0.3 )
>
Fast-growing cells £02 g
———————————— inC 2 o i 01
Slow-growing cells < 0.
) l & > T
High KinA levels — High SPO0A~P 0
evels Spo0A~P 0 05 1 15 2 25 3
PtapA Activity (AU)
C ........................... = E 0.92f ]
. I AkinC: mean=0.4, CV=0.9 g > (] 6\,‘;{"0: meag?,%m
- Bl Y. . mean=0.!
> B WT: mean=0.3, CV=0.5 -SU% 20.73f
c | ---- s g
g spollG g2 s
g o041 S= 2
i <~ X
0 0 s 0
0 02 04 06 08 1 12 14 0 0.5 1 1.5 2
Spo0A~P (uM) PspollG Activity (AU)

FIG 4 Effect of KinC on the heterogeneity of SpoOA~P levels in individual cells. (A) KinC reduces the
heterogeneity of SpoOA levels in individual cells. In fast-growing cells, KinA levels are low, so KinC induces
intermediate SpoOA~P levels. In slow-growing cells, KinA accumulates and induces high levels of Spo0OA~P,
while KinC reduces SpoOA~P levels. (B) A higher mean SpoOA~P level does not guarantee a higher mean
PtapA activity. For a toy model, we assume that the SpoOA~P levels in WT and AkinC strains follow normal
distributions. The mean and variance of SpoOA~P level are both higher in the AkinC strain. The gray area
indicates the fraction of cells not expressing tapA. The dashed line shows the threshold level of SpoOA~P to
activate tapA. (C) Predicted distribution of SpoOA~P level in AkinC and WT strains. The solid and dashed lines
corresponding to the right y axis show how activities of PspollG and PtapA, respectively, depend on SpoOA~P
level. (D and E) Predicted distributions of PtapA (D) and PspollG (E) activity in AkinC and WT strains.

(Fig. S4B). Thus, the results indicate that the reduction of tapA expression in the AkinC
strain is not due to the increase in SpoOA~P concentrations.

KinC reduces the cell-to-cell heterogeneity of SpoOA~P concentrations. The
results thus far indicate that some features of the SpoOA regulatory network were not
captured by the model. One of those features is cell-to-cell heterogeneity in the
SpoOA~P concentrations and the resulting heterogeneity of downstream gene expres-
sion. A study from our group demonstrated that the noise in growth rate determines
the distribution of single-cell SpoOA~P concentrations and explains the heterogeneity
of sporulation in single cells (26). We therefore hypothesized that the noise in
SpoOA~P concentrations originated from the growth rate fluctuations and that KinC
can affect the noise propagation from growth rate to SpoOA~P. The rationale for this
hypothesis is shown in Fig. 4A. Based on the results in Fig. 3B, we assumed that KinC
would affect cells at different growth stages differently due to different concentrations
of active KinA. In the same population, KinA concentrations are low for faster-growing
cells, and in these cells, KinC contributes to the increase in SpoOA~P concentrations.
On the other hand, in the slow-growing individual cells, KinA concentrations are high.
In that case, KinC acts as a phosphate sink and reduces SpoOA~P concentration. With
this “rob the rich and help the poor” mechanism, KinC reduces the cell-to-cell hetero-
geneity in the SpoOA~P concentrations.

The above-described effect can lead to counterintuitive effects on downstream
gene expression. As Fig. 4B shows, if both mean and variance of SpoOA~P levels are
increased in the AkinC strain, it is possible that the fraction of cells with SpoOA~P lev-
els lower than a certain threshold (Fig. 4B, gray area) also increases. Therefore, we
hypothesized that the observed population-level decrease of tapA expression in the
AkinC strain is due to the increase in the fraction of cells that failed to activate tapA
expression.

To quantitatively assess the feasibility of the mechanism hypothesized as above, we
constructed a simple model to test how growth rate heterogeneity affects the distribu-
tion of PtapA activity in different strains. In this model, we assumed that the noise in
growth rate fully determines the noise in SpoOA~P concentration and finally deter-
mines the heterogeneity of tapA expression. It is known that the heterogeneity of indi-
vidual cell generation time of B. subtilis during balanced growth could be approxi-
mated as normally distributed (43). Here, we assumed that the cell generation time
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during starvation also follows normal distribution but with the mean value changing
with starvation duration. The cell generation times were sampled and then the growth
rates were calculated accordingly (Fig. S3B; also, see Materials and Methods for details).
For each growth rate, using the same model as for Fig. 3B, we calculated the steady-
state SpoOA~P concentrations in individual cells in a culture population. The results
indicate that KinC contributes to the decrease in the mean and the variance of
SpoOA~P concentrations in individual cells (Fig. 4C).

Using Hill functions to model the expression of tapA and spollG as functions of
SpoO0A~P (Fig. 4C, solid and dashed lines), we can predict the effect of KinC deletion
on tapA and spollG expression. A low concentration of SpoOA~P is enough to activate
tapA expression (Fig. 4C, dashed line). In the WT strain, most of the cells maintained
certain Spo0A~P concentrations (>0.2 uM), which is sufficient to activate PtapA. Thus,
most of the WT cells expressed tapA. In contrast, in the AkinC strain, near 40% of cells
showed very low SpoOA~P concentrations (<0.2 uM) (Fig. 4C), thus they did not
express tapA (Fig. 4D). As a result, lower mean PtapA activity was predicted in the
AkinC strain than in the WT strain (Fig. 4D). As to spollG, since the expression of spollG
needs a higher concentration of SpoOA~P (Fig. 4C, solid line), the mean PspollG activity
was predicted to be higher in AkinC strain because of higher SpoOA~P concentrations
(Fig. 4E).

Therefore, the model qualitatively explains the paradox that the AkinC strain has
higher SpoOA~P concentrations but lower PtapA activity. For those fast-growing cells,
the deletion of kinC results in lower SpoOA~P concentrations, so their PtapA activity is
reduced. For slow-growing cells, SpoOA~P concentrations are high enough to saturate
PtapA. Though the deletion of kinC leads to higher SpoOA~P concentrations, the
PtapA activity did not further increase in slow-growing cells. As a result, despite higher
mean SpoOA~P concentrations, the AkinC strain displays lower mean PtapA activity
than the WT strain (Fig. 4D).

KinC mainly affects the fraction of tapA-expressing cells instead of the tapA
expression levels. To experimentally test the model of the heterogeneity of tapA
expression described in the above section, we performed single-cell measurements of
PtapA activity using a fluorescent reporter (Fig. 5A; see Materials and Methods for
details). The single-cell level distributions of PtapA activity were examined in the WT
and AkinC strains after 4, 6, and 8 h of culture (defined as T4, T6, and T8, respectively)
(Fig. 5A). We found that all of the distributions have a sharp peak near zero. These
results indicate that the majority of cells do not express tapA except for the WT strain
at T8. Excluding the peak, the fluorescence intensity values were widely distributed.

Further analysis indicates that the mean PtapA activity is mainly determined by the
fraction of tapA-expressing cells instead of the tapA expression levels. To better under-
stand the role of KinC in the regulation of tapA expression, we quantified green fluores-
cent protein (GFP) intensity values for “all cells” (including tapA-expressing and non-
tapA-expressing cells) and for cells expressing with intensity significantly higher GFP
values than the background as “tapA-expressing cells.” As Fig. 5B shows, the mean flu-
orescence intensity of the WT cells was higher than that of the AkinC cells, and these
values increased with time, which is consistent with the lacZ reporter data (Fig. 1A).
However, the mean fluorescence intensity of tapA-expressing cells was relatively con-
stant both in the WT and AkinC strains at different times (Fig. 5B, dashed lines). In con-
trast, the dynamics of the fraction of tapA-expressing cells showed the same trend as
the mean fluorescence intensity of all cells (compare solid lines in Fig. 5B and C). These
results indicate that, as predicted by the model (Fig. 4), it is the fraction of tapA-
expressing cells, rather than the tapA expression levels in individual cells, that deter-
mines the mean tapA expression level in a culture population.

KinC has opposite effects on matrix production depending on KinA level. The
results thus far show that experimental observations are consistent with the prediction
that KinC mainly affects the fraction of tapA-expressing cells by modulating the hetero-
geneity of SpoOA~P in single cells. However, these observations do not directly vali-
date the hypothesis that KinC plays different roles at different levels of KinA (Fig. 2A).
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FIG 5 Fluorescence measurements for PtapA activity in individual cells. (A) Fluorescence-microscopic images of WT and AkinC cells
harboring PtapA-gfp reporter at different times. The scale bar applies to all the images. The GFP channel is shown in green pseudocolor.
Each of the strains was cultured in liquid MSgg. The distribution of mean fluorescence intensity of cells is plotted under each image. The
value of the first bin was labeled on each histogram axis. (B) Mean fluorescence intensities of all cells (solid line) and tapA-expressing cells
(dashed line) at T4, T6, and T8. (C) Fractions of tapA-expressing cells of WT and AkinC strains at T4, T6, and T8.

To directly test how the effect of KinC on SpoOA~P depends on the concentration of
KinA, we employed the strains in which single-cell levels of KinA (with a functional
KinA-GFP fusion) and PtapA activity (with PtapA-mCherry) can be measured simultane-
ously (Fig. 6A and B; see Materials and Methods for details). These reporters were intro-
duced in the WT and AkinC backgrounds. The fluorescent images were taken after 6 to
10 h of culture to get a wide distribution of KinA levels. The KinA-GFP and PtapA-
mCherry intensities were quantified for all the cells in the field of view (n = 6,232 for
WT and 5,524 for AkinC) (Fig. 6C). Then, we divided the cells into 6 bins based on the
KinA-GFP intensity. For each bin, the mean PtapA-mCherry intensities of all cells
(Fig. 6D, solid lines) and tapA-expressing cells (Fig. 6C, dashed line), as well as the frac-
tion of tapA-expressing cells (Fig. 6E), were calculated. The mean PtapA-mCherry activ-
ities of all WT and AkinC cells are shown in Fig. 6F.
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FIG 6 Fluorescence measurements for KinA levels and PtapA activity in individual cells. (A and B) Fluorescence-microscopic images of WT (A)
and AkinC (B) cells harboring PtapA-mCherry and kinA-GFP taken after 6 to 10 h of culture. Each of the strains was cultured in liquid MSgg.
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Scatterplot of the PtapA-mCherry and KinA-GFP intensities of all the WT and AkinC cells. Each circle represents one cell. (D) Mean PtapA-
mCherry intensities of all cells (solid line) and tapA-expressing cells (dashed line) that have different KinA-GFP intensity. All the cells were
categorized by their KinA-GFP intensity. The mean PtapA-mCherry and KinA-GFP intensities were then calculated for WT and AkinC strains,
respectively. The error bars show the standard errors of the means for each category. (E) The fraction of tapA-expressing cells of WT and
AkinC cells that have different KinA-GFP intensities. (F) Mean PtapA-mCherry intensities of all WT and AkinC cells regardless of their KinA
level. The error bars show the standard errors of the means.

These results supported the hypothesis that KinC has opposite effects on tapA
expression in the cells depending on KinA levels. In cells with low KinA levels, KinC
increased the mean level of tapA expression by increasing the fraction of cells that acti-
vate it. The opposite trend was observed in the cells with high KinA: the presence of
KinC negatively regulates tapA expression by decreasing the fraction of expressing
cells (Fig. 6D and E). Notably, the negative effect of KinC on tapA expression was not
observed at the population-average level (Fig. 6F), which is consistent with the B-ga-
lactosidase data (Fig. 1A). These results validate our predictions that the effect of KinC
on Spo0A~P depends on the level of KinA and that the negative effect of KinC is “con-
cealed” by the heterogeneity of cellular KinA concentrations.

DISCUSSION

In B. subtilis, both sporulation and biofilm matrix production genes are activated by
a single master regulator, SpoOA, which is activated by phosphorylation through the
phosphorelay network initiated via multiple kinases. Despite the similarity of their bio-
chemical mechanisms, different kinases, including KinA and KinC, have distinct effects
on downstream gene expression. Here, we unraveled the mechanism by which KinC
positively regulates biofilm matrix production but negatively controls sporulation
(Fig. 1). Using mathematical modeling, we showed that the dual roles of KinC could be
explained with three key features of the phosphorelay network. (i) Depending on the
level of KinA, KinC could act as the phosphate source or sink. (ii) Growth rate affects
the cellular concentration of both KinA and KinC but in different manners. (iii) KinC
increases the fraction of tapA-expressing cells in a culture population by reducing the
heterogeneity of SpoOA~P concentrations in individual cells. As discussed below,
these three features explain how KinC differently regulates matrix production and
sporulation.

KinC acts as a phosphate source or sink depending on the concentration of
KinA. The experimental results indicate that after 5 h of culture, the expression from
the SpoOA~P-activated spollG promoter is higher in the AkinC strain than in the WT
strain (Fig. 1B). Notably, while the negative effect of KinC on tapA expression is not
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observed at the population-average level (Fig. 1A and 6F), the single-cell-level data
show that KinC negatively affects PtapA activity in the cells that have high levels of
KinA (Fig. 6D). These observations suggests that KinC negatively affects SpoOA~P con-
centrations at the late stage of starvation. Our mathematical model explains this by
demonstrating that KinC can act as the phosphate sink, competing with SpoOA phos-
phorylation flux from KinA. The model is based on the fact that all the phosphotransfer
reactions in the phosphorelay are reversible and different kinases are expected to have
different kinetic parameters (19, 33, 34). Such a phosphate sink mechanism has also
been observed in other bacterial multikinase networks controlling virulence and che-
motaxis (44-46).

Bacterial histidine kinases are known to possess not only kinase but also phospha-
tase activities (47). Notably, another phosphorelay kinase, KinD, has been reported to
repress sporulation by acting as a phosphatase that reduces SpoOA~P (48). Thus, an al-
ternative explanation for the negative effect of KinC on SpoOA~P would be the exis-
tence of phosphatase activity of KinC toward SpoOA or SpoOF. Indeed, in our model,
introducing the phosphatase activity of KinC would not qualitatively change the ability
of KinC to act as the phosphate source or sink depending on the levels of KinA
(Fig. S5). Thus, either phosphatase activity or reverse phosphotransfer activity can
explain the distinct roles of KinC. However, the evidence from in vitro experiments sug-
gests that KinC dephosphorylates SpoOF~P through reverse phosphotransfer and
reverse autophosphorylation reactions instead of directly hydrolyzing phosphate (20,
34). Indeed, reverse phosphotransfer from SpoOF~P to KinA and reverse autophospho-
rylation of KinA have been observed both in vitro (34, 49) and in vivo (37, 38).
Moreover, in vitro experiments showed that in the presence of ADP, KinC possesses
kinetics similar to that of KinA for the dephosphorylation of SpoOF~P, producing ATP
(20), suggesting the shared mechanism of reverse phosphotransfer followed by reverse
autophosphorylation reaction.

Critically, our mathematical model shows that the direction of the phosphotransfer
reaction between KinC and SpoOF is determined by the concentration of KinA (Fig. 2). Due
to differences in the kinetic parameters of KinA and KinC, KinC always tends to maintain
low SpoOA~P concentrations, whereas KinA tends to maintain high SpoOA~P concentra-
tions. At low levels of KinA, KinC provides the source of phosphate and generates a low
concentration of Spo0OA~P. When KinA levels are high, the resulting high flux of phosphate
toward Spo0A in phosphorelay leads to high SpoOA~P concentrations. Under these condi-
tions, KinC pulls phosphate from SpoOF~P via reverse phosphotransfer, competing with
the phosphate flux toward SpoOF from KinA. Subsequent reverse autophosphorylation of
KinC acts as a phosphate sink. These results provide a novel mechanism for bacteria to
fine-tune the phosphorylation level of a transcription factor by balancing the dosages of
different kinases. This mechanism may be employed in a wide range of multikinase
systems.

Growth rate affects the cellular concentrations of both KinA and KinC but in
different manners. Growth rate changes affect the cellular concentrations of proteins
via their effects on DNA replication, dilution, cell volume, and transcription/translation
rates (50). The global effect of growth rate is known to affect the behavior of multiple
gene regulatory circuits (39, 51-53). Notably, the slowdown of growth leads to the
accumulation of KinA, thereby causing the increase in SpoOA~P concentrations and
triggering sporulation (26).

The effect of growth rate on protein concentrations is determined by protein stabil-
ity. Indeed, the slowdown of growth mainly affects cellular protein concentrations by
decreasing the protein dilution rates (54). In our model, the effect of protein dilution
(dilution rate [kg;], equal to the growth rate) is additive with protein degradation (non-
specific degradation rate [kqol). As a result, the effective protein decay rate is repre-
sented as ky., + ky. The steady-state protein concentration is determined by the ratio
of the production rate and this effective decay rate. Therefore, the effect of growth on
protein concentration is dependent on the relative values of ky; and k.. For unstable
proteins such as Sda (25), k4eq is much greater than kg, so the changes of ky; do not
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significantly change protein concentrations. On the other hand, for stable proteins
such as KinA, k4.4 is much lower than kg, so the changes of growth will greatly affect
the protein concentrations. Therefore, the model predicts that the relative concentra-
tions of KinA and its stoichiometric inhibitor Sda are highly dependent on growth rate:
when the growth rate is high, Sda concentration is higher than KinA concentration and
the majority of KinA is kept in the inactive state in the KinA-Sda complex at a 1:1 stoi-
chiometric ratio. However, when the growth rate decreases, KinA concentration
exceeds Sda concentration (Fig. S2B and (), leading to a large increase in the concen-
tration of free (unbound) KinA (Fig. 3A). This “molecular titration” mechanism (55),
resulting from sequestration of a stable protein by an unstable partner, provides a sim-
ple mechanism for cells to ultrasensitively respond to the changes of growth rate. Such
a mechanism is known to play an important role in the toxin-antitoxin systems in bac-
teria (53, 56-58). Since Sda has very low affinity of binding to KinC compared with KinA
(23), most of the KinC molecules are present in a free and active form. Thus, KinC activ-
ity is not expected to be as sensitive to the changes of growth.

Differential sensitivity of KinA and KinC to growth rate allows our model to explain
distinct effects of KinC on SpoOA~P at different growth stages. We predicted that
when the cell growth rate is high at early stages of starvation, KinA is inactive and KinC
is predominantly responsible for SpoOA phosphorylation. In contrast, under slow-
growth conditions at later stages of starvation, KinA becomes active and plays a major
role in SpoOA phosphorylation. As a result, KinC switches its role from the phosphate
source to the phosphate sink and thereby counteracts KinA activity. This source-to-sink
switch effect allows KinC to weaken the growth rate dependence of SpoOA~P by
increasing its concentration at the early stages of starvation and decreasing it at the
late stages of starvation. As discussed below, this effect allows KinC to reduce the cell-
to-cell heterogeneity in the SpoOA~P concentrations and thereby active matrix pro-
duction in a larger fraction of cells.

Unfortunately, technical limitations did not allow us to directly demonstrate the dif-
ferential roles of KinC in single cells with different growth rates as predicted by the
model. Quantification of single-cell gene expression with time-lapse microscopy of a
biofilm-producing strain on an agarose pad is very challenging. For example, in time-
lapse microscopy imaging, a coverslip placed on top of the biofilm can interfere with
its three-dimensional growth. Moreover, a high density of cells in the biofilm does not
allow effective single-cell segmentation. Nevertheless, we indirectly confirmed the pre-
diction by taking snapshots of single cells from the liquid culture with the dual report-
ers KinA-GFP and PtapA-mCherry. Our results demonstrated that the effect of KinC on
PtapA activity depends on the level of KinA (Fig. 6). Given the fact that the KinA level is
closely correlated with growth rate (26), our experimental results support our conclu-
sion that the effect of KinC on SpoOA~P depends on the growth rate.

KinC increases the fraction of tapA-expressing cells by reducing the
heterogeneity of SpoOA~P concentrations. Matrix production is known to be heter-
ogeneous in B. subtilis cell communities (7). As shown in Fig. 5A, our results confirm
that only a small fraction of the cells express matrix genes (14, 59, 60). Our results also
show that the per-cell PtapA activity in the tapA-expressing population remains con-
stant, while the fraction of tapA-expressing cells increases with time. Moreover, the de-
letion of kinC results in a lower fraction of tapA-expressing cells. These results indicate
that the fraction of tapA-expressing cells in the population, instead of the tapA expres-
sion level in individual cells, is the major determinant for the population-level mean
tapA expression level.

The heterogeneity of matrix production is affected by the noise in growth rate. The
growth rates of individual cells in a B. subtilis population are known to be highly heter-
ogeneous (26). Some recent studies showed that the noise in growth rate plays an im-
portant role in determining the heterogeneity of protein expression and the behavior
of various gene regulatory networks (54, 61-63). Given that SpoOA~P levels in individ-
ual cells are determined by the growth rate (26), the noise in growth rate plays an im-
portant role in regulating the heterogeneity of SpoOA~P levels. The noise in the
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phosphorelay network may also affect the heterogeneity of SpoOA~P levels (64, 65),
but a previous study showed that the heterogeneity of sporulation could be explained
by the noise in growth rate (26), suggesting that the noise in SpoOA~P levels is largely
determined by the noise in growth rate.

Critically, our model qualitatively explains how KinC increases the fraction of tapA-
activated cells by changing the relationship between SpoOA~P concentration and
growth rate on a single-cell level (Fig. 4A). For the relatively fast-growing cells in the
heterogeneous population, KinA is inactive, and thus, KinC contributes to increasing
SpoOA~P levels and thereby tapA expression. On the other hand, for the relatively
slow-growing cells, KinA concentrations are high, so the SpoOA~P levels are more
than sufficient to saturate the activation of tapA transcription regardless of KinC but
still not sufficient for the saturation of spollG. Therefore, the phosphate sink through
KinC would reduce SpoOA~P levels and reduce the expression of sporulation genes
but not matrix production genes. As a result, the presence of KinC increases the frac-
tion of tapA-expressing cells even though the mean SpoOA~P level is reduced and
sporulation is repressed.

Notably, the distribution of tapA expression levels (Fig. 5A) does not exactly match
the model predictions (Fig. 4). The fractions of tapA-expressing cells are much lower
than expected; even in the WT strain, most cells were not expressing tapA at T4 and T6
(Fig. 5A). These results suggest that there should be other sources of noise affecting
the expression of tapA that is not captured by the model, for example, the noise in the
downstream Sinl-SinR-SIrR regulatory network. Matrix production is controlled by the
bistable regulatory network consisting of Sinl, SinR, and SIrR (14, 16). The stochastic
fluctuations in the Sinl-SinR-SIrR network largely determine the heterogeneous expres-
sion of tapA (66, 67). Thus, it is possible that the intrinsic noise in the Sinl-SinR-SIrR reg-
ulatory network would affect the distribution of tapA expression level and reduce the
fraction of tapA-expressing cells. Properly accounting for this intrinsic noise will be a
subject of the further studies.

Conclusions. In summary, our results indicate a mechanistic role for KinC in control-
ling biofilm matrix production and sporulation gene expression. Despite acting as a
phosphoryl-group sink and thereby negatively affecting mean SpoOA~P level and
sporulation under slow-growth conditions, KinC nevertheless always positively regu-
lates matrix production by reducing the noise in SpoOA~P among individual cells in a
population. This noise reduction increases the fraction of cells with a SpoOA~P con-
centration high enough to allow the expression of tapA. Therefore, our results reveal
that considering gene expression stochasticity and population-level heterogeneity
could be essential to even qualitatively understand the population mean response to
genetic perturbations. Such effects can undoubtedly play a role in a wide range of
other biological systems.

MATERIALS AND METHODS

Experimental methods. (i) Strains and plasmids. The B. subtilis strains used in this work are iso-
genic derivatives of the undomesticated and competent DK1042 (68). DK1042 is a derivative of strain
NCIB3610 (3) and also available as B. subtilis 3A38 at the Bacillus Genetic Stock Center (BGSC), Ohio State
University, Columbus, OH, USA. All mutant strains of B. subtilis were constructed by transformation with
either chromosomal DNA or plasmid DNA as described by Harwood and Cutting (69). The standard
recombinant DNA techniques, including plasmid DNA construction and isolation using Escherichia coli
DH5a, were performed as described by Sambrook and Russell (70). To generate thrC:PtapA-gfp erm
(PMF719) and amyE::PtapA-mCherry spc (pMF1130) strains, a DNA fragment containing PtapA was pre-
pared from pMF712 (PtapA-lacZ) (27) with EcoRl and Hindlll digestion. PCR fragments of the gfp and
mCherry coding sequences were prepared as described previously (36). The reporter gene fragments
(gfp and mCherry) were digested with Hindlll and BamHI. The resulting fragments (PtapA-gfp and PtapA-
mCherry) were cloned into pDG1664 (71) digested with EcoRI and BamHI to generate pMF719. The frag-
ments of PtapA and mCherry were cloned into pDG1730 digested with EcoRl and BamHI to generate
PMF1130. The resulting plasmids were inserted by double-crossover recombination into the thrC or
amyE locus of the B. subtilis chromosome. Bacillus knockout erythromycin (BKE) strains for kinA, kinB,
kinC, kinD, and sda were acquired from the Bacillus Genetics Stock Center. Markerless deletion mutants
for kinA kinB, kinC, and kinD were constructed using the Cre-lox system (72). A strain harboring Phy-
spank-kinA was generated as described previously (42). The KinA-inducible strain was constructed by
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introducing the Phy-spank-kinA construct into the PtapA-lacZ reporter strain (42). The strain harboring
kinA-gfp was generated as described previously (42). The strain harboring PtapA-mCherry and kinA-gfp
was generated by introducing the PtapA-mCherry construct into the kinA-gfp strain. A thrC::PspollG-lacZ
construct was generated by inserting an EcoRI and Hindlll fragment containing the PspollG portion
derived from pMF27 (amyE::PspollG-lacZ) (73) into pDG1663 digested by the same restriction enzymes
(71). The strains and plasmids used in this study are listed in Table S2.

(ii) Media and culture conditions. Lysogeny broth (LB) medium (70) was used for routine growth of
E. coli and B. subtilis. Difco sporulation medium (DSM) was used for sporulation of B. subtilis (69). Minimal
salts glycerol glutamate (MSgg) was used for biofilm formation and sporulation of B. subtilis (3). Cells
were cultured with shaking (150 rpm) overnight in LB (5 mL) at 28°C. The overnight culture was trans-
ferred to fresh LB (10 mL) to an optical density at 600 nm (ODy,,) of 0.05. The fresh culture was incu-
bated at 37°C with shaking (150 rpm) to the mid-log phase (ODg,, ~ 0.5) to synchronize cell growth.
Then, the fresh culture was transferred to MSgg (20 mL) to an OD,, of 0.05 and incubated in a culture
flask at 37°C with shaking (150 rpm). Culture samples were collected at the indicated time points and
assayed for specific B-galactosidase activity or processed for microscopy. Cell growth in liquid medium
was measured using a spectrophotometer by reading the ODg,,. When solid agar medium was made,
1.5% (wt/vol) agar was included. Strains harboring reporter genes at the nonessential thr locus were sup-
plemented with 1 mg mL™" of L-threonine in the MSgg medium. IPTG (10 «M) was added to the MSgg
cultures as needed after an ODy,, of 0.2 was reached. Antibiotics were used for the selection of trans-
formants at the following concentrations: 10 ug mL™" of tetracycline, 100 ug mL™" of spectinomycin,
20 g mL~" of kanamycin, 5 g mL™" chloramphenicol, and 1 ug mL™" of erythromycin.

Assays and analysis. (i) B-Galactosidase assay. B. subtilis undomesticated strains were grown in
liquid medium as described in “Media and culture conditions” above. Samples were collected at indi-
cated time points, and B-galactosidase assays were performed as described elsewhere (74). In brief, an
aliquot of cells were suspended in 0.5 mL Z buffer (40 mM NaH,PO,-H,O, 60 mM Na,HPO,-7H,0, T mM
MgSO,-7H,0, 10 mM KCl, and 38 mM 2-mercaptoethanol). Lysozyme was added to each sample to a
final concentration of 0.2 mg mL™" and incubated at 30°C for 15 min. The reaction was started with
200 ul of substrate ortho-nitrophenyl-B-galactoside (ONPG; 4 mg mL~" of Z buffer). The reaction sam-
ples were incubated at 30 C until sufficient yellow color had developed and stopped with 250 uL 1 M
Na,CO,. After centrifuging the samples for 20 min at 15,000 x g, the OD,,, and OD, of the supernatant
of the reaction mixture were measured. The absorbance at 550 can correct for light scattering from the
residual cell debris after centrifugation. The relationship between OD,,, and OD., is described by the
following equation: light scattering at OD,,, = 1.75 x OD.,. The B-galactosidase specific activity was
calculated according to the formula 1,000 x {[OD,,, — (1.75 x ODss)l/(t x V X ODgy)}, where t is the
reaction time in minutes, V is the volume of culture used in milliliters, and ODy, is the density of the cul-
ture. As Fig. S3C shows, the growth dynamics in the AkinC and AkinA strains were similar to that in the
wild-type strain (given by ODg,). That means ODy,, is not affected by the matrix production, so it is safe
to normalize B-galactosidase activity to OD,,,. The reading at OD,,, is a combination of absorbance by
o-nitrophenol (a yellow end product) and light scattering by cell debris. The mean activities of at least
three independent experiments are shown, with standard deviations.

(ii) Sporulation assay. Cells were cultured as described in “Media and culture conditions” above.
The number of spores per milliliter was determined as the total number of CFU on DSM agar plates after
heating the serially diluted culture samples to 80°C for 10 min. The total number of viable cells was
measured as the number of CFU in serially diluted culture samples without heat treatment. These num-
bers ranged around 5 x 10% per mL for all strains. The mean and standard deviation for each medium
from at least four independent experiments are shown.

Microscopy analysis. For preparation of cell samples for microscopy, a chamber was prepared by
attaching Gene Frame (Thermo Scientific, AB-0577; 65 L, 1.5 by 1.6 cm) to a slide glass (75) and filled with
molten MSgg medium containing 1% (wt/vol) agarose (ISC Bioexpress, E-3119-500). Two microliters of cells
grown in liquid MSgg medium was applied to the solid MSgg agarose in the Gene Frame chamber and cov-
ered by a cover glass. The resulting cell samples collected at the specified times were then immediately
examined using a fluorescence microscope (Olympus, model BX61) with an Olympus UPlanFL N 100x micro-
scope objective. GFP and mCherry fluorescence were visualized using Chroma 41017 and Olympus U-MWG2
filter sets, respectively. Typical exposure times were 200 ms. The microscope system control was performed
using SlideBook image analysis software (Intelligent Imaging Innovations, Inc.). At least five different fields of
view were taken at each time point from three biological replicates. Representative images are shown. GFP
and mCherry channels are shown in green and magenta pseudocolors, respectively.

Computational modeling methods. (i) Modeling the phosphorelay network. To explain the
effect of KinA and KinC on the regulation of Spo0OA, we modified and extended a previous mathematical
model of the phosphorelay network (26, 31). This model uses ordinary differential equations to describe
the production/degradation of the phosphorelay components and the phosphotransfer reactions
between them (Fig. 2A). The model also includes the autophosphorylation/reverse autophosphorylation
of KinA and KinC and the dephosphorylation of Spo0OA catalyzed by SpoOE. Notably, this model includes
the inhibition of KinA by Sda. Sda is known to be a specific inhibitor of KinA (23), and our result shows
that Sda is essential for the inhibition of KinA at early times (Fig. S2). Thus, we introduced Sda into the
model. For each reaction, we explicitly included the intermediate complexes between the enzyme and
substrate, and all the posttranslational reactions were modeled by mass action kinetics. The posttransla-
tional reactions and corresponding kinetic parameters are shown in Table S1. The expression rates of all
the species and corresponding parameters are also shown in Table S1. Corresponding differential equa-
tions are shown in Table S3.
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The kinetic parameters of the phosphotransfer reactions between KinA, SpoOB, SpoOF, and Spo0OA
are the same as in reference 26. For simplicity, we assigned constant expression rates (vp) to KinA, KinC,
SpoOF, SpoOE, and Spo0B. The expression of KinA and SpoOF are known to be regulated by SpoOA~P
directly and indirectly (via sH) (76, 77). However, it is reported that the amounts of SpoOF and ¢" are
not rate limiting for the accumulation of SpoOA~P (64). Thus, in this model, we did not consider the
feedback regulation of KinA and SpoOF expression. The disassociation rate and catalytic rate of KinC
were estimated as described in reference 33.

To test the robustness of the model, we simulated our model with fluctuated parameters. All of the
parameters of the phosphorelay model, including K., K., Ke1s Keor Kass Koar Kezr Kear Koo Koy Ky Koo ks, ke, K Ko
Vv, v, and v,, were sampled from a uniform distribution on the interval [p/3, 3 p]l, where p; is the original
value of the parameter. One thousand different combinations of parameter values were tested. The
results show that our conclusion that KinC positively affects SpoOA~P at low levels of KinA and nega-
tively affects SpoOA~P at high levels of KinA holds for over 95% of cases (Fig. S6), so the conclusion is
robust against the fluctuations of parameters.

To account for the alternative hypothesis that KinC has phosphate activity (Fig. S5), we modified the
model. In this alternative model, the phosphate activity of KinC is described by the following equation:

kpc
KinC - SpoOF~P = KinC + SpoOF 1)

Here, k,. was set to 20 h~'. Meanwhile, to eliminate the effect of reverse-phosphotransfer reaction from
SpoOF to KinC, the other parameters of KinC were modified so they are the same as for KinA (k; = k_5;
keq = kgy)-

(ii) Modeling the effect of growth rate on the protein concentration. We assumed that the accu-
mulation of KinA and KinC as cellular growth rate decreases drives the increase of SpoOA~P levels. Thus,
we explicitly modeled the global effect of growth rate on the cellular concentration of all the proteins.

Following reference 31, the production rates of the proteins in the model were given by
v =nv,F(u) 2)

Here, v, is the growth-rate independent gene expression rate, and n is the copy number of the gene. F
(w) is a phenomenological function describing how the cell volume changes with the growth rate that is
phenomenologically written as:

F(u) = 2" ©)

Following reference 78, we setaas 1.11 h™" and k as 0.95 h.

Under our experimental conditions, the growth rate is relatively low, so the multifork replication is
not considered. For simplicity, we assume that the replication starts right after cell division. Thus, follow-
ing reference 50, the average copy number of a gene was estimated as

n = 217 TP/Toe (4)

Here, 7, is In2/u, which represents the length of the cell cycle, and 7_is the length of the C period.
Following reference 78, 7. can be phenomenologically related to the growth rate (u) as follows: 7, =
0.78 + 0.15/u. p represents the position of the gene, i.e., the normalized distance between the gene and
the replication origin. A value of 0 for p corresponds to the replication origin, and a value of 1 corre-
sponds to the replication terminus. The positions of the genes in this model are shown in Table S1 based
on data taken from the KEGG database.

In addition to affecting protein expression, growth rate also affects the dilution rate of proteins.
According to Sekar and Hageman (79), we assumed that all the proteins except for Sda in the model are
relatively stable, with the nonspecific degradation rate (kdeg) fixed at 0.2 h™". Sda is known to be subject
to rapid degradation in vivo, so a larger degradation was assumed: k., for Sda was set to 9 h™' (25).
Then, the combined protein decay flux is given by

deg

Vd:kd'c (5)

where c is the concentration of the species and k, is given by the sum of degradation and dilution rate
constants:

kg = kdeg + u (6)

(iii) Modeling promoter activities. To reproduce the dynamics of PspollG and PtapA activities
(Fig. 3C and D), we assumed that the activity of PspollG and PtapA are both determined by SpoOA~P
level with the Hill function:

[SpoOA~P]™

[Spo0A—P]" + K" X

PtapA activity o
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[SpoOA~P]"

PspollG activity o« ———————-
P Y [SpoOA~P]™ + Kg*

(8)
As an alternative hypothesis (Fig. S4A), we introduced the repression of tapA expression by high
SpoO0A~P levels. In that case, the activity of PtapA promoter is given by:

[Spo0A~P]™ K
[SPoOA~P™ + K& [SpoOA~P]™ + K.

PtapA activity o 9)

To determine the unknown parameters, including the Hill coefficient and half-maximal concentra-
tion of SpoOA~P for PtapA and PspollG activity, we fitted our model to the experimental data. The model
was simulated to get the steady-state values of PspollG and PtapA activities at different times. Then, the
unknown parameters were optimized to minimize the total mean-square error between the simulated
data and the experimental data using the particleswarm function of MATLAB. The fitted parameters are
shown in Table S1. The alternative hypothesis that tapA was repressed by high SpoOA~P levels was fit-
ted independently. The result was plotted in Fig. S4A.

(iv) Modeling the growth dynamics and heterogeneity. We used a Moser-type model (80) to
describe the growth dynamics. Following reference 78, we assumed that the cell death or sporulation
would release some of the nutrients back to the environment. The following differential equations
would describe our model:

dc NM K

= = clk —k 2 10

dt ( SNm 4+ K CONR o+ K£‘2> ao
dN N K
— = | ky——+r — Phyg—2— 11
i 7C< el v ng) (11)

Here, N denotes the nutrient level and C denotes the cell number. k, and k, represent the maximum
growth rate and death/sporulation rate, respectively. K, and K, are the half-maximum nutrient levels of
cell growth and death/sporulation, and h, and h, are the Hill coefficients. yis the yield coefficient speci-
fying the conversion between the nutrients and cell densities, and ¢ is the fraction (0 < ¢ < 1) of the
nutrient released by cell death/sporulation. The initial value of N, N,, was normalized to 1, and then K,
and K, were fitted. To be consistent with the experiment, we used the OD value to represent the cell
density, and C, was set to 0.1. The model was fitted to the growth curve (Fig. S3A) using the fmincon
function of MATLAB. Note that the growth curves of different strains were similar (Fig. S3C), so we used
the same growth dynamics model for all the strains. The fitted parameters are shown in Table S1.

To examine the effect of growth rate in the heterogeneity of tapA expression, following (43), we
assume that the distribution of generation times (7,.) of B. subtilis cells could be approximated to a nor-
mal distribution. In the model, the generation times of cells were sampled from a normal distribution
with a coefficient of variation (CV) of 0.25, and the mean generation time is calculated based on the
mean growth rate determined by the time via the growth dynamics model. The growth rate is calculated
as In2/7 .. To avoid unrealistically high growth rates, we discarded the generation times below 0.2 h.

(v) Simulation of the model. To illustrate how SpoOA~P levels regulated by KinA and KinC (Fig. 2),
we modified the model of the phosphorelay network: the production rate of SpoOA was fixed at 1 uM
h~7, and the growth rate was fixed at 0.5 h™". The production rates of KinA and KinC were varied to get
different concentrations of active KinA and KinC. The steady-state concentrations of SpoOA and
SpoOA~P were calculated, and the fraction of SpoOA~P f{i.e., [SpoOA~P1/([SpoOA]+[Spo0A~P]+
[SpoOE-Spo0A~P]+[Spo0B-Spo0A~P])} is plotted in Fig. 2B and C.

The model of the phosphorelay network was simulated at different growth rates to get the steady-
state values for different species. The MATLAB function ode15s was used to solve the differential equa-
tions. Numerical simulations suggest that the system is monostable and the initial conditions would not
affect the steady-state values. Using these models, we reproduced the dynamics of the concentration of
different species (Fig. 3A and B; Fig. S2B and C), and the PtapA and PspollG activities (Fig. 3C and D;
Fig. S3A) were then calculated.

To calculate the distribution of SpoOA~P levels, we sampled 1,000 generation times from the distri-
bution described in the section above. The distribution of the growth rate was then calculated and plot-
ted in Fig. S3B. For each growth rate, the SpoOA~P concentration was calculated. the resulting distribu-
tion of SpoOA~P concentration was plotted in Fig. 4C. Then the distribution of PtapA (Fig. 4D) and
PspollG activities (Fig. 4E) were calculated based on the distribution of SpoOA~P concentration.

Quantification of fluorescence images. The cells were segmented based on the phase images
using Oufti (81) and custom codes. The pixelwise mean fluorescence intensity was calculated for each
segmented cell. For each image, the pixelwise mean fluorescence intensity of the no-cell area was calcu-
lated as background. The background was subtracted from the fluorescence intensity of cells. The pixel-
wise standard error of the background, o, was calculated for each image. We assumed that background
noise follows normal distribution, and the background noise is pixelwise independent. For a cell contain-
ing n pixels, if its fluorescence intensity follows the same distribution with the background, then the
standard error of the mean fluorescence intensity (o) should be o,/N"/?. The intensity values higher than
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30 were considered to be significantly higher than the background, and cells with these values were
designated TapA-expressing cells.
Data and code availability. The data and code used in this study can be found at https://doi.org/10
.5281/zenodo.5701607.
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