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Bacterial spores can remain dormant for years but possess the re-
markable ability to germinate, within minutes, once nutrients be-
come available. However, it still remains elusive how such instant
awakening of cellular machineries is achieved. Utilizing Bacillus
subtilis as a model, we show that YwlE arginine (Arg) phosphatase
is crucial for spore germination. Accordingly, the absence of the
Arg kinase McsB accelerated the process. Arg phosphoproteome of
dormant spores uncovered a unique set of Arg-phosphorylated
proteins involved in key biological functions, including translation
and transcription. Consequently, we demonstrate that during ger-
mination, YwlE dephosphorylates an Arg site on the ribosome-
associated chaperone Tig, enabling its association with the ribosome
to reestablish translation. Moreover, we show that Arg dephosphor-
ylation of the housekeeping σ factor A (SigA), mediated by YwlE,
facilitates germination by activating the transcriptional machin-
ery. Subsequently, we reveal that transcription is reinitiated at
the onset of germination and its recommencement precedes that
of translation. Thus, Arg dephosphorylation elicits the most crit-
ical stages of spore molecular resumption, placing this unusual
post-translational modification as a major regulator of a devel-
opmental process in bacteria.
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In response to nutrient deprivation, the Gram-positive bacte-
rium Bacillus subtilis (B. subtilis) and its relatives have the ca-

pacity to initiate a developmental process, termed sporulation,
which culminates in the formation of a highly resilient durable
spore (1–4). Sporulation commences with the formation of a
polar septum, asymmetrically dividing the cell into a small fore-
spore and a larger mother cell compartment. Subsequently, the
forespore is engulfed by the mother cell, and through sequential
activation of cell type specific σ factors, the spore matures within
the mother cell (5, 6). Spore development is accompanied by the
formation of a peptidoglycan layer called the cortex, surrounded
by two proteinaceous coats, conferring spore robustness (7–12).
The forespore core then undergoes dehydration, mainly by accu-
mulating pyridine-2, 6-dicarboxylic acid [dipicolinic acid or
(DPA)] in complex with Ca2+ (13). Eventually, the phase-bright
spore is liberated by lysis of the mother cell but intriguingly can
still undergo significant molecular changes, at least for a few days,
influencing its emergence from quiescence (14–16).
Spores can maintain dormancy for years yet possess the re-

markable ability to rapidly resume a vegetative life form once
nutrients become available. This revival process includes three
key phases: germination, ripening, and outgrowth (17–19). Ger-
mination, the earliest revival event, is characterized by transition
from a phase-bright spore to a phase-dark cell (20), whereas no
morphological changes are evident during the intermediate rip-
ening period, exploited by the spore for molecular reorganization
(18). The last phase of revival is outgrowth, in which the spore
intensively synthesizes macromolecules to rebuild a rod shaped
cell that emerges from the disintegrating spore shells (17, 21).

Germination is considered the most enigmatic event in the
process of spore revival, lasting only for a few minutes (19).
During germination, the spore undergoes rehydration, release of
DPA, hydrolysis of the cortex, and coat disassembly (17, 21, 22).
This phase is associated with the loss of heat resistance and a
decrease in optical density (20). Recently, we demonstrated that
translation is rapidly activated after DPA release and is required
for the subsequent events of germination (23, 24), challenging
the traditional view that germination occurs without the need for
any macromolecule synthesis (13, 16, 17, 25, 26). Furthermore,
we showed that protein synthesis during germination was facili-
tated by the bona fide translational factors RpmE, a ribosomal
subunit, and Tig, a peptidyl-prolyl cis–trans isomerase, that is a
ribosome-associated chaperone (23, 27–29).
Germination is triggered by binding of nutrients, termed ger-

minants, to multiple germination receptors located in the spore
membrane (30). Germinant factors include single amino acids,
sugars, purine nucleosides, and cell wall muropeptides (17, 19,
31). In B. subtilis, the GerA receptor binds L-alanine (L-Ala) to
induce germination, whereas GerB and GerK receptors respond
jointly to a mixture of germinants consisting of aspargine (Asp),
glucose, fructose, and potassium (AGFK) ions (17, 21, 22). This
germinant sensing stimulates downstream effectors activating
germination; however, relatively little is known about this signal
transmission pathway. A potential mechanism for the fast re-
sumption of multiple cellular processes in the germinating spore
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is protein phosphorylation, a ubiquitous means for mediating
rapid cellular responses to various external stimuli in bacteria
(32, 33). Evidence has been provided that peptidoglycan-derived
muropeptides induce germination by binding to the Ser/Thr ki-
nase PrkC, which appears to phosphorylate the translation
elongation factor G (EF-G) (31, 34). However, the impact of this
phosphorylation event on germination is still unexplored, and the
absence of PrkC has no effect on the process of germination
driven by nutrient germinants (31, 35). More recently, we de-
scribed the dynamic of the Ser/Thr/Tyr phosphoproteome during
germination, identifying a plethora of 155 phosphorylation sites,
modified during germination, providing evidence that phos-
phorylation events facilitate spore revival. However, no role in
promoting germination was assigned to these events (35).
Arg phosphorylation, an emerging protein modification, has

been lately described to occur in B. subtilis and Staphylococcus
aureus (36, 37). The kinase responsible for Arg phosphorylation
in B. subtilis was shown to be McsB, which counteracts the protein
Arg phosphatase YwlE (36–41). Here, we demonstrate that YwlE
drives the progression of spore germination by dephosphorylating
Arg phosphosites of target proteins involved in key cellular pro-
cesses. Furthermore, we show that YwlE mediates the rapid
reactivation of the translational machinery by dephosphorylating
the translational component Tig, enabling its association with the
ribosome. Surprisingly, we found that Arg dephosphorylation of
the housekeeping factor SigA by YwlE is crucial for the execution
of germination, and subsequently, we discovered that transcription
is reestablished at the onset of the process.

Results
Spore Germination Is Driven by Arg Dephosphorylation. To identify
genes required for spore germination, we designed a transposon-
based genetic screen, searching for mutants that are able to form
mature spores but deficient in the conversion from a phase-
bright to a phase-dark state following germinant addition (SI
Appendix, Fig. S1A). Using this approach, we identified a mutant
disrupted in the ywlE gene, encoding an Arg phosphatase (39),
exhibiting severe germination deficiency (Fig. 1A). Constructing
a strain, fully deleted of ywlE, revealed that it was able to grow and
sporulate normally but produced spores that were perturbed in
germination as indicated by only a slight decrease in optical density
achieved in response to the efficient L-Ala germinant (SI Appendix,
Figs. S1 B and C and S2A). Monitoring germination efficiency by
time lapse microscopy at a single spore resolution showed that
30 min following L-Ala addition only 20% of the ΔywlE spores
could convert from a phase-bright to a phase-dark state in com-
parison with 96% of the wild type (WT) spores (Fig. 1 B and C).
Similar results were obtained when germination was induced by
supplementing the spores with AGFK and even with LB (SI Ap-
pendix, Fig. S2 B, C, and E). In line with these findings, ΔywlE
mutant spores were slower to release DPA and lose their heat
resistance relative to the WT spores (Fig. 1D and SI Appendix, Fig.
S2D), signifying that YwlE is a key factor in prompting
spore germination.
The role of YwlE as an Arg phosphatase brings about the

possibility that some crucial factors required for germination are
phosphorylated on their Arg sites during sporulation, a modifi-
cation that should be removed to allow germination. Notably,
only a single kinase, McsB, is known to be responsible for Arg
phosphorylation in B. subtilis (38, 40). Hence, we hypothesized
that, in ΔmcsB spores, these factors would be constantly in their
dephosphorylated active form, and consequently, these spores
would germinate rapidly. Indeed, ΔmcsB mutant spores germi-
nated faster than WT spores as evidenced by their remarkable
rapid transition into the phase-dark state in all tested conditions
(Fig. 1 B and C and SI Appendix, Fig. S2). Furthermore, germi-
nating ΔmcsB spores turned heat sensitive and released DPA faster
than WT spores (Fig. 1D and SI Appendix, Fig. S2D). Examining

germination of ΔmcsB ΔywlE double mutant spores revealed
kinetics similar to that of ΔmcsB spores (SI Appendix, Fig. S3).
Taken together, we infer that Arg phosphorylation of target
proteins is executed by McsB during sporulation and is removed
by YwlE to propel spore germination.

Revealing the Arg Phosphoproteome of Dormant Spores. Having
established that Arg dephosphorylation is required for spore ger-
mination, we next sought to identify Arg-phosphorylated sites in the
dormant spore proteomes that could serve as substrates for YwlE
during spore germination. As Arg phosphorylation was shown to be
more stable and enriched in the ywlE mutant (37, 40), we carried
out Arg-phosphoproteomic analysis of ΔywlE dormant spores. In
total, we identified 18 Arg-phosphorylation sites located in 18 pro-
teins with very high confidence using stringent quality criteria for
the validation of the phosphorylation sites (Table 1 and SI Ap-
pendix, Table S1). A comparison with the Arg phosphoproteome of
vegetative cells (37, 40) revealed that Arg-phosphorylation events
in spores are less frequent and largely differ from those of vege-
tative cells with 10 identified sites unique to spores (Table 1 and SI
Appendix, Table S1). The detected Arg-phosphorylated proteins
are involved in key biological functions, including carbon metabo-
lism, sporulation, translation, and transcription (Table 1). Thus, we
uncovered a unique set of protein Arg-phosphorylation sites
existing in dormant spores that can be potentially dephosphorylated
by YwlE to allow germination. Among the identified phosphory-
lated factors, the most intriguing were those involved in transcrip-
tion and translation, raising the possibility that they provide the
means for reestablishment of these basic cellular processes.

Dephosphorylation of an Arg Site on the Translational Factor Tig
Powers Spore Germination. Previously, we revealed that protein
synthesis takes place during germination and relies on the bona
fide translational factor Tig (23, 27), identified in our phospho-
proteomic analysis to harbor an Arg45-phosphorylated site
(Table 1). Interestingly, the occurrence of this phosphorylation
event was monitored in vegetative cells following exposure to
heat stress (40). We reasoned that phosphorylation of Tig in
spores blocks its activity, whereas dephosphorylation by YwlE
restores the factor utility during germination. To investigate the
impact of the Arg45 site on the activity of Tig, we introduced
mutations that would either abolish the phosphorylation potential
by replacing Arg with Ala or mimic a constitutive phosphorylation
state by replacing Arg with Asp (42). Each mutation was inserted
as a sole copy at the native tig chromosomal locus, replacing the
original WT allele. Remarkably, tig-R45Dmutant spores exhibited
germination defects similar to that of Δtig spores, whereas tig-
R45A mutant spores germinated similarly to WT spores as indi-
cated by optical density and time lapse microscopy analyses (Fig. 2
A and B and SI Appendix, Fig. S4 A–D). Consistently, mimicking
constitutive phosphorylation by replacing the Arg45 site with Glu
(R45E), harboring a larger side chain group, led to a germination
defect similar to that of R45D protein (SI Appendix, Fig. S5).
Importantly, both tig-R45A and tig-R45D mutations had no effect
on vegetative growth or sporulation (SI Appendix, Fig. S6 A and
B). Further analysis of the tig mutant spores showed that, upon
germination induction, tig-R45D spores were capable of releasing
DPA and accordingly lost their heat resistance (SI Appendix, Fig.
S4 E and F). Hence, similar to Δtig spores, tig-R45D spores ini-
tiated germination normally but were subsequently stalled in their
phase-bright state.
To corroborate that the Tig Arg-phosphorylation state influ-

ences the function of Tig, we examined its impact on protein
synthesis during germination. We employed the BioOrthogonal
Non-Canonical Amino acid Tagging (BONCAT) protein tagging
technique that enables specific labeling of newly synthesized
proteins due to the incorporation of an artificial amino acid
termed azidohomoalanine (AHA), which is a substitute for
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methionine (43). This assay was utilized to establish the re-
quirement for Tig to facilitate translation during germination
(23). To this end, spores of WT, tig-R45D, and tig-R45A strains
were induced to germinate with L-Ala in the presence of AHA
without supplementing any additional nutrients. Then, proteins
were extracted from spores at T = 0 and 30 min postgermination
induction, tagged with biotin, and subjected to dot blot analysis
using antibiotin antibodies. Whereas a strong signal was readily
detected from WT and tig-R45A germinating spores, only a faint
signal was monitored from tig-R45D germinating spores, similar
to that obtained from Δtig spores (Fig. 2C). In line with these
findings, an apparent delay in protein synthesis during germination
was detected in tig-R45D mutant spores by time lapse microscopy
using MalS-GFP as a reporter for monitoring translation early in

germination (23) (SI Appendix, Fig. S7 A and B). Finally,
Western blot analysis substantiated that tig-R45D mutation in-
fluences specifically the translation of MalS during germination
but did not impact translation of RpsB, an essential ribosomal
subunit, and purine nucleoside phosphorylase (PupG), which
were not included in the germination proteome (23, 44, 45) (Fig.
2D). Taken together, spores harboring the phosphorylated-like tig-
R45D allele are impaired in protein synthesis at the course of
germination, similar to Δtig spores, highlighting the potential
importance of this phosphosite for Tig activity.

Tig Association with Ribosomes Depends on Dephosphorylation of
the Arg45 Site. During translation, Tig associates with the ribo-
some and interacts with newly synthesized nascent chains to
chaperone the folding of cytosolic proteins (27). Since tig-R45D

Fig. 1. Spore germination is facilitated by Arg dephosphorylation. (A) Spores of PY79 [wild type (WT)] and ywlE::Tn were incubated with L-Ala (10 mM) and
observed by light microscopy before (t = 0) and after (t = 30 min) L-Ala addition. Shown are phase contrast images from a representative experiment out of
three independent biological repeats. (Scale bar: 1 μm.) (B) Spores of PY79 (WT), BZ16 (ΔywlE), and BZ129 (ΔmcsB) strains were incubated on agarose
supplemented with L-Ala (10 mM) and monitored by time lapse microscopy. Shown are phase contrast images from a representative experiment out of three
independent biological repeats. (Scale bar: 1 μm.) (C) Spores of PY79 (WT), BZ16 (ΔywlE), and BZ129 (ΔmcsB) strains were incubated on agarose supplemented
with L-Ala (10 mM) and monitored by time lapse microscopy. Data are presented as percentages of the initial number of the phase-bright spores. Shown are
average values and SDs obtained from three independent biological repeats (n ≥ 300 for each strain). (D) Spores of PY79 (WT), BZ16 (ΔywlE), and BZ129
(ΔmcsB) strains were incubated with L-Ala to trigger germination. DPA release to the medium was determined by Tb-DPA assay. Presented are relative
fluorescence units (RFUs) measured at 545 nm with excitation at 270 nm. Shown is a representative experiment out of three independent biological repeats.
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mutant spores showed delayed protein synthesis during germination,
we hypothesized that Arg45 phosphorylation interfered with Tig
binding to ribosomes. To examine this premise, we investigated
the localization of Tig and ribosomes in WT and tig mutants in
vegetative growing cells whereby the typical ribosome localization
to the cell circumference surrounding the nucleoid is profound
(46, 47). Tig-R45D mutant protein was fused to GFP, and its
localization was followed concomitantly with the RpsB-mCherry
fusion, signifying ribosome position (18). Whereas Tig and RpsB
perfectly colocalized, the signals from Tig-R45D and RpsB
showed only marginal overlap (Fig. 3A). Furthermore, although it
is challenging to covisualize RpsB-mCherry and Tig-GFP in the
small sized spores, we could detect the specific localization of
Tig-GFP to the spore periphery during germination, a pattern that
was hardly visible in germinating tig-R45D spores (SI Appendix, Fig.
S7C). Interestingly, examining the localization of Tig-R45A
revealed partial association with RpsB (Fig. 3A and SI Appendix,
Fig. S7C), highlighting the significance of the R45 position for
proper association with the ribosome. Nevertheless, this partial
association was sufficient to propel germination (Fig. 2). Of note,
fusing GFP to WT Tig or to the phosphomimetic mutant proteins
did not affect their germination capabilities (SI Appendix, Fig. S6C).
To further substantiate the notion that Tig-R45D could not

bind to ribosomes, we utilized a direct biochemical approach,
purifying ribosomes from vegetative cells and spores of tig and

tig-R45D strains. Subsequently, we carried out Western blot
analysis to detect the levels of Tig in cell extracts (CEs) and in
purified ribosomes (PRs). Although similar levels of Tig or Tig-
R45D were detected in CEs, Tig-R45D levels were considerably
lower in PR fractions from vegetative cells, dormant and ger-
minating spores (Fig. 3B). Of note, the levels of the ribosomal
component RpsB were relatively equal in PRs derived from tig
and tig-R45D strains (SI Appendix, Fig. S7D). These results re-
inforce the view that phosphorylation on Arg45 of Tig causes its
dissociation from ribosomes.

Germination Is Promoted by Arg Dephosphorylation of SigA. In-
triguingly, Arg phosphorylation at position Arg365 of SigA, the
house keeping σ factor of B. subtilis (48), was identified in our
Arg-phosphoproteome analysis hinting that, similar to trans-
lation, transcription might be required to facilitate germination.
Furthermore, the phosphorylation of this site appeared unique
to spores and was not identified in vegetative cells (37, 40)
(Table 1). To test whether the Arg365-phosphorylation state has
an impact on spore germination, we constructed mutant strains
in which Arg365 was replaced by either Ala or Asp and assessed
their ability to germinate. The sigA-R365A mutant spores could
germinate as efficiently as WT spores (Fig. 4 A and B and SI
Appendix, Fig. S8). However, spores harboring the sigA-R365D
mutation, mimicking the phosphorylated form of the protein,
exhibited a profound germination defect with only 44% of the
spores switching to phase-dark 30 min postgermination induction
compared with 96% of the WT spores (Fig. 4 A and B and SI
Appendix, Fig. S8). A similar germination defect was obtained in
spores from a strain carrying the phosphomimetic R365E mu-
tation (SI Appendix, Fig. S9). A slight decrease in vegetative
growth could be assigned to R365D mutations but only when the
cells were grown in minimal medium, although no apparent ef-
fect on sporulation could be detected (SI Appendix, Fig. S6).
Additionally, monitoring the protein levels of germination re-
ceptors as well as of Tig and RpmE, required for germination
(23), in sigA-R365D and WT dormant spores did not yield any
significant difference (SI Appendix, Fig. S10). Examination of
DPA release and heat resistance showed that germinating sigA-
R365D mutant spores were halted before DPA release and
remained heat resistant (Fig. 4 C and D), indicating a deficiency
at an early stage of the process before protein translation (SI
Appendix, Fig. S4 E and F). Thus, we surmise that the de-
phosphorylation of SigA promotes germination.
Notably, combining sigA-R365D with tig-R45D mutation failed

to recapitulate the extent of the ΔywlE germination defect (Fig.
4E and SI Appendix, Fig. S11A), indicating that, as inferred by
our phosphoproteomic analysis (Table 1), additional substrates
are dephosphorylated by YwlE during the process. In a similar
manner, spores harboring both sigA-R365A and tig-R45A muta-
tions did not display the accelerated germination phenotype
exhibited by ΔmcsB spores (SI Appendix, Fig. S11 A and B).

Evidence That the Transcriptional Machinery Is Reactivated in
Germination. The finding that SigA dephosphorylation is neces-
sary for prompting germination suggested that transcription is
reestablished during this phase. To explore this notion, we mon-
itored the transcriptional activity of whole extracts derived from
vegetative cells, dormant or germinating spores of WT, and sigA-
R365A and sigA-R365D strains by the addition of radioactively
labeled ribonucleotides. Transcriptional activity was evident in the
extract from vegetative cells with a minor reduction observed for
sigA-R365D cells (SI Appendix, Fig. S12A). This is in line with the
slight decrease in growth seen for this mutant in minimal medium
(SI Appendix, Fig. S6D). Intriguingly, no detectable transcription
took place in extracts of dormant spores (Fig. 5A), indicating that
the transcription machinery was halted at the course of dormancy.
Nonetheless, triggering germination by L-Ala was sufficient to

Table 1. Proteins phosphorylated on Arg residues and their
phosphosites in spores

Protein Description Phosphosite

Translation
Tig Trigger factor pR45
Tuf Elongation factor G pR265
RplN 50S ribosomal protein L17 pR7

Transcription
SigA RNA polymerase σ factor pR365

Protein quality
control
GroEL Chaperonin pR35
ClpC Class III stress response-related

ATPase
pR70

Carbon
metabolism
GapA Glyceraldehyde-3-phosphate

dehydrogenase
pR199

YtsJ NADP-dependent malic enzyme pR27
MenB Dihydroxynapthoic acid synthetase pR269
Pgi Glucose-6-phosphate isomerase pR5

Sporulation
SspA Small acid-soluble spore protein A pR55
SspB Small acid-soluble spore protein B pR65
SspE Small acid-soluble spore protein E pR16
SpoIVA Stage IV sporulation protein A pR454
CotF Spore coat protein pR155
YtfJ Germination protein pR125

Unknown
YeaD Unknown function pR250
YtxH Unknown function pR151

Shown is the phosphoproteome of BZ16 (ΔywlE) dormant spores. The
names and descriptions of proteins are given according to the subtiWiki
(60). Shown in bold font are phosphosites, which were also detected in
vegetative cells (37, 40).
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release this inhibition and robustly reactivate the transcriptional
machinery (Fig. 5A). Furthermore, although restoration of tran-
scription was apparent in extracts from both WT and sigA-R365A
germinating spores, it was nearly undetectable in extracts of sigA-
R365D germinating spores (Fig. 5A), substantiating the idea that
dephosphorylation of SigA mediated this molecular awakening.
Next, we wished to detect the transcription of specific genes

in vivo during germination. To this end, qRT-PCR assays were
performed on RNA extracted from vegetative cells, dormant
and germinating spores of WT, and sigA-R365A and sigA-
R365D strains, focusing on transcripts of Tig and RpmE,
encoding for proteins synthesized during germination (23).

Remarkably, the mRNA levels of tig and rpmE profoundly in-
creased after germination induction in WT and sigA-R365A
mutant spores (Fig. 5B and SI Appendix, Fig. S12B). Never-
theless, no significant changes in mRNA levels were observed
in germinating sigA-R365D mutant spores (Fig. 5B and SI Ap-
pendix, Fig. S12B). As a control, we measured the mRNA levels
of pupG (a SigA controlled gene) and yaaH (a SigB controlled
gene), which their corresponding proteins are excluded from
the germination proteome (23). No difference in the mRNA
levels was detected in any of the tested strains (Fig. 5B and SI
Appendix, Fig. S12B). Furthermore, the transcript levels of tig,
rpmE, or pupG were similar among the examined strains during

Fig. 2. Dephosphorylation of the translational factor Tig is required for spore germination. (A) Spores of PY79 (WT), BZ98 (tig-R45A), BZ97 (tig-R45D), and
LS38 (Δtig) strains were incubated on agarose supplemented with L-Ala (10 mM) and monitored by time lapse microscopy. Shown are phase contrast images
from a representative experiment out of three independent biological repeats. (Scale bar: 1 μm.) (B) Spores of PY79 (WT), BZ98 (tig-R45A), BZ97 (tig-R45D), and
LS38 (Δtig) strains were incubated on agarose supplemented with L-Ala (10 mM) and monitored by time lapse microscopy. Data are presented as percentages of
the initial number of the phase-bright spores. Shown are average values and SDs obtained from three independent biological repeats (n ≥ 300 for each strain).
(C) Spores of LS5 (ΔmetE), BZ103 (ΔmetE, tig-R45A), BZ102 (ΔmetE, tig-R45D), and LS80 (ΔmetE, Δtig) strains were induced to germinate with L-Ala in the
presence of AHA for 30 min. Shown is a dot blot analysis of protein samples (in duplicate) that were collected before (t = 0, dormant spores) and after (t = 30
min) germination induction. Samples (1:1 and 1:10 dilution) were spotted on a membrane that was subsequently probed with antibiotin antibodies. The
obtained signal was compared with known amounts of biotinylated BSA. (D) Protein extracts from vegetative cells, dormant and germinating spores of strains:
(i) AR71 (WT), BZ107 (tig-R45A), and BZ106 (tig-R45D) carryingmalS-gfp; (ii) BZ118 (WT), BZ120 (tig-R45A), and BZ119 (tig-R45D) carrying rpsB-mCherry; and (iii)
AR68 (WT), BZ144 (tig-R45A), and BZ145(tig-R45D) carrying pupG-gfp were subjected to Western blot analysis using an antibody against GFP or mCherry, re-
spectively. Equal amounts of protein extracts were loaded. Germination was induced by suspending the spores in 10 mM L-Ala for 10 min.
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vegetative growth (SI Appendix, Fig. S12C). In line with these
findings, Northern blot analysis designated the sigA-R365D
mutation to influence specifically the transcription of rpmE
during germination, but to have no impact on the transcription
of pupG (Fig. 5C). These results indicate that a subset of genes is
being transcribed during germination and that spores harboring
the phosphorylated-like sigA-R365D allele are impaired in exe-
cuting this mRNA synthesis.

Discussion
Dormant bacterial spores undergo a fascinating awakening
complex process to restore active metabolism and reinitiate
growth (19). However, the molecular events underlining this
dramatic cellular transition are still elusive. Here, we describe
that the recently identified bacterial protein modification, Arg
dephosphorylation (37, 38, 40), plays a key role in facilitating the

earliest molecular events, occurring during germination. We
show that the Arg-phosphatase YwlE is required to prompt
germination whereas the absence of the Arg kinase McsB results
in accelerated germination. Based on our results, we propose the
following model for spore germination (Fig. 6). The Arg-
phosphatase YwlE interacts with germination receptors and is
activated following the binding of a germinant to its cognate
receptor, dephosphorylating its downstream substrate proteins.
YwlE is a redox sensor, and thus, its activation could be achieved
by switching from the disulfide-linked inactive form to the re-
duced active mode of the protein (49, 50). As a consequence of
YwlE-phosphatase activity, transcription and translation are re-
stored, at least in part, via Arg dephosphorylation of SigA and
Tig, respectively.
Interestingly, additional factors were identified to be Arg

phosphorylated in dormant spores, among them crucial enzymes

Fig. 3. Tig-ribosome association is dependent on Arg dephosphorylation. (A) BZ118 (tig-gfp, rpsB-mCherry), BZ119 (tig-R45D-gfp, rpsB-mCherry), and BZ120
(tig-R45A-gfp, rpsB-mCherry) strains were grown to a mid logarithmic phase in LB at 37 °C and visualized by fluorescence microscopy. Shown are images of
phase contrast (Phase), fluorescence frommCherry (red), and GFP (green), and an overlay of red and green fluorescence from a representative experiment out
of three independent biological repeats. (Scale bar: 1 μm.) (B) Intact ribosomes were purified from CEs of the vegetative cells, dormant and germinating
spores of BZ118 (tig-gfp, rpsB-mCherry) and BZ119 (tig-R45D-gfp, rpsB-mCherry) strains. Germination was induced by suspending the spores in 10 mM L-Ala
for 10 min. Western blot analysis was carried out using an antibody against GFP, detecting the levels of Tig and TigR45D in CEs and in PRs (Left). The signal
from GFP fusion proteins was quantified by MetaMorph software (version 7.7, Molecular Devices) (Right). The signal from Tig-GFP was used to normalize Tig
expression levels in CEs and PRs, separately. Shown are average values and SDs obtained from two independent biological repeats.
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involved in carbon metabolism, such as GapA (Glyceraldehyde-3-
phosphate dehydrogenase) and Pgi (Glucose-6-phosphate isomer-
ase), controlling central metabolic pathways (51, 52). The detection
of Arg phosphorylation within spore specific proteins, including
members of the Ssp (small, acid-soluble spore protein) family and
spore coat proteins, suggests that Arg phosphomodification could
mediate the degradation of spore proteins that need to be re-
moved to enable revival (17, 53).
Arg phosphorylation was initially monitored in B. subtilis and

was shown to function as part of the bacterial stress response and
to mark proteins for degradation by the Clp protease complex
(32, 37, 38, 40, 53). Phosphoproteomic analyses suggested that

Arg phosphorylation has a regulatory effect on many cellular
pathways (32, 37, 40), although the in vivo impact of the Arg-
phosphorylation pathway remained limited. Here, we show that
Arg dephosphorylation elicits the most critical stage of spore
awakening, placing it as a major regulator of a developmental
process in bacteria.
Surprisingly, our analysis revealed that not only translation,

but also transcription occurs during germination and are re-
quired for its progression. The transcription machinery restora-
tion is likely to be mediated by the switching between the
phosphorylation and the dephosphorylation state of the house-
keeping SigA. The Arg-365 site seems to be located in the DNA

Fig. 4. The dephosphorylation of SigA facilitates spore germination. (A) Spores of PY79 (WT), BZ90 (sigA-R365A), and BZ91 (sigA-R365D) strains were in-
cubated on agarose supplemented with L-Ala (10 mM) and monitored by time lapse microscopy. Shown are phase contrast images from a representative
experiment out of three independent biological repeats. (Scale bar: 1 μm.) (B) Spores of PY79 (WT), BZ90 (sigA-R365A), and BZ91 (sigA-R365D) strains were
incubated on agarose supplemented with L-Ala (10 mM) and monitored by time lapse microscopy. Data are presented as percentages of the initial number of
the phase-bright spores. Shown are average values and SDs obtained from three independent biological repeats (n ≥ 300 for each strain). (C) Spores of PY79
(WT), BZ90 (sigA-R365A), and BZ91 (sigA-R365D) strains were incubated with L-Ala to trigger germination. DPA release to the medium was determined by Tb-
DPA assay. Presented are RFUs measured at 545 nm with excitation at 270 nm. Shown is a representative experiment out of three independent biological
repeats. (D) Spores of PY79 (WT), BZ90 (sigA-R365A), and BZ91 (sigA-R365D) strains were supplemented with L-Ala for 10 min and then incubated at 80 °C for
30 min. The percentage of nongerminating heat resistant spores was determined by the number of colonies after heat treatment/number of colonies before
heat treatment. (E) Spores of PY79 (WT), BZ16 (ΔywlE), BZ91 (sigA-R365D), BZ97 (tig-R45D), and BZ104 (tig-R45D, sigA-R365D) strains were incubated with L-
Ala (10 mM), and OD600 was measured at the indicated time points. Data are presented as percentages of the initial OD600 of spore suspension. Germination
assays were carried out in triplicate, and representative data are presented. Decreasing OD600 signifies spore germination.
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binding domain of SigA (54), suggesting that its phosphorylation
might interfere with the binding of the protein to its template.
The transcription machinery of dormant spores appears to be
silenced regardless of the Arg-phosphporylation state, indicating

that additional factors impose this arrest. It will be intriguing
to elucidate at which stage of entering dormancy this halt is
achieved as, according to our previous findings, this could take
several days (14, 18). The activation of transcription precedes

Fig. 5. Evidence that transcription occurs during germination. (A) An in vitro transcription reaction was carried out in whole extracts from vegetative cells of
PY79 (WT) as well as from dormant and germinating spores of PY79 (WT), BZ90 (sigA-R365A), and BZ91 (sigA-R365D) strains and in a transcription buffer
supplemented with NTPs (ATP, CTP, GTP, UTP, [α-32P]-UTP). After 40 min of incubation at 37 °C, the reaction was stopped, RNA was purified, radioactively
labeled RNAs were analyzed in 8% polyacrylamide gels, and bands were visualized by autoradiography. The analysis was carried out in two biological repeats,
and a representative experiment is presented. (B) Spores of PY79 (WT), BZ90 (sigA-R365A), and BZ91 (sigA-R365D) strains were incubated with 10 mM L-Ala to
trigger germination, collected by centrifugation at the indicated time, and their RNAs were extracted. The mRNA levels of selective genes tig, rpmE, and pupG
during germination were determined by quantitative RT-PCR. The result is presented as the fold change of target gene expression after germination relative
to before germination. The assays were carried out in triplicate, and representative data are presented. (C) Total RNA was extracted from vegetative cells,
dormant and germinating spores of PY79 (WT), BZ90 (sigA-R365A), and BZ91 (sigA-R365D) strains and subjected to Northern blot analysis using rpmE (201 nt)
and pupG (2001 nt) specific biotinylated probes. knockout (KO), indicates control extracts derived from vegetative cells of the corresponding LS26 (ΔrpmE)
and LS76 (ΔpupG) KO strains. The analysis was carried out in three independent biological repeats, and a representative experiment is presented. Numbers on
the right correspond to RNA size marker.
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that of translation as SigA-R365D mutant spores were stalled
before DPA release, whereas Tig-R45D spores could liberate
DPA normally. This observation raises the possibility that the
source of the transcripts required for translation during germina-
tion could be derived from newly synthesized mRNA. The RNA
profile of aging spores was found to be dynamic, mainly involving
RNA degradation into nucleotides, which can serve as a source for
de novo germination-induced RNA synthesis (14, 15, 18).
Dephosphorylation of Tig was found to mediate its association

with ribosomes to reactivate the translational machinery, rein-
forcing the view that translation is required to execute germi-
nation. During sporulation, Tig may be phosphorylated by McsB
thereby limiting its association with the ribosomes. However,
when germination is induced, Tig activity could be restored by the
action of YwlE, propelling its rapid association with ribosomes
and, consequently, allowing protein folding to resume. Interest-
ingly, the Thr-phosphorylated form of the elongation factor Tu
was shown to bind ribosomes during sporulation and inhibit
translation elongation, hence, acting in an opposed manner to Tig
(55). It is plausible that networks of co-occurring phosphorylation

events could serve as biological switches functioning to control
translation when entering and exiting dormancy.
The observation that not all of the SigA-R365D and Tig-R45D

mutant spores are stalled in germination could reflect the dif-
ferences in the levels of RNA and proteins within spores shown
to affect germination capacity (14, 15, 18, 56). This bet-hedging
strategy could increase population fitness to maximize survival
under changeable conditions. Yet, the connection between the
spore molecular reservoir and its germination propensity re-
mains puzzling, highlighting the gaps in our understanding of
spore dormancy and awakening. This suggests that the spore
molecular pool plays a significant role in germination capacity of
spores residing in different natural niches.

Materials and Methods
Strains and General Methods. B. subtilis strains are derivatives of the WT
PY79 and are listed in SI Appendix, Table S2. Plasmid construction is de-
scribed in SI Appendix, Experimental Procedures, and primers are described
in SI Appendix, Table S3. All general methods for B. subtilis were carried out
as described previously (57). B. subtilis cultures were inoculated at OD600

0.05 from an overnight culture, and growth was carried out at 37 °C in LB
medium (Difco). Antibiotics were used at the following concentrations:
kanamycin 5 μg/mL, chloramphenicol 6 μg/mL, lincomycin 25 μg/mL, eryth-
romycin 1 μg/mL, tetracycline 10 μg/mL, and spectinomycin 100 μg/mL.
Sporulation was induced at 37 °C by suspending cells in Schaeffer’s liquid
medium (Difco Sporulation Medium) (58). Sporulation efficiency was eval-
uated by comparing the number of colony forming units before and after
heat treatment. Spores were harvested, purified, and stored as described
below according to (23). Purified spores were heat activated at 80 °C for
30 min before germination experiments. Spore germination is induced by L-
Ala (10 mM), AGFK (2.5 mM L-Asp, 5 mg/mL D-glucose, 5 mg/mL D-fructose,
and 50 mM KCl), or LB at 37 °C.

Light Microscopy. Light microscopy was carried out as described previously
(23). Briefly, bacterial cells (0.5 mL) were collected by centrifugation and
resuspended in 10 μL of PBS × 1. For time lapse experiments, spores were
placed on 1% agarose pads supplemented with L-Ala (10 mM) or LB and
incubated in a chamber where temperature was maintained at 37 °C with a
temperature controller (Pecon-Zeiss). For fluorescence measurements, the
intensity of a WT (PY79) strain, lacking gfp, mCherry, or dronpa genes, was
subtracted from the net average fluorescence intensity. Samples were
photographed using Axio Observer Z1 (Zeiss), equipped with a CoolSnap
HQII camera (Photometrics, Roper Scientific). System control, image analysis,
and processing were performed using MetaMorph software (version 7.7;
Molecular Devices).

DPA Measurements. DPA release was measured as described previously (59).
Spore germination was performed at 37 °C in 10 mM L-Ala suspended in
25 mM K-Hepes buffer (pH 7.4). At the indicated time, 200 μL aliquots were
centrifuged, and TbCl3 was added to the supernatant fluid in a final con-
centration of 50 μM. Tb-DPA fluorescence was measured at a fluorescence
emission of 545 nm and with excitation of 270 nm.

Quantification and Statistical Analysis. Unless stated otherwise, bar charts
display a mean ± SD from at least three independent biological experiments.
MS Excel was used for all statistical analysis, data processing, and
presentation.
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