
HAL Id: hal-04923152
https://hal.inrae.fr/hal-04923152v1

Submitted on 31 Jan 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Embedding a ribonuclease in the spore crust couples
gene expression to spore development in Bacillus subtilis

Alexandre d’Halluin, Laetitia Gilet, Armand Lablaine, Olivier Pellegrini,
Mónica Serrano, Anastasia Tolcan, Magali Ventroux, Sylvain Durand, Marion

Hamon, Adriano Henriques, et al.

To cite this version:
Alexandre d’Halluin, Laetitia Gilet, Armand Lablaine, Olivier Pellegrini, Mónica Serrano, et al..
Embedding a ribonuclease in the spore crust couples gene expression to spore development in Bacillus
subtilis. Nucleic Acids Research, 2025, 53 (2), �10.1093/nar/gkae1301�. �hal-04923152�

https://hal.inrae.fr/hal-04923152v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Nucleic Acids Research , 2025, 53 , gkae1301 
https://doi.org/10.1093/nar/gkae1301 
Advance access publication date: 16 January 2025 
Molecular and Structural Biology 

Embedding a ribonuclease in the spore crust couples gene 

expression to spore development in Bacillus subtilis 

Alexandre D’Halluin 

1 ,† , Laetitia Gilet 1 ,† , Armand Lablaine 

2 ,† , Olivier P ellegr ini 1 ,† , 

Mónica Serrano 

3 ,† , Anastasia Tolcan 

1 ,† , Magali Ventroux 

2 ,† , Sylvain Durand 

1 , Marion Hamon 

4 , 

A driano O . Henriques 

3 , * , Rut Carballido-López 

2 , * and Ciarán Condon 

1 , * 

1 EGM CNRS, Université Paris-Cité,Institut de Biologie Physico-Chimique, 13 rue Pierre et Marie Curie, 75005 Paris, France 
2 Université Paris-Saclay, INRAE, AgroParisTech, Micalis Institute, 78350 Jouy-en-Josas, France 
3 Instituto de Tecnologia Química e Biológica António Xavier, Universidade Nova de Lisboa, 2780-157 Oeiras, Portugal 
4 Proteomics platform, FR550 Institut de Biologie Physico-Chimique, 13 rue Pierre et Marie Curie, 75005 Paris, France 
* To whom correspondence should be addressed. Tel: +33 158415123; Email: condon@ibpc.fr 
Correspondence may also be addressed to Rut Carballido-López. Tel: +33 134652955; Email: rut.carballido-lopez@inrae.fr 
Correspondence may also be addressed to Adriano O. Henriques. Tel: +351 214469521; Email: aoh@itqb.unl.pt 
† These authors contributed equally and appear in alphabetical order. 

Abstract 

Faced with nutritional stress, some bacteria form endospores capable of enduring extreme conditions for long periods of time; yet the function 
of many proteins expressed during sporulation remains a mystery. We identify one such protein, KapD, as a 3 ′ -e x oribonuclease e xpressed under 
control of the mother cell-specific transcription factors SigE and SigK in Bacillus subtilis . KapD dynamically assembles o v er the spore surface 
through a direct interaction with the major crust protein CotY. KapD catalytic activity is essential for normal adhesiveness of spore surface layers. 
We identify the sigK mRNA as a k e y KapD substrate and and show that the st abilit y of this transcript is regulated by CotY-mediated sequestration 
of KapD. SigK is tightly controlled through e x cision of a prophage-lik e element, transcriptional regulation and the remo v al of an inhibitory pro- 
sequence. Our findings unco v er a f ourth, post-transcriptional la y er of control of sigK e xpression that couples late-stage gene e xpression in the 
mother cell to spore morphogenesis. 
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wo major families of Gram-positive bacteria, the Bacillaceae
nd Clostridiaceae, use an evolutionarily conserved mecha-
ism to form metabolically dormant endospores. Such re-
ilient life forms have been successfully revived from the gut
f a > 25-million-year-old bee fossilized in amber ( 1 ) and from
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a 250-million-year-old salt crystal ( 2 ). These bacteria include
pathogens such as the agents of anthrax, botulism, tetanus
and chronic intestinal diseases. The best studied of the spore-
formers is Bacillus subtilis, which initiates this sophisticated
developmental program upon encountering severe nutritional
stress (for recent reviews, see ( 3 ,4 )). During sporulation, the
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bacterial chromosome is first replicated, an asymmetric sep-
tum forms close to one pole of the cell and the newly repli-
cated chromosome is partitioned into the smaller daughter cell
compartment, called the forespore. The larger cell, known as
the mother cell (MC), then engulfs the forespore and builds a
multi-layered protective envelope around it. Finally, the MC
undergoes lysis to release the mature spore. These different
stages are identifiable microscopically, and the whole devel-
opmental process involves coordinated expression of several
hundred genes and typically takes about 8 h to complete under
laboratory conditions. It is coordinated by a cascade of spa-
tially and temporally regulated RNA polymerase sigma fac-
tors (SigF followed by SigG in the forespore and SigE followed
by SigK in the MC) that relay each other through cross-talk
between the MC and the developing spore ( 5 ,6 ). 

The protective structure built around the forespore consists
of a peptidoglycan cortex and a proteinaceous coat composed
of four surface layers: the basement / undercoat layer, the in-
ner coat, the outer coat and an external glycoprotein crust.
Although the inner and outer coat layers can be assembled in-
dependently of each other, assembly of the inner coat and crust
layers are dependent on the subjacent basement and outer coat
layers, respectively ( 6 ). The four surface layers are made up of
at least 80 different proteins ( 5–8 ) that are synthesized by the
MC and encase the surface of the developing spore in con-
centric shells ( 9 ). Correct surface layer formation is necessary
for spore resistance to harsh environmental conditions such
as heat, desiccation, radiation or chemicals, as well as for the
survival in B. subtilis in the gut of its natural predators, such
as Caenorhabditis elegans ( 10 ) or Tetrahymena thermophila
( 11 ). The general assembly pathway of the major spore coat
proteins is well-understood, with a small number of morpho-
genetic proteins playing key roles in the initial targeting of the
coat proteins to the surface layers and their subsequent encase-
ment of the developing spore ( 8 ). The assembly of each layer is
thought to be driven by the localization and polymerization of
the specific morphogenetic proteins (e.g. SpoVM and SpoIVA,
SafA, CotE and CotZ for the basement, inner coat, outer coat
and crust layers, respectively), creating binding sites for the
individual proteins that make up the different layers ( 6 ). En-
casement proteins (e.g. SpoVID) are required for the forma-
tion of a full shell for the different layers. Without them, other
coat proteins can initially localize to the correct layer, but fail
to cover the surface completely, resulting in defective spores. 

The mRNAs encoding the different protein components of
the spore coat are typically expressed under SigE control early
in sporulation and subsequently by SigK late in the devel-
opmental process ( 12 ). However, little if anything is known
about the contribution of mRNA degradation by ribonucle-
ases (RNases) to their overall expression levels. About two
dozen RNases have been already identified in B. subtilis and
their substrates are well characterized. However, there are still
some orphan ribonucleases encoded by the genome of B. sub-
tilis with no known function. 

One such orphan ribonuclease is encoded by the kapD gene
and is expressed principally during sporulation ( 12–15 ), but
its role in this process remains a mystery. KapD is a member
of the DEDDh family of 3 

′ -exoribonucleases, closely related
to the Eri-1 ribonuclease, involved in the degradation of siR-
NAs and 5.8S rRNA processing in C. elegans ( 16 ,17 ) and to
human 3 

′ -hExo, characterized for its implication in the matu-
ration and degradation of histone encoding mRNAs ( 18 ) (Fig-
ure 1 A, B ). KapD stands for k inase a ssociated p rotein D and 

is annotated as an inhibitor of the KinA pathway that signals 
the initiation of sporulation, but the experimental basis for 
this annotation has not been published. Here, we show that 
KapD is an active 3 

′ -exoribonuclease in vitro and that its ex- 
pression is controlled by the MC-specific sigma factors, SigE 

and SigK. Fluorescence microscopy experiments show that 
KapD dynamically assembles onto the surface of the develop- 
ing spore, and transmission electron microscopy (TEM) exper- 
iments show that the catalytic activity of KapD, rather than 

simply its presence, is critical for correct spore morphology.
Finally, we show that the sigK mRNA is itself a substrate for 
KapD and its half-life is regulated by KapD sequestration in 

the crust by direct protein–protein interaction with the major 
crust morphogenetic protein, CotY. The timing and levels of 
SigK expression and activity are subject to multilevel regula- 
tion ( 19 ) involving a genome rearrangement via excision of the 
skin prophage-like element that interrupts its coding sequence 
( 20 ,21 ), direct transcriptional regulation by SigE, GerR, SpoI- 
IID and GerE ( 12 ) and post-translational activation by pro- 
teolytic removal of a 19-amino acid inhibitory pro-sequence 
from its N-terminus ( 22–24 ). Post-transcriptional regulation 

by KapD and CotY adds yet a fourth regulatory layer to the 
control of this key sigma factor, which is essential for correct 
spore morphogenesis. 

Materials and methods 

B. subtilis strains 

All strains were derived from the laboratory strain B. subtilis 
W168 (SSB1002), except when otherwise specified. A list of 
all strains used is provided in Supplementary Table S2 . De- 
tails of new strains and plasmid constructs are provided be- 
low. Oligonucleotides used for these constructs are given in 

Supplementary Table S3 . 

Construction of ΔkapD strains 

Strain CCB567 ( kapD::ery ) was constructed by three- 
fragment overlapping polymerase chain reaction (PCR) with 

oligo pairs CC1354 / 1355 ( kapD front), CC1365 / 66 ( ery ) 
and CC1356 / 1357 ( kapD back); then reamplified with nested 

oligos CC1370 / 1371. The template for amplification of the 
ery cassette was plasmid pDG641 ( 25 ). The resulting PCR 

fragment was transformed into strain SSB1002 and verified 

by PCR amplification with oligos CC1354 and CC1357. 
Strain CCB607 ( kapD::spc ery-ter ) was constructed by 

overlapping PCR with oligo pairs CC1354 / 1436 ( kapD 

front), CC1437 / 1438 ( spc ), CC1439 / 1366 ( ery-ter ) and 

CC1356 / 1357 ( kapD back), in two steps. The spc and ery 
terminator ( ery-ter ) fragments were first combined with oligos 
(CC1437 / 1366), then all three fragments were combined and 

reamplified with oligos CC1354 / 1357. The templates for am- 
plification of the spc cassette and the ery terminator were plas- 
mids pDG1727 and pDG641 ( 25 ), respectively. The resulting 
PCR fragment was transformed into strain SSB1002 with se- 
lection for spectinomycin resistance and verified by PCR am- 
plification with oligos CC1468 / CC1010 and CC1457 / 1458 

and sequencing of surrounding chromosomal context. A silent 
mutation C AT → C AC (His75) is present in the kapB gene,
which was considered acceptable for the purposes of these 

studies. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
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Figure 1. KapD is a sequence and str uct ural homolog of 3 ′ hExo and Eri-1 and has 5 ′ -end-dependent 3 ′ -e x oribonuclease activity in vitro . ( A ) Sequence 
alignment (Clustal Omega) of B. subtilis KapD , human 3 ′ -hExo (Hsap) and C. elegans Eri-1b (Cele Eri-1b). (*) shows identical amino acids, (:) designates 
similar amino acids and (.) indicates similar groups of amino acids. Amino acids that form the DEDDh motif are shown in red. The DE residues changed 
to A to create a catalytic mutant are indicated. ( B ) Comparison of Alphafold2 model( 82 ) of B. subtilis KapD with human 3 ′ hExo (4qoz) bound to histone 
mRNA stem-loop (SL, orange) and human Eri-1 e x oribonuclease 3 (2xri); the red sphere represents a Mg 2+ ion. Note that the KapD model omits a 
C-terminal extension of 18 residues. In the model of human 3 ′ hExo, the stem-loop binding protein is not included. In all cases, the residues highlighted 
in y ello w f orm the activ e site and correspond to DEDDh motif sho wn in panel A. T he numbers refer to the sequence included in the models. T he N- and 
C-termini are indicated. The bottom panels show enlarged views of the active site region of each protein. ( C ) In vitro activity assay performed on the 
synthetic R15 RNA (CCR018, Supplementary Table S3 ), labeled at either the 5 ′ (left) or 3 ′ end (right). Reactions were performed with a 10-fold serial 
dilution of KapD from 10 −1 μg / μl to 10 −4 μg / μl final concentration, represented by right angled triangles. The liberation of 32 pCp is evidence of a 3 ′ -5 ′ 

e x onuclease activity, while the accumulation of 9–11 nt intermediates, suggests the enzymes loses processivity once the RNA is reduced to this size. 
Despite a two-step purification of KapD (see ‘Materials and methods’), a background ladder of RNase activity is observed from a contaminant in 
preparations of both the WT and KapD catalytic mutant. ( D ) In-vitro activity assay performed on the synthetic RNA R15, labeled at the 3 ′ end with 32 pCp 
and bearing either a 5 ′ -phosphate (p) or 5 ′ -h y dro xyl (OH). 

C

A  

b  

C  

C  

T  

n  

w  

s  

r  

i  

(  

s  

C

C
c

T  

f  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

onstruction of the kapD 

AFA catalytic mutant 

 markerless kapD 

AFA catalytic mutant was constructed
y cloning an overlapping PCR fragment (oligo pairs
C1375 / 2071 and CC1376 / 2070, reamplified with
C1375 / 1376) into pMAD ( 26 ) digested with SalI / EcoRI.
he resulting plasmid pMAD-KapD (DFE → AFA) (plasmid
umber 834) containing the D10A and E12A mutations
as confirmed by sequencing. Pop in / pop out of this con-

truct was performed according to ( 26 ). Correct replacement
esulted in the destruction of a BstBI restriction site allow-
ng a first screen by PCR amplification of the kapD locus
oligos CC1375 / 1376) and digestion by BstBI, followed by
equencing for confirmation. The resulting strain was called
CB1251. 

onstruction of kapD 

omplementation / overexpression strains 

wo kapD complementation strains were constructed that dif-
er by the presence of Esc heric hia coli rrnB t1t2 transcrip-
tion terminators to insulate from potential antisense tran-
scription from the promoter of the thrC gene into which the
of a copy of the kapD gene was inserted in the inverse ori-
entation. In these constructs, a region extending from 170
nts upstream to 27 nts downstream of the kapD sigK pro-
moter was fused 170 nts upstream of the native sigE pro-
moter and associated kapD gene by overlapping PCR. The
sigK promoter was amplified using oligos CC2605 / 2588 and
the sigE promoter + kapD gene was amplified using oligos
CC2589 / 2590. Oligo CC2590 contained an integrated ter-
minator hairpin sequence to provide a defined and stable
3 

′ end to the kapD mRNA. The two PCR products were
reamplified with oligos CC2605 and CC2950, digested with
EcoRI and cloned in plasmid pDG1664 for integration into
the thrC locus ( 27 ). The resulting plasmid, pDG1664- kapD
(plasmid number 885), was linearized with XhoI and trans-
formed into B. subtilis wild-type (WT, SSB1002), kapD 

AFA

(CCB1251) and ΔkapD (CCB607) mutant strains, with se-
lection for macrolide-lincosamide-streptogramin (MLS) resis-
tance and screening for threonine auxotrophy. The resulting

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
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strains were called CCB1373, CC1374 and CCB1375, respec-
tively. In the insulated derivative, the E. coli rrnBt1t2 ter-
minators were amplified using oligo pair CC3243 / CC3244
and plasmid pMUTIN-4M as template ( 28 ), the kapD gene
with associated promoters and terminator locus was am-
plified using oligos CC3245 / CC3246 and pDG1664- kapD
as template, and the overlapping product reamplified using
oligo pair CC3243 / CC3246. Plasmid pDG1664 was digested
with EcoRI and the insert cloned with the NEBuilder Hifi
DNA Assembly Mix (NEB). The resulting plasmid, pDG1664-
rrnBt1t2-kapD (plasmid number 992), was linearized with
NcoI and transformed into the ΔkapD strain CCB607 with
the selection for MLS resistance. The resulting strain was
called CCB1744. 

Construction of GFP fusions 

The KapD-GFP translational fusion (pCVO119m-KapD-
GFP; plasmid number 671) was made by PCR amplification
of a portion of the genome downstream of the kapD ORF us-
ing oligo pair CC1675 / CC1676 and the 3 

′ half of the kapD
ORF using oligo pair CC1674 / CC074, cleaving the result-
ing PCR fragments with SpeI / BamHI and BamHI / SalI, re-
spectively, and ligating both fragments together with vector
pCVO119m (a derivative of pCVO119 ( 29 ), containing the
A206K mutation to create monomeric GFP (Carballido-Lopez
lab collection)), cleaved with SpeI and SalI. The resulting plas-
mid was sequenced, linearized with BamHI and inserted into
the kapD locus of B. subtilis strain SSB1002 by double recom-
bination to yield strain CCB786. 

Construction of KapD-6xHis and CotY-3xFlag 

overexpression plasmids 

Plasmid pET28-KapD-His (plasmid number 313) was con-
structed by PCR, amplifying the kapD gene with oligos
CC073 / 074 and cloning in plasmid pET28a (Novagen) di-
gested with EcoRI and SalI. Plasmid pET28-KapD 

AFA -His
(plasmid number 775) was made by site-directed mutagenesis
of pET28-KapD-His using oligos (CC2070 / 2071). The plas-
mids were verified by sequencing and transformed into BL21
CodonPlus RIL for overexpression, yielding strains CCE095
and CCE273, respectively. 

pET28-CotY-Flag (plasmid number 770) was made by am-
plifying the cotY gene by PCR using oligos (CC2058 / 2059),
combining with two complementary oligos encoding the
3xFlag (CC2054 / 2055) and cloning in pET28a digested with
EcoRI and HindIII. The plasmid was verified by sequencing
and transformed into BL21 CodonPlus RIL for over expres-
sion, yielding strain CCE275. 

KapD protein purification 

WT and catalytic mutant (KapD 

AFA ) were overexpressed in E.
coli BL21 CodonPlus RIL as C-terminal His-tagged proteins.
Strains were grown in 400 mL LB media with antibiotics for
plasmid selection, until the OD 600 reached 0.6. Proteins were
induced with a final concentration of 0.5 mM IPTG, for 3 h.
The pellets were washed with 25 mL cold TE-NaCl [10 mM
Tris-HCl pH 8, 1 mM EDTA, 0.1 M NaCl], centrifuged 8000
rpm, 10 min and 4 

◦C (Sorval JA-12 rotor). The pellet was re-
suspended in 10 mL equilibrium buffer [20 mM Tris-HCl pH
8.8, 0.5 M NaCl, 10% glycerol, 0.1% Triton-X100], protease
inhibitor cocktail (Roche) and 1 μl / mL DNase I [10 mg / mL]
(Sigma). The pellets were lysed by 2–3 passages in a French 

Press (20 000 p.s.i). Lysates were centrifuged at 10 000 rpm 

for 20 min at 4 

◦C (Sorval JA-20 rotor), and a final concen- 
tration of 1 mM imidazole was added before adsorbing to the 
His-Trap column (GE Healthcare), pre-equilibrated with equi- 
librium buffer. The column was washed with 10 column vol- 
umes of equilibrium buffer and 10 column volumes of wash- 
ing buffer I 20 [20 mM Tris-HCl pH 8.8, 20 mM imidazole,
0.3 M NaCl], then in same buffer with 40 mM imidazole (I 40 ) 
and, finally, eluted with elution buffer [20 mM Tris-HCl pH 

8.8, 500 mM imidazole, 0.3 M NaCl], in 1 mL fractions. Peak 

fractions were identified by Bradford Assay (Biorad), pooled 

and dialysed against buffer [20 mM Tris-HCl pH 8.8, 150 mM 

NaCl, 10% glycerol, 0.5 mM DTT]. The dialysed material ( ∼2 

mL) was applied to a preparative gel filtration column High- 
Load Superdex 75 16 / 60 (GE Healthcare) equilibrated in the 
same buffer. Four-mL fractions were collected and peak frac- 
tions pooled. Pooled fractions were applied to a MonoQ HR 

5 / 5 anion exchange column (GE Healthcare), pre-equilibrated 

in buffer [20 mM Tris-HCl pH 8.8, 50 mM NaCl, 10% glyc- 
erol]. The column was washed with 10 column volumes of 
the same buffer. KapD proteins were eluted in 1 mL fractions 
using a 50 mM to 2 M NaCl gradient in the same buffer.
Proteins were concentrated using spin columns (Amicon ul- 
tra 10 KDa) and stored at −80 

◦C before use. The purity 
of each purification step was verified by Coomassie-stained 

sodiumdodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE). 

5 

′ and 3 

′ labeling of RNA substrates 

The synthetic RNA substrate used for in-vitro KapD activity 
assays was a 15-nt RNA (R15), starting with uridine, ade- 
nine or guanidine (CCR018, CCR034 or CCR036, respec- 
tively; see Supplementary Table S3 ). For 5 

′ labeling, 40 μM 

R15 oligo was labeled using 3 μl of adenosine triphosphate 
(ATP) [ γ- 32 P], 2 μL 10x T4 PNK Buffer (NEB) and 2 μL of 
T4 PNK kinase (NEB) in a final volume of 20 μL and incu- 
bated for 40 min at 37 

◦C. For 3 

′ labeling, 100 μM RNA was 
labeled using 2.5 μL of DMSO 100%, 1.25 μL of 10 mM ATP,
2.5 μL of 10x RNA ligase buffer (NEB), 1.25 μL of rRNasin 

40 u / μl (Promega), 2 μL of RNA ligase (NEB) and 3 μL of 
pCp [5 

′ - 32 P] in a final volume of 25 μl incubated at overnight 
4 

◦C. The 3 

′ end labeled R15 was phosphorylated at its 5 

′ end 

with cold ATP by adding 1 μL of 10x T4 PNK Buffer (NEB),
3.5 μL of 10 mM cold ATP and 3 μL of T4 PNK enzyme 
(NEB) in a final volume of 35 μL for 40 min at 37 

◦C. La- 
beled RNAs were gel-purified by running for 1 h at 60W on 

a 20% polyacrylamide-7M urea gel, the corresponding bands 
were excised and eluted for at least 4 h in 400 μL of 0.3M 

sodium acetate. The RNA was ethanol precipitated and resus- 
pended in 20–30 μL nuclease-free water. To generate a 5 

′ tri- 
phosphorylated RNA, a double-stranded DNA template con- 
taining a T7 promoter sequence and a 16-nt coding sequence 
was generated by annealing two complementary oligonu- 
cleotides (CC2524 and CC2525, see Supplementary Table S3 ).
The oligonucleotides (10 uM each) were denatured at 95 

◦C 

for 5 min in a buffer containing 10 mM Tris pH8, 50 mM 

NaCl and 1 mM EDTA and slowly cooled to room temper- 
ature for an hour. The template was transcribed using the 
MEGAshortscript™ T7 Transcription Kit (ThermoFisher Sci- 
entific) and 3 

′ -end labeled using p 

32 Cp, as described above. To 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
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enerate the mono-phosphorylated derivative, the transcribed
NA was dephosphorylated at 37 

◦C for 1 h using Quick-
IP (NEB) in CutSmart buffer (NEB). The RNA was then 5 

′ -
hosphorylated as described above. 

apD in-vitro activity assays 

n-vitro activity tests were done in 10 μl volume, containing
.5 μL radiolabeled RNA (3 

′ or 5 

′ end labeled), 2 μL 5x KapD
eaction buffer [50 mM Tris-HCl pH 8.8, 8 mM MgCl 2 , 100
M NaCl, 0.5 mM DTT], 6.5 μL nuclease-free water and 1
L KapD protein (10-fold dilutions from 1 mg / mL to 10 

−3

g / mL). For control reactions, 1 μL nuclease-free water was
sed instead of the protein. The reactions were incubated 20
in at 37 

◦C and stopped by adding 10 μL 2xRNA loading
ye (Ambion). Eight μL of the reaction was denatured 5 min
t 90 

◦C and run on a 20% polyacrylamide gel for 1 h at 60W
n 1x TBE buffer. The gel was vacuum dried for 1 h at 80 

◦C
nd exposed to a phosphor-Imager screen. 

porulation cultures 

porulation was either induced by exhaustion in Difco sporu-
ation medium (DSM) supplemented with 1 M Ca(NO 3 ) 2,

.01 mM MnCl 2 and 1 mM FeSO 4 ( 30 ) or by the the re-
uspension method of Sterlini and Mandelstam ( 31 ). Cul-
ures were typically sampled every hour for 8 h (T0 to T8)
fter the inflexion point in DSM (defined as the initiation
f sporulation or T0) or after resuspension in sporulation
edium. For resuspension experiments involving the comple-
entation construct in thrC , we added threonine (50 μg / mL)

o all cultures. For time-lapse Lattice SIM imaging, sporula-
ion was performed in microcolonies, as described previously
 32 ). Briefly, cells were collected from sporulation cultures,
abeled with SNAP-Cell ® TMR-Star (New England Biolabs)
or 30 min at 37 

◦C in the dark at a final concentration of
50 nM and directly applied to a gene frame containing a
.6% agarose pad in resuspension medium. Then, the micro-
copic slide was incubated overnight in the dark to allow mi-
rocolony development and their entry in sporulation. Time-
apse acquisitions started upon the detection of KapD-GFP
ignal. 

pifluorescence microscopy 

porulation was initiated either by exhaustion in DSM (Fig-
re 3 A; first four panels) or the resuspension method (Figure
 A (phase grey), 3C and S2) ( 31 ). For the exhaustion method,
vernight cultures from single colonies of B. subtilis strains
ere diluted in DSM at OD 600 0.01 and grown at 37 

◦C. Sam-
les were taken from 2 to 4 h after the inflection point of the
rowth (OD 600 ∼1.8). For the resuspension method, overnight
ultures from single colonies of B. subtilis strains, grown in a
efined rich medium (CH) were diluted 1:50 in CH up to OD 1
nd re-suspended in a defined poor medium (SM). The time of
esuspension corresponds to time T0 of sporulation. Samples
ere taken every hour from T1 to T6. Cells were mounted
n 1.2% agarose pads and stained with FM4–64 (Molecu-
ar Probes), to visualize the cell membrane, and DAPI (Ther-
ofisher) to visualize the nucleoid. Fluorescence microscopy
as performed on a Nikon Eclipse Ti (100 FluoPlan objective
ith an aperture of 1.30 and an ORCA R2 camera (Hama-
atsu)) equipped with an environmental chamber maintained

t 37 

◦C. Image processing was performed using Fiji software.
Dual-color lattice SIM 

2 

Lattice SIM imaging, TMR-star labeling and mounting of
samples were conducted as previously described ( 32 ) using
an Elyra 7 AxioObserver (Zeiss) inverted microscope yield-
ing a final pixel size of 64.5 nm for raw images. Fluorescence
was excited using 488 nm (100 mW) and 561 nm (100 mW)
laser beams at 40% and 20% of maximal output power, re-
spectively. For snapshots, 15 phases were acquired. Exposure
time per phase was 80 and 20 ms for 488 and 561 nm laser,
respectively. For single-cell time-lapse acquisitions, 13 phases
were acquired with an exposure time reduced to 60 ms for
the 488-nm laser beam. Temperature was maintained at 30 

◦C
during acquisition. Lattice SIM image reconstruction was per-
formed using the Zen Software (Zeiss, black edition) and the
nonlinear dual iterative reconstruction algorithm SIM 

2 with
general settings as previously described ( 33 ), yielding a final
pixel size of 16 nm for reconstructed images. Quantifications
of KapD-GFP fluorescence intensity in the MC was performed
on pseudo-widefield images prior to SIM image reconstruc-
tion. A polygonal region of interest (ROI) was adjusted using
the Fiji polygon tool in the center of the MC cytoplasm of the
sporulating cell. The mean intensity of the ROI was recorded
and the value of the background signal was subtracted from
each measurement, for the indicated numbers of sporulating
cells. 

Statistical analyses were performed using Rstudio version
4.1.1 for PC. Data are represented with box-plots showing the
interquartile range (IQR; 25th and 75th percentile). The upper
whisker extends from the upper hinge to the largest value no
further than 1.5 × IQR from the hinge and the lower whisker
extends from the hinge to the smallest value at most 1.5 × IQR
of the hinge. 

Fluorescence recovery after photo-bleaching 

(FRAP) 

Sporulating cells collected 4 and 5.5 h after resuspension
in sporulation medium were mounted on glass slides coated
with resuspension medium in 1.6% agarose and imaged us-
ing Nikon Ti-E fitted with a 100x / 1.49 NA oil objective Apo
TIRF, an EMCCD Andor iXon 897 camera (Oxford Instru-
ments) and stabilized with Perfect Focus, at 30 

◦C. Samples
were first imaged by brightfield. Then, images were taken ev-
ery 2 s for 1 min using a 488-nm laser at 30% power with
100-ms exposure. FRAP was performed using MetaMorph
the iLAS 2 module. Fluorescence was bleached with a pulse
from a 488-nm laser set to 60% power on an area 500 pixels
in diameter. Time-lapse image sequences were stabilized us-
ing the Fiji plugin ‘StackReg’, using transformation as � rigid
body �. Quantification was performed as described elsewhere
( 34 ). Briefly, we calculated the normalized fluorescence recov-
ery by measuring the relative intensity of the bleached area
(MCP cap signal in engulfed forespores or MCD pole of re-
fractile forespores) to the signal in an unbleached cell detected
in the same field of view. The pre-bleaching ratio was defined
as 1 and the ratio immediately after the bleaching event as 0.

Yeast-two-hybrid screening and specificity assay 

A pGAD-expressed B. subtilis genomic library in yeast was
screened with the pGBDU bait vector expressing KapD in
yeast, as previously described ( 35 ,36 ). After mating on rich
medium, diploid individuals were selected for interacting phe-
notypes on defined media lacking leucine, uracil and histidine
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(-LUH) or adenine (-LUA). Prey candidates were identified by
PCR amplification and sequencing of the pGAD plasmid in-
serts. To remove false-positive interactions, a specificity assay
was done. Prey fragments were recloned in pGAD in yeast by
gap-repair ( 37 ) and resequenced, and a new interaction assay
was performed using a positive control and the empty vector
to test for autoactivation. Interactions were considered spe-
cific when they were reproduced with their original bait pro-
tein. Specific prey sequences were rechecked. 

KapD and CotY co-purification 

E. coli strains overexpressing KapD-6xHis (CCE095) and
CotY-3xFLAG (CCE275) were grown and induced with
IPTG, as described above, except that expression of CotY-
3xFLAG was induced for 4–5 h. The two pellets were mixed
and lysed together by French Press in the presence or absence
of RNase A (10 μg / mL). After an initial purification step on
a His-Trap column (GE Healthcare) as described above, the
peak protein fractions were pooled and injected onto an ana-
lytical gel filtration column Superdex 200 10 / 300 GL column
(GE Healthcare) equilibrated in [20 mM Tris-HCl pH 8.8, 150
mM NaCl, 10% glycerol]. Around 1 mL fractions were col-
lected and 20 uL deposited on an SDS-PAGE gel (12%) for
Western blot analysis. 

Western blot analysis 

For Western blots, proteins were transferred to Hybond-C
membranes (GE Healthware) by electro-transfer. Membranes
were blocked in PBS-T [1X PBS, 0.1% Tween 20] and 5%
low-fat powder milk solution. Primary antibodies were used
at the following dilutions: KapD 1 / 1000 (Spore Coat Western
blots), KapD-His 1 / 20 000 (Co-purification) and CotY-FLAG
(1 / 1000). A secondary peroxidase-conjugated anti-rabbit an-
tibody was used at a concentration of 1 / 10 000. Western blots
were developed with using chemi-luminescence reagents (GE
Healthcare). 

TEM analysis 

Spores were purified from DSM cultures (exhaustion method)
18 hours after initiation of sporulation and processed for thin
sectioning TEM essentially as described ( 38 ). Samples were
imaged on a Hitachi H-7650 microscope equipped with an
AMT digital camera, operated at 100 keV. 

Heat resistance and germination assays 

Heat resistance and germination assays were performed ac-
cording to Nicholson and Cutting ( 39 ) with minor modifica-
tions as described in the legend to Supplementary Table S4 . 

Mass-spectrometry analysis of B. subtilis spore 

coat composition 

Strains were grown in DMS (exhaustion method) supple-
mented with 1 M Ca(NO 3 ) 2, 0.01 mM MnCl 2 and 1 mM
FeSO 4 for 36 h. Spores were purified by a two-step gradient
of Gastrografin as described in ( 40 ). Briefly, after a 36-h cul-
ture, cells were harvested and washed three times with cold
RNase / DNase free water. The pellet was resuspended in the
same volume of ice-cold water and incubated at 4 

◦C for 24 h
for the cells to lyse. Next, the pellet was washed three times
with water and resuspended in 1 mL 20% Gastrografin solu-
tion (Bayer Schering Pharma). The resuspended spores were
layered on top of a 50% Gastrografin solution (20 mL) and 

centrifuged at 10 000 g at 4 

◦C for 30 min in a bench-top cen- 
trifuge (Eppendorf). The purified spores in the pellet were re- 
covered and washed five times with ice-cold water to eliminate 
traces of the Gastrografin solution. 

Total coat proteins were extracted by boiling the spores 
(equivalent to an optical density at 580 nm of 450) for 8 min 

in an extraction buffer [125 mM Tris pH 6.8, 4% SDS, 10% 

(v / v) b-mercaptoethanol, 1 mM DTT, 0.05% bromophenol 
blue, 10% glycerol] as described in (Henriques and Moran,
2000). The mixture was centrifuged 5 min at maximum speed 

and 5 μL of supernatant, corresponding to about 30 μg (450 

OD units) extracted protein were loaded onto a 15% SDS- 
PAGE gel and run to just past the stacking part of the gel. The 
proteins were cut from the gel, digested by trypsin and ap- 
plied to a tandem NanoEasy1000, Q-exactive (Thermoscien- 
tific) mass spectrometer. Spores from WT and �kapD strains 
were isolated as five biological replicates, each injected twice 
for analysis. Statistical analysis was done by using a t-student 
test, with P < 0.05 chosen as the cut-off. For Western blot 
analysis of spore coat composition, spores were boiled for 20 

min in extraction buffer, and 10 μL were loaded on 15% SDS- 
PAGE gels. 

Northern blots 

For Northern blot analysis, RNA was typically isolated from 

2 mL of sporulating cultures by RNASnap 

TM ( 41 ) or the 
phenol / glass beads method ( 42 ) and the equivalent of 5 μg 
total RNA was loaded onto a 1% agarose gel and run in 

1x TBE solution as described in ( 43 ). For half-life measure- 
ments rifampicin was added at 150 μg / mL before RNA 

isolation. The list of all the probes used are listed in the 
Supplementary Table S3 . 

Results 

KapD is a 5 

′ -sensitive 3 

′ -5 

′ exoribonuclease in vitro 

Given its homology to the known DEDDh-family of 3 

′ - 
exoribonucleases, 3 

′ hExo and Eri-1, we first sought to con- 
firm that KapD indeed had 3 

′ -exonuclease activity in vitro . For 
this purpose, we used a 15-nucleotide (nt) synthetic oligori- 
bonucleotide we call R15 (UGGUGGUGGAUCCCG) that we 
previously used to characterize the directionality of the exori- 
bonuclease RNase J1 ( 44 ) and an optimized buffer for KapD 

activity (See ‘Materials and methods’). R15 was 32 P-labeled at 
either its 5 

′ or 3 

′ end, using γ- 32 P-ATP and T4 polynucleotide 
kinase (to generate 32 p-R15), or α- 32 P-pCp and RNA ligase 
(to generate p-R15- 32 pCp), respectively, and incubated with a 
10-fold serial dilution of purified KapD. To directly compare 
the two reactions, the 3 

′ -labeled oligoribonucleotide was also 

5 

′ -phosphorylated. Digestion of 3 

′ -labeled R15 with KapD 

yielded only 32 pCp, as expected for a 3 

′ -exoribonuclease (Fig- 
ure 1 C), while digestion of the 5 

′ -labeled R15 yielded primar- 
ily 9-11-nt end-products. This suggests that KapD behaves as 
a processive 3 

′ -exoribonuclease until RNAs reach a critical 
size of 9–11 nts and becomes distributive thereafter. A cat- 
alytic mutant, with the conserved DxE motif 10 DFE 

12 (Figure 
1 A) changed to 

10 AFA 

12 (KapD 

AFA ), showed > 10-fold reduc- 
tion in the release of pCp (Figure 1 C), confirming that the 
observed activity is associated with KapD. 

5 

′ monophosphate groups have previously been shown 

to stimulate the endoribonuclease activity of some bacte- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
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ial RNases, e.g. RNase E ( 45 ) and RNase Y ( 46 ) and to
e the preferred 5 

′ -moiety on the RNA substrates of 5 

′ -
xoribonucleases such RNase J1 ( 44 ) or the eukaryotic Xrn1
 47 ). Although the identity of the 5 

′ -moiety was not previ-
usly known to impact the activity of 3 

′ -exoribonucleases,
e nonetheless asked whether the 5 

′ -phosphate group on the
-R15- 32 pCp substrate had an impact on KapD activity. To
ur surprise, KapD’s ability to attack the 3 

′ end of an RNA
earing a 5 

′ -hydroxyl group instead of a 5 

′ -monophosphate
oiety was reduced by 1–2 orders of magnitude (Figure
 D). This suggests that KapD has a binding site for a 5 

′ -
onophosphate group that can stimulate the 3 

′ -attack of its
ubstrates. Stimulation by a 5 

′ -monophosphate was observed
ith the same oligonucleotide where the 5 

′ nucleotide was
hanged to A or G ( Supplementary Figure S1 A), suggesting
he phenomenon is independent of the identity of the first nu-
leotide. A 5 

′ -mono-phosphate was also preferred over a 5 

′ -
riphosphate, which showed very little reactivity with KapD
 Supplementary Figure S1 B). 

he kapD gene is expressed under SigE and SigK 

ontrol during sporulation 

arly studies showed that kapD was a member of the SigE
nd SigK regulons suggesting a potential role in sporulation
 12 ,14 ). kapD expression was also shown to be repressed by
he transcriptional regulator GerR, a fellow member of the
igE regulon, and to be activated by GerE, a fellow mem-
er of the SigK regulon. Tiling array experiments performed
nder > 100 different growth conditions confirmed that the
apD gene is primarily expressed during sporulation in B. sub-
ilis , with expression beginning around 3 h (T3) after resus-
ension into sporulation medium and continuing to rise until
he end of the program at T8 ( 13 ). Expression was predicted to
e driven by a SigE-dependent promoter just upstream of the
apD ORF and a SigK-dependent promoter about 2 kb fur-
her upstream, antisense to the pbpD gene. We confirmed this
xpression profile by Northern blot using a riboprobe com-
lementary to the kapD mRNA. Four transcripts ∼3.5, ∼2.0,
1.4 and ∼0.9 kb in length began to appear around T2 / T3,

radually increasing in intensity before a strong burst of ex-
ression occurred at T7 and T8 (Figure 2 A,D). In a ΔsigE
utant, no kapD expression whatsoever was observed (Figure
 B,D), while in a ΔsigK mutant, the late burst in expression
as absent (Figure 2 C,D). This is consistent with the hypoth-

sis that SigK drives the late burst in kapD expression while
igE (which is also required for SigK expression) promotes the
xpression early in sporulation. 

We confirmed that kapD expression originated from the
redicted promoter regions by primer extension assay. A 5 

′ 

nd that mapped just downstream of the predicted SigE pro-
oter was observed at T3 and T4 in a WT strain, but was

bsent in a ΔsigE mutant (Figure 2 E,F). Similarly, a SigK-
ependent 5 

′ end was detected at T7 and T8 just downstream
f the sequence resembling the SigK consensus sequence (Fig-
re 2 E,F). The fact that the SigE- and SigK-dependent tran-
cripts have similar sizes on Northern blots (Figure 2 A), sug-
ests that the transcripts originating at the SigK promoter
ay be processed near the SigE start site. No obvious ter-
inator structures account for the 3 

′ ends of these mRNAs,
uggesting that the 3 

′ ends may also be the result of process-
ng events and / or Rho-dependent termination ( 13 ). A global
ap of kapD containing transcripts from this region, based
on the Northern blot and primer extension data, is shown in
Figure 2 G. 

KapD is expressed in the MC and localizes similarly 

to spore coat proteins 

SigE and SigK are expressed in the MC during the sporula-
tion process. To confirm that KapD expression and localiza-
tion occur in the MC, we made a translational KapD-GFP fu-
sion at the native kapD locus, where we fused the monomeric
GFP coding sequence in frame with the full kapD coding se-
quence (see below for data that shows that the KapD-GFP
protein fusion is fully functional). We then performed fluores-
cence microscopy experiments on strains carrying this fusion,
coupled with FM4-64 staining of membranes and phase con-
trast microscopy, which are traditionally used to reveal mor-
phological markers of the early sporulation stages ( 48 ,49 ).
FM4-64 allows assessment of the first stages of sporulation
from asymmetric septation through to the end of engulfment.
After engulfment completion, the forespore becomes fully in-
tracellular and its membranes are no longer accessible to the
membrane dye. At this point, phase-contrast microscopy then
allows monitoring the appearance of refractile phase dark,
phase gray and phase bright spores, corresponding to early,
intermediate and late stages of cortex maturation, principally.

Remarkably, the localization of the KapD-GFP protein fu-
sion progressed from a diffuse signal throughout the MC cy-
toplasm early in sporulation just after asymmetric division,
to a single focal point in the mother cell proximal (MCP)
forespore pole (closer to the bulk of the MC cytoplasm) at
the onset of engulfment when the septal membranes start to
curve, then to a cap at both the MCP and the mother cell
distal (MCD) poles at completion of engulfment (Figure 3 A,
Supplementary Figure S2 A). Fluorescence was ultimately de-
tected over most of the spore surface, retaining a strong local
signal over the MCD polar cap and an apparently decreased
intensity at the MCP pole (Figure 3 A, phase grey). This be-
havior is reminiscent of that previously described for class
II / III spore coat proteins, which localize to a focal point at the
asymmetric septum at the onset of engulfment and encase the
forespore after the engulfment process is complete ( 8 ), except
that a decreased occupation of the MCP pole at later times
in sporulation has not previously been observed. Importantly,
in control experiments, we have shown that the GFP moiety
is not released from the KapD-GFP fusion in mature spores
( Supplementary Figure S2 C). 

To capture KapD localization and dynamics over the spore
surface more precisely, we examined the localization of KapD-
GFP and TMR-star in dual-color single-cell time-lapse exper-
iments using lattice-SIM (structural illumination microscopy)
and the SIM 

2 image reconstruction algorithm. Lattice-SIM 

2

improves optical sectioning and increases resolution 4-fold
relative to conventional epifluorescence microscopy ( ∼60 and
∼250 nm, respectively) ( 50 ). The cell-permeable fluorescent
dye TMR-star was recently shown to associate specifically
with the spore coat and to allow monitoring of the evolution
stages of sporulation that cannot be tracked by FM4-64 or by
phase contrast ( 32 ,51 ). 

Co-localization of KapD and TMR-star throughout sporu-
lation at the single cell level (Figure 3 B) confirmed that shortly
after completion of engulfment, KapD-GFP transitions from
a focal point to a larger cap at the MCP pole of the fore-
spore (Figure 3 B, 50 min). A second cap then appears at

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
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Figure 2. Expression of the kapD mRNA during sporulation is dependent on Sigma E and Sigma K. Northern blot probed with a kapD riboprobe in ( A ) 
WT, ( B ) ΔsigE and ( C ) ΔsigK strains at different times after the onset of sporulation (hour 0). An RNA size-standard is shown in the lane labeled M (in kb). 
Membranes were reprobed for 16S rRNA as a loading control (oligo CC058). The band labeled with an asterisk likely corresponds to non-specific 
hybridization of the kapD probe to 23S rRNA. ( D ) Quantification of two independent experiments exemplifed by those shown in panels A–C. Signals 
w ere normaliz ed to the maximal v alue f or the three membranes. Error bars represent standard de viation. ( E ) P rimer e xtension assa y sho wing detection 
of 5 ′ ends close to the SigE and SigK consensus sequences ( F ) at various times (T3, T4 and T7, T8) after the onset of sporulation in WT, ΔsigE or ΔsigK 
strains. ( G ) Genetic organization of the kapD region of the chromosome and summary of major kapD transcripts identified by Northern blot and primer 
e xtension assa y s. T he kapD gene is highlighted in red. 
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Figure 3. KapD is first expressed in the MC before localizing to the spore coat in a CotY-dependent manner. ( A ) Phase contrast and fluorescence 
microscopy images of cells containing the translational KapD-GFP fusion. Membranes were stained with FM4-64 (red). Representative cells are shown 
at different stages of sporulation (asymmetric division, during engulfment, engulfment completion, phase dark and phase gray). Scale bar, 3 μm. A 

schematic representation of the cell is shown in the right panel. FS, forespore; MC, mother cell; MCP and MCD, MCP and distal poles, respectively. ( B ) 
Single cell time-lapse of KapD-GFP (green) and TMR-star (pink) SIM 

2 super-resolved localization. Images are shown at 25-min intervals with times 
indicated on each panel. Arrowheads show widening of MCP cap, disappearance of KapD from the center of the MCP cap, appearance of horseshoes 
and retraction to small MCD cap, as described in text. Brightfield images show the cell before (time 0) and after (time 900 min) time-lapse imaging, 
showing the outline of MC (dark blue dotted line) and the position of future spore (light blue dotted line), and confirming the production of a refractile 
spore at the end of the experiment. FS, forespore; MC, mother cell. Scale bar, 1 μm ( C ) KapD localization in various morphogenetic protein mutant 
strains. Phase contrast and fluorescence microscopy images at T6 (stages IV–V) of MP and EP mutant cells containing a translational KapD-GFP fusion. 
In panels A and C an arrowhead indicates the schematized cell shown in the right panel Additional images for panels A, B and D are shown in 
Supplementary Figure S1 . Scale bar, 3 μm. All data shown are representative of at least two independent experiments. ( D ) Western blot of proteins 
extracted from the coat / crust of density gradient-purified spores from WT, ΔkapD, complemented ( ΔkapD / kapD) and ΔcotY mutant strains probed with 
anti-KapD antibody. Lane M is a molecular weight marker. The 55 kD region of the Coomassie stained gel is shown as a loading control. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
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the MCD pole (Figure 3 B, 100 min) and develops into a
‘horseshoe’ pattern (Figure 3 B, 150 min), following the dis-
appearance of KapD from the MCP pole (Figure 3 B, from
125 min). The horseshoe pattern observed in SIM midplane
sections (Figure 3 B, 150–225 min) is consistent with mid-
plane epifluorescence images, which contain background flu-
orescence from the planes above and below due to their lim-
ited optical sectioning (Figure 3 A, phase grey). Ultimately,
by the time TMR-star completely encases the forespore sur-
face, which has been correlated with the completion of in-
ner coat development ( 32 ), KapD is only present as a small
cap at the MCD pole (Figure 3 B, 300 min), and it can still
be detected at either the MCD, or at both poles, in fully ma-
ture spores ( Supplementary Figure S3 A). This progression is
shown as a short video in Supplementary Movie S1 . The pro-
duction of refractile spores at the end of our single-cell time-
lapse experiments confirmed that cells went through the entire
sporulation pathway (Figure 3 B, Brightfield). Importantly, for
later experiments (below), the KapD 

AFA catalytic mutant dis-
played the same localization kinetics and pattern as WT KapD
( Supplementary Figure S3 B). 

KapD locates to the crust layer in a CotY-dependent 
manner 

Morphogenetic proteins play fundamental roles in the build-
ing of the spore coat in vivo ( 6 ). SpoVM and SpoIVA, SafA,
CotE and CotZ ensure the construction of the basement, in-
ner coat, outer coat and crust layers of the spore coat, re-
spectively, with CotE being required for both outer coat and
crust assembly ( 8 , 52 , 53 ). The morphogenetic proteins that
control assembly of the various coat layers first localize to a
focal point at the center of the asymmetric division septum
in a SpoIVA- and SpoVM-dependent manner where they re-
cruit the layer-specific proteins. Then, in a second stage con-
trolled by SpoVM and SpoVID (both associated with the base-
ment layer), the layer-specific coat proteins transition from
the MCP pole to fully encase the spore ( 8 ,54–56 ). We tested
the role of several of these key proteins in KapD localiza-
tion. In the safA mutant, KapD localization was normal (Fig-
ure 3 C, Supplementary Figure S2 B), whereas in the spoVID
and cotE mutants, KapD assembly was either blocked as sin-
gle foci or polymerized in the MC and failed to spread out
to encase the spore. The failure of KapD to assemble cor-
rectly in strains lacking CotE narrowed its localization to ei-
ther the outer coat or crust layer. Remarkably, KapD failed
to form foci and remained blocked in the MC cytoplasm in
a strain lacking CotY, a homolog of CotZ and a main crust
structural component (Figure 3 C, Supplementary Figure S2 B).
The fact that KapD localization on the spore surface is CotY-
dependent suggests that KapD is part of the crust layer. Con-
sistent with our observations, the localization dynamics of
CotY on the forespore surface is similar to that observed
for KapD ( 32 ,53 ), although unlike KapD, CotY completely
encases the spore. Localization of a CotY-GFP fusion is in-
dependent of KapD ( Supplementary Figure S3 C), suggest-
ing that it is the recruitment of CotY that brings KapD to
the spore crust, rather than a recognition of the CotY–KapD
complex. 

To confirm the CotY-dependent presence of KapD in the
spore coat by an independent method, we performed a West-
ern blot analysis of B. subtilis coat proteins extracted from
gradient-purified mature spores by boiling in the presence of
SDS, β-mercaptoethanol and DTT ( 57 ) and probing with an 

anti-KapD antibody. This experiment showed that KapD was 
present in the WT spore coat, present at higher levels in a 
complemented strain expressing KapD from the thrC locus,
and lacking in both the ΔkapD and ΔcotY mutants, confirm- 
ing CotY-dependent localization of KapD to the spore surface 
(Figure 3 D). 

KapD localizes to the MCD pole and is removed 

from the MC cytoplasm in a SigK-dependent 
manner 

To better understand to the assembly pathway of KapD into 

the crust of developing spores and the relative contributions 
of the two MC-specific sigma-factors, we analyzed the local- 
ization of KapD in the ΔsigK mutant. In the absence of SigK,
the KapD-GFP signal was blocked at the initial focal point 
formed at the MCP pole at the end of engulfment, indicating 
that recruitment to the MCD pole is SigK dependent. Since 
we have shown earlier that SigE is the only other sigma factor 
responsible for driving KapD expression during sporulation 

(Figure 2 A–D), we conclude that the KapD molecules initially 
recruited to the MCP pole are primarily synthesized under 
the control of SigE. The lack of a KapD signal at the MCD 

pole in ΔsigK cells is not due to insufficient protein synthe- 
sis, as KapD accumulated in the MC cytoplasm of this strain 

(at both the end of engulfment and the refractile stage) com- 
pared to WT cells where the MC was essentially devoid of 
KapD by the time forespores became refractile (Figure 4 A,B).
We conclude that most KapD molecules that localize initially 
to the MCD pole are also synthesized under the control of 
SigE, but their removal from the MC cytoplasm and recruit- 
ment to this pole requires SigK (perhaps via the synthesis of 
a recruiting factor). Interestingly, FRAP experiments showed 

that the KapD-GFP fluorescence signal at the MCP pole of the 
forespore quickly recovered after photo-bleaching at the end 

of engulfment, likely representing replenishment through a dy- 
namic exchange with the soluble KapD-GFP sub-population 

in the MC cytoplasm (Figure 4 C–E). However, once spores be- 
came refractile, little recovery was observed when the KapD- 
GFP cap at either the MCD or MCP pole was photo-bleached,
indicating that far less exchange occurs at the forespore poles 
at this point in spore development (Figure 4 C–E). 

Taken together, these results suggest that early in sporula- 
tion KapD is present in two distinct but communicating pools: 
one at the MCP pole and one in the MC cytoplasm. Later, pre- 
sumably upon synthesis of one or more SigK-dependent fac- 
tor(s), all KapD molecules get recruited to the spore surface 
and the MC is emptied of KapD. The CotY-dependency of 
KapD localization to the spore surface presented above (Fig- 
ure 3 D) suggested that such a SigK-dependent factor should 

be present in the crust layer. 

CotY interacts directly with KapD and inhibits its 

3 

′ -exoribonuclease activity 

Two lines of evidence suggested that this SigK-dependent fac- 
tor is CotY itself. First, in a genome-wide yeast two-hybrid 

screen to search for possible interaction partners of KapD, we 
identified two independent clones containing the full-length 

(162 amino acids) CotY sequence. A specificity assay showing 
growth of one of these clones compared to a strain contain- 
ing the empty vector or expressing a non-related (NR) protein 

is shown in Figure 5 A. To obtain further evidence in support 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
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Figure 4. KapD localizes to the MCD pole and is removed from the MC cytoplasm in a SigK-dependent manner. ( A ) Representative SIM 

2 super-resolved 
localization patterns of KapD-GFP (green) and TMR-star (magenta) in WT (left) and �sigK (right) cells containing engulfed and refractile forespores, 
sampled 5.5 and 7 h after onset of sporulation. Localization of KapD-GFP in refractile forespores was classified according to the TMR-star signal. MC, 
mother cell. Scale bars, 1 μm. ( B ) Quantification of KapD-GFP fluorescent signal intensity in MC containing engulfed ( E ) or refractile ( R ) forespores in the 
WT ( n = 26 E; n = 31 R) and �sigK ( n = 29 E; n = 24 R) strains. ( C ) Fluorescence reco v ery of KapD-GFP in representative engulfed or refractile 
forespores after photobleaching the ROI indicated by the red square. Scale bar, 0.8 μm. ( D ) Recovery of the fluorescence signal after photobleaching in 
the ROI in engulfed ( n = 19) or refractile ( n = 9) forespores. The average recovery kinetics of bleached cells are indicated by solid lines, and standard 
deviations are indicated by shaded regions. For quantifications in panels B and D, a non-parametric Mann–Whitney U test was used with the indicated 
condition as a reference (ref). *, P < 0.05; ***, P < 0.0 0 05; ****, P < 0.0 0 0 05. ( E ) Schematic representation of FRAP results. In engulfed forespores, 
fluorescence reco v ery of the KapD-GFP signal sho ws a dynamic beha vior whereas in refractile spores KapD molecules are st atic. All dat a shown are 
representative of at least two independent experiments. 
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f this interaction, we constructed an E. coli strain producing
 C-terminal Flag-tagged derivative of CotY. A pellet of this
train was mixed with a pellet of the E. coli strain express-
ng His-tagged KapD and cells were lysed together before ap-
lying the extract to a Ni 2+ -agarose column to purify KapD
nd any associated CotY. The peak fraction eluted from Ni 2+ -
garose column was then injected onto a gel-filtration column
nd Western blots were performed on the different fractions
sing either an anti-KapD antibody or an anti-Flag antibody
o identify fractions containing KapD and CotY. KapD alone
luted primarily in fraction 16, consistent with it acting as a
8 kDa homodimer (Figure 5 B,C). However, when KapD was
o-purified together with CotY, a broad KapD signal (frac-
ions 8–14) of much higher molecular weight (110–600 kDa)
was observed in addition to the fraction containing KapD
alone (Figure 5 B,D). The ability of CotY to self-polymerize
( 58 ) likely explains this broad distribution and its migration
position on SDS-PAGE. Co-elution of CotY in overlapping
fractions (primarily 9–13) was confirmed using the anti-Flag
antibody (Figure 5 D). A similar profile was observed when
the co-purification experiment was performed in the presence
of RNase A ( Supplementary Figure S4 A,B), suggesting that
RNA is not required as an intermediate for the KapD–CotY
interaction. These experiments, together with our subcellular
localization data, provide strong evidence that KapD is re-
cruited to the outermost crust layer of the spore through a
direct interaction with CotY, and thus that CotY is a good
candidate for the SigK-dependent immobilization of KapD at

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
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Figure 5. KapD interacts directly with CotY. ( A ) Yeast tw o-h ybrid assa y 
showing a specific interaction between KapD and CotY. Selective plates 
lack leucine, uracil and adenine (-LUA). AD, Gal4 activation domain; BD, 
Gal4 DNA binding domain. The AD and BD domains alone (empty vector) 
and fused to NR proteins, YkpC (NR1) and YhaP (NR2), were used as 
controls for autoactivation and non-specific activation of the BD-KapD 

fusion, respectively. ( B ) Gel-filtration profiles of KapD alone (purple) and 
KapD co-purified with CotY (pink). The migration positions of a molecular 
w eight mark er are sho wn abo v e the chromatogram. ( C ) Western blot 
analysis of fractions 8–16 from the gel-filtration column of KapD alone 
probed with an anti-KapD antibody (upper panel) and an anti-Flag antibody 
(lo w er panel). ( D ) Western blot analysis of fractions 8–16 from the 
gel-filtration column of KapD + CotY probed with an anti-KapD antibody 
(upper panel) and an anti-Flag antibody (lo w er panel). ( E ) Assa y of KapD 3 ′ 

e x oribonuclease activity in fractions 8–16 from the gel-filtration column of 
KapD + CotY on 32 pCp-labeled pR15. ( F ) Specific activity of KapD ± CotY. 
R esults sho wn are the ratios of the 32 pCp released (panel E) / KapD 

amount (panel D), in arbitrary units, for each fraction. 

 

 

 

the MCP and MCD poles late in sporulation described above 
(Figure 4 ). 

We next tested whether the interaction with CotY had an 

influence on KapD activity by assaying the 3 

′ -exoribonuclease 
activity of KapD in the different fractions from the gel fil- 
tration column. While KapD alone (fraction 16) showed ro- 
bust removal of p 

32 Cp from the 3 

′ end of pR15, the fractions 
containing the KapD–CotY complexes showed very little 3 

′ - 
exoribonuclease activity (Figure 5 E). When normalized for the 
amount of KapD detected in each lane by Western blot, this 
experiment showed that CotY inhibits KapD specific activity 
by 8–10-fold (Figure 5 F). 

kapD mutants have defects in the outer spore coat 
layers 

Since our data indicated that KapD localizes to the spore sur- 
face, we analyzed the effect of the kapD deletion on the ul- 
trastructure of the spore surface by transmission electron mi- 
croscopy (TEM). TEM images of WT spores showed tightly 
packed and highly contrasted inner coat, outer coat and crust 
layers, with few intervening spaces (Figure 6 A), as previously 
reported in similar TEM studies ( 53 ,59 ). In contrast, spores 
lacking KapD ( ΔkapD ) showed clear defects in the different 
layers of the spore coat, with poorly defined features, spaces 
between the inner and outer coats, and between the outer coat 
and crust layers. Interestingly, the KapD 

AFA catalytic mutant,
present at levels comparable to the WT protein in the spore en- 
velope (Figure 6 C), and that assembles with a similar pattern 

and kinetics to the WT protein ( Supplementary Figure S3 ),
showed a similar highly disrupted structure of the multilay- 
ered coat and crust (Figure 6 A). Thus, KapD RNase activity 
is not important for KapD localization on the spore surface,
but is essential for spore coat / crust integrity . Interestingly , we 
saw a similar disrupted layer phenotype for spores from a 
strain lacking the skin element (Figure 6 A, last panel). The 
significance of this observation will be discussed below. Com- 
plementation of the ΔkapD and kapD 

AFA catalytic mutant 
strains with an ectopic copy of the kapD gene that produces 
an excess of KapD compared to expression from the native 
locus (Figure 6 C), allowed recovery of the WT pattern, con- 
firming that the phenotypes described above are indeed caused 

by the lack of KapD activity (Figure 6 B). The strain express- 
ing the KapD-GFP translational fusion from the native kapD 

locus also had a WT layer pattern, confirming that this fusion 

is fully functional (Figure 6 B, last panel). Despite the defect in 

the integrity of the spore coat layers in the ΔkapD strain, the 
spores have similar heat resistance and germination rates to 

WT spores ( Supplementary Table S4 ). 

The absence of KapD has a strong impact on spore 

coat protein levels 

Since mutations in kapD lead to a highly disrupted spore 
coat / crust morphology, we examined the protein composition 

of these outer layers to ask whether their levels changed in 

a KapD-dependent manner. We extracted spore-coat proteins 
from WT and ΔkapD spores and analyzed them by mass- 
spectrometry (two aliquots of five biological repeats for each 

strain). Although about 1400 different proteins were iden- 
tified in this analysis ( Supplementary Table S1 ), we focused 

our attention on about 280 of the most abundant proteins 
known to be part of the spore-coat or members of the SigE and 

SigK regulons, and therefore likely to be co-expressed with 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
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Figure 6. Strains lacking KapD activity ha v e non-cohesiv e spore coat la y ers. R epresentativ e TEM images of spores isolated from ( A ) WT, ΔkapD , 
kapD 

AFA and Δskin strains, and ( B ) the WT, kapD 

AFA and ΔkapD , strains bearing an ectopic copy of the kapD gene and the strain expressing the 
KapD-GFP fusion in place of KapD. The different layers are abbreviated as follows: cortex (Cx), inner coat (Ic; blue arrows), outer coat (Oc; red arrows) 
and crust (Cr; green arrows). Layer separations are indicated by yellow arrows. Scale bar represents 0.2 μm. ( C ) Western blot showing levels of KapD 

extracted from purified spores of the indicated strains. 
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apD. We identified 20 upregulated proteins and 25 down-
egulated proteins that had a student test P -value < 0.05,
r were detected in at least three biological replicates in one
train (Table 1 ; Supplementary Figure S5 A). Of the upregu-
ated proteins, only three were known spore coat / crust com-
onents (CotW, present in the outer crust layer, YhjR of un-
nown function and SpoIVA, a morphogenetic protein in-
olved in basement layer assembly). However, the mRNA lev-
ls for these three proteins did not vary significantly in a
kapD strain compared to WT during the 8 h of spore de-

elopment, suggesting that they are not substrates of KapD
xoribonuclease activity ( Supplementary Figure S5 B,C) and
that the effects seen in the proteomic data are likely at the
translational or post-translational or assembly levels, and thus
indirect. 

Fourteen of the 25 downregulated proteins were known
spore-coat proteins, 17 were members of the SigK regulon
and 13 were controlled by SigE (5 were members of both
regulons). While the downregulation of multiple spore coat
proteins could potentially explain the adhesiveness defect ob-
served in the kapD mutant spore-coat layers, it was surpris-
ing that a lack of a 3 

′ -exoribonuclease, which would be pre-
dicted to primarily increase mRNA stability, would lead to
more down-effects on spore coat protein levels than up-effects.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
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e therefore surmised that these effects were also likely to be
ndirect via a common effector. 

apD controls the stability of the sigK mRNA 

ince the downregulated proteins in the proteomics exper-
ment were all members of the SigE and SigK regulons,
e looked specifically at the profiles of these two mRNAs

hroughout sporulation in the ΔkapD mutant and in the
train overexpressing KapD. Although sigE mRNA levels
ere decreased at later time points in the strain that over-

xpresses KapD, the expression profile did not vary signif-
cantly between the WT and ΔkapD mutant (Figure 7 A).
owever, a clear impact was observed for the sigK mRNA

n the absence of KapD, where expression was reproducibly
tronger at earlier time points (T4 / T5) compared to the

T strain, which had a peak around T5 / T6 (Figure 7 B).
n the complemented / overexpressing strain ( ΔkapD / kapD) ,
igK expression was strongly reduced at every time point (Fig-
re 7 B). These results showed that KapD negatively affects the
evels of the sigK mRNA. 

We next asked whether the impact of KapD on sigK mRNA
evels was direct, i.e. at the post-transcriptional level. While
eletion or overexpression of kapD had no effect on the half-
ife of the sigE mRNA (measured after rifampicin addition to
ultures to block transcription), deletion of kapD lead to a
.5-fold stabilization of the sigK mRNA (9.6 versus 6.3 min
alf-life in ΔkapD and WT strains, respectively) (Figure 7 C,D;
upplementary Figure S6 A,B). The corollary was also true:
verexpression of KapD in the complemented strain reduced
he sigK mRNA half-life 1.8-fold, to 3.6 min. We conclude
hat the sigK mRNA is a bona fide substrate of KapD. 

equestration of KapD in the spore crust is a 

eans of reducing its activity in the MC 

inally, we asked why might it be beneficial for B. subtilis to
ncorporate the KapD RNase into the spore crust. Our fluores-
ence microscopy data (Figure 3 C, Supplementary Figure S2 B)
uggested that sequestration in the spore crust via direct
rotein-protein interaction with CotY is a way of reducing
apD exoribonuclease activity in the MC. To test whether this
as relevant to sigK expression, we measured the stability of

he sigK mRNA in the �cotY mutant, where KapD remains
n the MC (Figure 3 C). In the absence of CotY, the half-life
f the sigK mRNA (4.3 min) was significantly decreased com-
ared to WT (6.3 min) (Figure 7 D, Supplementary Figure S6 B)
nd similar to that observed in the KapD complementated
train (3.6 min). This suggests that at least one reason for the
otY-dependent spore crust localization of KapD is indeed

o remove it from the MC cytoplasm and inhibit its activity,
hereby relieving inhibition of sigK expression. 

iscussion 

ur findings reveal that the sigK mRNA is a major substrate
or the sporulation-specific KapD 3 

′ -exoribonuclease in B.
ubtilis . In the ΔkapD strain, sigK mRNA expression occurs
arlier and at higher levels compared to WT, whereas in the
omplemented strain overexpressing KapD, sigK mRNA lev-
ls are markedly reduced. This correlates with an effect of
apD on sigK mRNA stability, indicating that the effect is
t a post-transcriptional level and that this mRNA is a true
ubstrate of KapD. Thus, we provide evidence for a fourth
evel of control of SigK expression / activity and show it is first
controlled at a post-transcriptional level by KapD and then
counteracted at late stages by CotY-dependent recruitment to
the crust. The existence of multiple, intricate SigK regulatory
systems underscores the critical importance of precisely con-
trolling this mother-cell-specific sigma factor for correct spore
development. RNA sequencing experiments in the kapD dele-
tion mutant at different times during sporulation, followed by
Northern blotting of potential differentially expressed candi-
dates, failed to find any additional direct substrates of KapD
(unpublished data). The overexpression of KapD in the com-
plemented strain ( ΔkapD / kapD ) resulted in down-regulation
of many mRNAs tested by Northern blot. However, most of
these appear to be due to indirect transcriptional effects (per-
haps linked to the downregulation of SigK), as their half-lives
were unaltered (data not shown). Thus, for now, KapD seems
to be a relatively specific post-transcriptional regulator of the
sigK mRNA. 

KapD is the first 3 

′ -exoribonuclease known to be sensitive
to the phosphorylation status of the 5 

′ end of its mRNA sub-
strates. Stimulation of KapD activity by a 5 

′ -monophosphate
(5 

′ -P) compared to a 5 

′ -hydroxyl (5 

′ -OH) group or a 5 

′ -
triphosphate suggests that KapD may play a role in the degra-
dation of RNA intermediates that have been produced by
other endoribonucleases such as RNase Y or RNase III, which
liberate 5 

′ -P-containing fragments, rather than those gener-
ated by toxin RNases, which typically yield 5 

′ -OH ends, or
primary transcripts. The end-products of KapD digestion of
the 5 

′ -labeled substrate were 9–11 nts, suggesting that it loses
processivity when it has trimmed its RNA substrates down
to this size. By comparison, the 3 

′ -exoribonucleases RNase II
and RNase R of E. coli lose processivity in the 4–5 and 2–4 nt
range, respectively ( 60–62 ). This can be rationalized in terms
of the nt distance between the catalytic site and the closest
RNA binding site on the protein, and suggests that this dis-
tance is about 9–11 nts in the case of KapD. 

DEDDh-family 3 

′ -exoribonucleases are generally single-
strand specific RNases, whose progress is inhibited by sec-
ondary structure ( 63 ). The best-known examples in bacte-
ria are oligoribonuclease (Orn), required for the degradation
of very short RNAs (2–6 nts) ( 64 ), and RNase T, involved
in rRNA and tRNA 3 

′ -maturation ( 63 ). In addition to being
blocked by secondary structure, RNase T is also strongly in-
hibited by C-residues that prevents it from degrading past the
two C’s of the CCA motif required for aminoacylation ( 65 ).
The eukaryotic DEDDh enzymes 3 

′ hExo and Eri1 addition-
ally possess an S AP (S AF-box, Acinus and PIAS) domain im-
portant for their recruitment to RNAs with double-stranded
regions, including the stem-loop of the histone mRNA, and
si- and mi-RNAs, respectively ( 66 ). Recruitment to RNA du-
plexes improves the efficiency of the 3 

′ -trimming reaction of
the single-stranded portion of these RNAs. 

It is unusual for mRNAs to be sensitive to 3 

′ -
exoribonucleases as the hairpin structure of intrinsic ter-
minators is usually strong enough to prevent exoribonuclease
access. The average thermostability of terminator hairpins in
B. subtilis, measured as Gibbs free energy ( �G), is −16 kcal
per mol and they are typically followed by a run of 5–7 U-
residues ( 67 ). Although there is a stem loop just downstream
of the sigK coding sequence, its �G is −9 kcal / mol and it is
followed by only 3 consecutive U-residues. Furthermore, there
is evidence of increased transcriptional signal downstream of
the sigK coding sequence in the absence of termination factor
Rho ( 13 ), suggesting that sigK may be primarily subjected
to Rho-dependent termination. Rho termination sites are

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
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Figure 7. Strains lacking KapD ha v e increased and early sigK mRNA expression, correlated with increased sigK mRNA st abilit y. Northern blot showing 
expression of ( A ) sigE and ( B ) sigK (post-skin exision) in total RNA isolated from WT, ΔkapD and complemented ( ΔkapD / kapD ) cells 0–8 h after 
resuspension in sporulation medium, probed with oligos CC2760 and CC2765, respectively. Ethidium bromide stained or 16S probed (CC058) rRNA is 
shown under each gel as a loading control. A quantification of three independent experiments is shown below each autoradiogram. Signals were 
normalized to the maximal value for each membrane containing WT, ΔkapD and ΔkapD / kapD samples. Error bars represent standard deviation. 
Northern blot showing expression of ( C ) sigE and ( D ) sigK mRNAs at times after rifampicin addition to WT, ΔkapD complemented ( ΔkapD / kapD ) or 
ΔcotY cells 4 (T4) and 5 (T5) h, respectively, after resuspension in sporulation medium. Probes were the same as in panel A. Half-lives were calculated 
from two independent experiments, represented graphically in Supplementary Figure S6 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

known to be particularly vulnerable to 3 

′ -exoribonuclease
attack as they are typically single stranded. This, combined
with the lack of a strong hairpin downstream of the coding
sequence may explain the particular sensitivity of the sigK
mRNA to KapD. The mammalian homolog of KapD, 3 

′ hExo,
employs a stem-loop binding protein (SLBP) to prevent it
from prematurely degrading histone mRNAs during the cell
cycle ( 68 ). Although B. subtilis has no homolog of SLBP, we
cannot rule out that KapD activity is regulated by a protein(s)
with functionally similar properties that could account for its
apparent specificity for the sigK mRNA. 

Although Bacillaceae and Clostridiales share a globally con-
served pathway to sporulation, there are some significant dif-
ferences (e.g. SigK does not have an inhibitory pro-sequence
in Clostridiales) ( 69 ). Of the two spore-forming groups, KapD 

is specific to the Bacillaceae, including several important hu- 
man or insect pathogens such as B. anthracis , B. cereus and 

B. thuringiensis . It should be noted that KapD is also con- 
served in some Bacillaceae, such as B. cereus, that lack the 
skin element and associated recombinase ( 51 ). Thus while B.
subtilis has the luxury of four levels of control of SigK ex- 
pression or activity, several spore-formers may only have two 

or three. Homologs of KapD are also scattered among some 
non-spore formers, including some species of Staphylococcus ,
Streptococcus , and even in some Proteobacteria such as Vib- 
rio , Pseudomonas and in certain strains of E. coli . KapD has 
presumably been acquired by horizontal gene transfer in these 
organisms, in which its function remains unknown. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
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Figure 8. Model of transcriptional and post-transcriptional regulation of sigK. The top row depicts the relevant morphological stages of sporulation and 
the pattern of expression and sub-cellular localization of a KapD-GFP fusion. The model highlights the coherent (c) or incoherent (i) feed forwarded loops 
that create a pulse of kapD transcription or dela y ed transcription of kapD and other rele v ant genes. Note that the transcription of both sigK and of 
spoIVCA (coding for the recombinase in v olv ed in e x cision of the skin element) is dela y ed relativ e to the transcription of other SigE-dependent genes and 
takes place toward the end of the engulfment sequence . The dots represent binding sites for the ancillary transcription factors represented, GerR, 
SpoIIID and GerE and the red X, the switch from the SigE (to the SigK-dependent kapD promoters. When SigK becomes active following engulfment 
completion, both GerE (at the transcriptional le v el) and possibly KapD (at the post-transcriptional le v el) negativ ely regulate sigK e xpression. Early 
expression of kapD under SigE control modulates a first w a v e of SigK regulon expression, prior to a second, GerE-dependent w a v e. B oth CotY and KapD 

are then expressed under the control of GerE, and KapD is recruited to the crust by CotY. The burst in kapD transcription at this stage may indicate that 
KapD has an additional role at the spore surface. For a full description of the model, see text. 
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Despite the increased sigK expression in the ΔkapD mu-
ant, proteomic analysis of the outer spore layers revealed
hat many members of the SigK regulon were actually present
t lower levels compared to WT. While the decrease in some
ombination of the 14 spore-coat proteins could account for
efects observed in the outer spore layers by TEM, none are
nown to produce a similar phenotype when individually ab-
ent. Mutations that have previously been associated with
efective adhesion of the spore coat layers include deletions
f the safA ( 70 ), spoVID ( 55 ), ywcE ( 71 ), cotG ( 57 ), sodA
 59 ) and rho ( 72 ) genes. We checked the levels of each of
he encoded proteins in the proteomics data. SafA, SpoVID
nd SodA did not show significant variation, YwcE and CotG
ere not detected and Rho was increased 2-fold in the ΔkapD

train, i.e opposite to the effect of the rho deletion that had a
efective layer phenotype ( 72 ). Since safA and spoVID encode
ey morphogenetic and encasement proteins for the inner coat
ssembly and encasement respectively, we also analyzed their
RNAs levels during the sporulation cycle. Consistent with

he proteomics data, neither mRNA varied significantly in the
kapD mutant compared to WT ( Supplementary Figure S7 ).
The reduced levels of many spore coat proteins in the
kapD mutant suggests a deficiency in SigK activity, yet para-
doxically the lack of KapD stabilizes the sigK mRNA. If de-
creased synthesis (or assembly) of these proteins is responsible
for the spore coat phenotype observed in the ΔkapD mutant,
this would suggest that early and / or higher levels of sigK ex-
pression can also perturb the balance of the different compo-
nents responsible for the adhesion of outer spore layers, i.e.
that too much / too early SigK may be similarly deleterious to
expression that is too little / too late. Consistent with this idea,
perturbing the pro-SigK to SigK checkpoint in B. subtilis af-
fects the functional properties of the spore ( 22 ) and, as we
show here, removal of the skin element also reduces adhesive-
ness of the coat sub-layers (Figure 6 A). Deletion of the skin
element in Clostridioides difficile also leads to premature ex-
pression of sigK and to an altered spore morphology ( 73 ), res-
onant with the ΔkapD phenotype seen by TEM (Figure 6 A).
Furthermore, a ΔcotY mutant, in which KapD remains fully
in the MC, also shows gaps between the spore coat layers ( 53 ).
We have shown that in this context the sigK mRNA is unsta-
ble. The fact that there is evidence of a similar layer phenotype
both in the absence or at higher levels of KapD is coherent
with the idea that deviation in either direction from an op-
timal amount or timing of sigK expression can perturb the
adhesiveness of the outer spore layers. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
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Our data reveal a curious and totally unexpected localiza-
tion pattern for a ribonuclease. Although some ribonucleases
(e.g. RNase I, ( 74 )) can be localized in the periplasmic space
or are secreted outside of vegetative cells (e.g. YurI ( 75 )), most
carry out their functions within the cell, either in the cyto-
plasm (e.g. RNase III ( 76 )) or associated with the inner mem-
brane (e.g. RNase E and RNase Y ( 77 ,78 )). KapD starts out
as a soluble protein in the cytoplasm MC, where its role seems
to be primarily to dampen sigK mRNA levels and prevent
premature expression. Then, as the engulfment process pro-
ceeds, KapD first gets recruited to a restricted zone at the MCP
pole, presumably through its direct interaction with a pool
of CotY molecules that are also synthesized initially under
control of SigE. KapD localization then expands to an MCP
cap and, upon completion of engulfment, a second cap at the
MCD pole, under SigK-control. However, unlike most spore
coat proteins with a similar behavior ( 8 ), KapD never fully
encases the spore. Instead, it is first removed from the MCP
pole, and then from the long sides of the spore before even-
tually retracting to a small cap at the MCD pole (Figure 3 B,
Supplementary Figure S3 A). The mechanism underlying this
dynamic distribution of KapD remains unknown and has not
been previously described for a coat protein. Nonetheless, our
data show that its integration into the spore crust through its
interaction with CotY plays an important physiological role in
linking the different stages in the morphology of the spore sur-
face layers to the expression of the key developmental sigma
factor SigK. 

The model shown in Figure 8 summarizes our current un-
derstanding of SigK regulation at the transcriptional and post-
transcriptional levels and emphasizes how the redundancy re-
sulting from multilevel control is important for correct mor-
phogenesis. Early in sporulation, prior to engulfment comple-
tion, kapD expression occurs as a pulse (see Figure 2 D), due
to an incoherent feed-forward loop established by SigE, which
drives kapD transcription, and by GerR, also a member of
the SigE regulon, which represses it ( 12 ). Both the excision of
the skin element and transcription of the sigK are delayed to-
ward the end of the engulfment process. This is because tran-
scription of the gene coding for the recombinase SpoIVCA
and transcription of sigK both require SigE and the auto-
regulatory SpoIIID accessory factor, which define a coherent
feed-forward loop that delays transcription until SpoIIID ac-
cumulates ( 12 , 20 , 79 ). The genomic rearrangement that pro-
duces a functional sigK gene is thought to occur before tran-
scription of the reconstituted gene. Finally, SigK is synthesized
as an inactive form (pro-SigK) and is activated by a protease
cascade initiated in the forespore concomitant with engulf-
ment completion and involving multiple factors ( 22 , 80 , 81 ).
These factors have been omitted from Figure 8 for simplic-
ity. These mechanisms, collectively termed the SigK check-
point, effectively couple the onset of SigK activity to engulf-
ment completion. Our data suggests that early expression of
KapD under control of SigE contributes to the SigK check-
point in that it may inhibit inappropriate appearance of the
sigK mRNA prior to engulfment completion and that this is
important for correct spore formation. In line with this idea,
it has been shown that perturbing redundancy and robust-
ness of the SigK checkpoint allows inappropriate activity of
SigK under non-sporulation conditions ( 19 ). Once SigK is ac-
tivated, it takes over the control of kapD transcription, to-
gether with GerE, also under SigK control. Transcription of
cotY is also under the joint control of SigK and GerE. The re-
sulting coherent feed-forward loops delay maximal activation
of both kapD and cotY transcription ( 12 ). GerE then inhibits 
sigK transcription. Thus, SigK is responsible for the synthesis 
of two inhibitors of its own mRNA levels: GerE, at the tran- 
scriptional level and KapD at the post-transcriptional level.
At later stages, KapD is removed from the MC cytoplasm and 

associates with the crust through its interaction with CotY 

(Figure 5 ), such that it can no longer impact sigK expression.
Inhibition of KapD activity through its interaction with CotY 

may allow for a brief increase in SigK expression before it is 
transcriptionally shut down by GerE. The fact that KapD con- 
tinues to accumulate and is detected near the poles of mature 
spores despite its activity being inhibited by CotY, suggests 
that it may have an additional role in spore coat / crust assem- 
bly that remains to be discovered. 
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been deposited at ProteomeXchange, accession number 
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Supplementary data 

Supplementary Data are available at NAR Online. 

A c kno wledg ements 

We thank Tingyi Wen, Sabine Figurearo, Yulia Redko, Louise 
Condon, Marie Castan and Anaïs L’Hôte for their early con- 
tributions to this project, Cyrille Billaudeau for microscopy 
training and discussions on FRAP and SIM data, and lab mem- 
bers for helpful discussion. 

Funding 

CNRS (UMR 8261); Université Paris Cité, the Agence Na- 
tionale de la Recherche (BSpoRNase; ANR-21-CE12-0018- 
02); European Research Council (ERC) under the Horizon 

2020 research and innovation program (ERC-2017-CoG- 
772178 to R.C.-L.). This work has been published under 
the framework of Equipex (Cacsice) and a LABEX programs 
(Dynamo) that benefit from a state funding managed by the 
French National Research Agency as part of the Investments 
for the Future program. 

Conflict of interest statement 

None declared. 

References 

1. Cano, R.J. and Borucki, M.K. (1995) Revival and identification of 
bacterial spores in 25- to 40-million-year-old Dominican amber. 
Science , 268 , 1060–1064.

2. Vreeland, R.H. , Rosenzweig, W.D. and Powers, D.W. (2000) 
Isolation of a 250 million-year-old halotolerant bacterium from a 
primary salt crystal. Nature , 407 , 897–900.

3. Khanna, K. , Lopez-Garrido, J. and Pogliano, K. (2020) Shaping an 
endospore: architectural transformations during Bacillus subtilis 
sporulation. Annu. Rev. Microbiol., 74 , 361–386.

4. Ramos-Silva, P. , Serrano, M. and Henriques, A.O. (2019) From root 
to tips: sporulation evolution and specialization in Bacillus subtilis 
and the intestinal pathogen clostridioides difficile . Mol. Biol. Evol.,
36 , 2714–2736.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1301#supplementary-data


Nucleic Acids Research , 2025, Vol. 53, No. 2 19 

 

 

1

1

1

1

1

1

1

1

1  

1

2
 

2

2

2
 

2

2

2

 

 

5. Driks, A. and Eichenberger, P. (2016) The Spore Coat. Microbiol. 
Spectr., https:// doi.org/ 10.1128/ microbiolspec.TBS- 0023- 2016 .

6. McKenney, P.T. , Driks, A. and Eichenberger, P. (2013) The Bacillus 
subtilis endospore: assembly and functions of the multilayered 
coat. Nat. Rev. Micro., 11 , 33–44.

7. Henriques, A.O. and Moran, C.P. Jr. (2007) Structure, assembly, and
function of the spore surface layers. Annu. Rev. Microbiol., 61 , 
555–588.

8. McKenney, P.T. and Eichenberger, P. (2012) Dynamics of spore coat
morphogenesis in Bacillus subtilis . Mol. Microbiol., 83 , 245–260.

9. Driks, A. , Roels, S. , Beall, B. , Moran, C.P. Jr. and Losick, R. (1994) 
Subcellular localization of proteins involved in the assembly of the 
spore coat of Bacillus subtilis . Genes Dev. , 8 , 234–244. 

0. Laaberki, M.H. and Dworkin, J. (2008) Role of spore coat proteins 
in the resistance of Bacillus subtilis spores to Caenorhabditis 
elegans predation. J. Bacteriol., 190 , 6197–6203.

1. Klobutcher, L.A. , Ragkousi, K. and Setlow, P. (2006) The Bacillus 
subtilis spore coat provides “eat resistance” during phagocytic 
predation by the protozoan Tetrahymena thermophila. Proc. Natl. 
Acad. Sci. USA , 103 , 165–170.

2. Eichenberger, P. , Fujita, M. , Jensen, S.T. , Conlon, E.M. , Rudner, D.Z. , 
Wang, S.T. , Ferguson, C. , Haga, K. , Sato, T. , Liu, J.S. , et al. (2004) 
The program of gene transcription for a single differentiating cell 
type during sporulation in Bacillus subtilis . PLoS Biol. , 2 , e328. 

3. Nicolas, P. , Mader, U. , Dervyn, E. , Rochat, T. , Leduc, A. , 
Pigeonneau, N. , Bidnenko, E. , Marchadier, E. , Hoebeke, M. , 
Aymerich, S. , et al. (2012) Condition-dependent transcriptome 
reveals high-level regulatory architecture in Bacillus subtilis . 
Science , 335 , 1103–1106.

4. Steil, L. , Serrano, M. , Henriques, A.O. and Volker, U. (2005) 
Genome-wide analysis of temporally regulated and 
compartment-specific gene expression in sporulating cells of 
Bacillus subtilis . Microbiology (Reading) , 151 , 399–420.

5. Taoka, M. , Kuwana, R. , Fukube, T. , Kashima, A. , Nobe, Y. , Uekita, T. , 
Ichimura, T. and Takamatsu, H. (2024) Ionic liquid-assisted sample 
preparation mediates sensitive proteomic analysis of Bacillus 
subtilis spores. Sci. Rep., 14 , 17366.

6. Kennedy, S. , Wang, D. and Ruvkun, G. (2004) A conserved 
siRNA-degrading RNase negatively regulates RNA interference in 
C. elegans. Nature , 427 , 645–649.

7. Gabel, H.W. and Ruvkun, G. (2008) The exonuclease ERI-1 has a 
conserved dual role in 5.8S rRNA processing and RNAi. Nat. 
Struct. Mol. Biol., 15 , 531–533.

8. Dominski, Z. , Yang, X.C. , Kaygun, H. , Dadlez, M. and Marzluff, W .F .
(2003) A 3 ′ exonuclease that specifically interacts with the 3 ′ end 
of histone mRNA. Mol. Cell , 12 , 295–305.

9. Oke, V. and Losick, R. (1993) Multilevel regulation of the 
sporulation transcription factor sigma K in Bacillus subtilis . J. 
Bacteriol., 175 , 7341–7347.

0. Kunkel, B. , Losick, R. and Stragier, P. (1990) The Bacillus subtilis 
gene for the development transcription factor sigma K is generated
by excision of a dispensable DNA element containing a 
sporulation recombinase gene. Genes Dev. , 4 , 525–535. 

1. Stragier, P. , Kunkel, B. , Kroos, L. and Losick, R. (1989) 
Chromosomal rearrangement generating a composite gene for a 
developmental transcription factor. Science , 243 , 507–512.

2. Cutting, S. , Oke, V. , Driks, A. , Losick, R. , Lu, S. and Kroos, L. (1990) 
A forespore checkpoint for mother cell gene expression during 
development in B. subtilis . Cell , 62 , 239–250.

3. Lu, S. , Halberg, R. and Kroos, L. (1990) Processing of the 
mother-cell sigma factor, sigma K, may depend on events occurring
in the forespore during Bacillus subtilis development. Proc. Natl. 
Acad. Sci. USA , 87 , 9722–9726.

4. Haldenwang,W.G. (1995) The sigma factors of Bacillus subtilis . 
Microbiol. Rev., 59 , 1–30.

5. Guerout-Fleury, A.M. , Shazand, K. , Frandsen, N. and Stragier, P. 
(1995) Antibiotic-resistance cassettes for Bacillus subtilis . Gene , 
167 , 335–336.

6. Arnaud, M. , Chastanet, A. and Debarbouille, M. (2004) New vector 
for efficient allelic replacement in naturally nontransformable, 
low-GC-content, gram-positive bacteria. Appl. Environ. Microb., 
70 , 6887–6891.

27. Guerout-Fleury, A.M. , Frandsen, N. and Stragier, P. (1996) Plasmids 
for ectopic integration in Bacillus subtilis . Gene , 180 , 57–61.

28. Vagner, V. , Dervyn, E. and Ehrlich, S.D. (1998) A vector for 
systematic gene inactivation in Bacillus subtilis . Microbiology , 
144 , 3097–3104.

29. Eichenberger, P. , Jensen, S.T. , Conlon, E.M. , van Ooij, C. , Silvaggi, J. , 
Gonzalez-Pastor, J.E. , Fujita, M. , Ben-Yehuda, S. , Stragier, P. , Liu, J.S. , 
et al. (2003) The sigmaE regulon and the identification of 
additional sporulation genes in Bacillus subtilis. J. Mol. Biol., 327 , 
945–972.

30. Schaeffer, P. , Millet, J. and Aubert, J.P. (1965) Catabolic repression 
of bacterial sporulation. Proc. Natl. Acad. Sci. USA , 54 , 704–711.

31. Sterlini, J.M. and Mandelstam, J. (1969) Commitment to 
sporulation in Bacillus subtilis and its relationship to development 
of actinomycin resistance. Biochem. J., 113 , 29–37.

32. Lablaine, A. , Juillot, D. and Carballido-Lopez, R. (2024) Real-time 
nanoscopic analysis of spore coat development in Bacillus subtilis . 
bioRxiv doi: https:// doi.org/ 10.1101/ 2024.12.19.629407 , 20 
December 2024, preprint: not peer reviewed.

33. Juillot, D. , Billaudeau, C. , Barbotin, A. , Lablaine, A. , 
Mortier-Barrière, I. , Pollard, P. , Campo, N. and Carballido-Lopez, R. 
(2024) Transient inhibition of cell division in competent 
pneumococcal cells results from deceleration of the septal 
peptidoglycan complex. bioRxiv doi: 
https:// doi.org/ 10.1101/ 2024.02.28.582556 , 28 February 2024, 
preprint: not peer reviewed.

34. Riley, E.P. , Lopez-Garrido, J. , Sugie, J. , Liu, R.B. and Pogliano, K. 
(2021) Metabolic differentiation and intercellular nurturing 
underpin bacterial endospore formation. Sci. Adv., 7 , eabd6385.

35. Noirot-Gros, M.F. , Dervyn, E. , Wu, L.J. , Mervelet, P. , Errington, J. , 
Ehrlich, S.D. and Noirot, P. (2002) An expanded view of bacterial 
DNA replication. Proc. Natl. Acad. Sci. USA , 99 , 8342–8347.

36. Marchadier, E. , Carballido-Lopez, R. , Brinster, S. , Fabret, C. , 
Mervelet, P. , Bessieres, P. , Noirot-Gros, M.F. , Fromion, V. and 
Noirot,P. (2011) An expanded protein-protein interaction network
in Bacillus subtilis reveals a group of hubs: exploration by an 
integrative approach. Proteomics , 11 , 2981–2991.

37. Weir, M. and Keeney, J.B. (2014) PCR mutagenesis and gap repair 
in yeast. Methods Mol. Biol. , 1205 , 29–35. 

38. Fernandes, C.G. , Martins, D. , Hernandez, G. , Sousa, A.L. , Freitas, C. , 
Tranfield, E.M. , Cordeiro, T.N. , Serrano, M. , Moran, C.P. Jr. and 
Henriques,A.O. (2019) Temporal and spatial regulation of protein 
cross-linking by the pre-assembled substrates of a Bacillus subtilis 
spore coat transglutaminase. PLos Genet. , 15 , e1007912. 

39. Nicholson, W.L. and Setlow, P. (1990) In: Harwood,C.R. and 
Cutting,S.M. (eds.) Molecular Biological Methods for Bacillus . 
John Wiley and Sons, Chichester, pp. 391–450.

40. Fernandes, C.G. , Moran, , C.P. Jr. and Henriques, A.O. (2018) 
Autoregulation of SafA assembly through recruitment of a protein 
cross-linking enzyme. J. Bacteriol., 
https:// doi.org/ 10.1128/ jb.00066-18 .

41. Stead, M.B. , Agrawal, A. , Bowden, K.E. , Nasir, R. , Mohanty, B.K. , 
Meagher, R.B. and Kushner, S.R. (2012) RNAsnap: a rapid, 
quantitative and inexpensive, method for isolating total RNA from
bacteria. Nucleic Acids Res. , 40 , e156. 

42. Bechhofer, D.H. , Oussenko, I.A. , Deikus, G. , Yao, S. , Mathy, N. and 
Condon,C. (2008) Analysis of mRNA decay in Bacillus subtilis . 
Methods Enzymol., 447 , 259–276.

43. Gilet, L. , Pellegrini, O. , Trinquier, A. , Tolcan, A. , Allouche, D. , 
Braun, F. , Durand, S. and Condon, C. (2021) Analysis of Bacillus 
subtilis ribonuclease activity in vivo . Methods Mol. Biol., 2209 , 
387–401.

44. Mathy, N. , Benard, L. , Pellegrini, O. , Daou, R. , Wen, T. and 
Condon,C. (2007) 5 ′ -to-3 ′ exoribonuclease activity in bacteria: 
role of RNase J1 in rRNA maturation and 5 ′ stability of mRNA. 
Cell , 129 , 681–692.

45. Mackie,G.A. (1998) Ribonuclease E is a 5 ′ -end-dependent 
endonuclease. Nature , 395 , 720–723.

https://doi.org/10.1128/microbiolspec.TBS-0023-2016
https://doi.org/10.1101/2024.12.19.629407
https://doi.org/10.1101/2024.02.28.582556
https://doi.org/10.1128/jb.00066-18


20 Nucleic Acids Research , 2025, Vol. 53, No. 2 

 

 

 

46. Shahbabian, K. , Jamalli, A. , Zig, L. and Putzer, H. (2009) RNase Y, a 
novel endoribonuclease, initiates riboswitch turnover in Bacillus 
subtilis . EMBO J., 28 , 3523–3533.

47. Muhlrad, D. , Decker, C.J. and Parker, R. (1994) Deadenylation of 
the unstable mRNA encoded by the yeast MFA2 gene leads to 
decapping followed by 5 ′ → 3 ′ digestion of the transcript. Genes 
Dev., 8 , 855–866.

48. Kay, D. and Warren, S.C. (1968) Sporulation in Bacillus subtilis . 
Morphological changes. Biochem. J., 109 , 819–824.

49. Pogliano, J. , Osborne, N. , Sharp, M.D. , Abanes-De Mello, A. , 
Perez, A. , Sun, Y.L. and Pogliano, K. (1999) A vital stain for 
studying membrane dynamics in bacteria: a novel mechanism 

controlling septation during Bacillus subtilis sporulation. Mol. 
Microbiol., 31 , 1149–1159.

50. Chen, X. , Zhong, S. , Hou, Y. , Cao, R. , Wang, W. , Li, D. , Dai, Q. , Kim, D.
and Xi,P. (2023) Superresolution structured illumination 
microscopy reconstruction algorithms: a review. Light Sci. Appl., 
12 , 172.

51. Lablaine, A. , Chamot, S. , Serrano, M. , Billaudeau, C. , Bornard, I. , 
Carballido-Lopez, R. , Carlin, F. , Henriques, A.O. and Broussolle, V. 
(2023) A new fluorescence-based approach for direct visualization 
of coat formation during sporulation in Bacillus cereus . Sci. Rep., 
13 , 15136.

52. Bartels, J. , Bluher, A. , Lopez Castellanos, S. , Richter, M. , Gunther, M. 
and Mascher,T. (2019) The Bacillus subtilis endospore crust: 
protein interaction network, architecture and glycosylation state of
a potential glycoprotein layer. Mol. Microbiol., 112 , 1576–1592.

53. Shuster, B. , Khemmani, M. , Abe, K. , Huang, X. , Nakaya, Y. , 
Maryn, N. , Buttar, S. , Gonzalez, A.N. , Driks, A. , Sato, T. , et al. 
(2019) Contributions of crust proteins to spore surface properties 
in Bacillus subtilis . Mol. Microbiol., 111 , 825–843.

54. de Francesco, M. , Jacobs, J.Z. , Nunes, F. , Serrano, M. , 
McKenney, P.T. , Chua, M.H. , Henriques, A.O. and Eichenberger, P. 
(2012) Physical interaction between coat morphogenetic proteins 
SpoVID and CotE is necessary for spore encasement in Bacillus 
subtilis . J. Bacteriol., 194 , 4941–4950.

55. Nunes, F. , Fernandes, C. , Freitas, C. , Marini, E. , Serrano, M. , 
Moran, C.P. , Eichenberger, P. and Henriques, A.O. (2018) SpoVID 

functions as a non-competitive hub that connects the modules for 
assembly of the inner and outer spore coat layers in Bacillus 
subtilis . Mol. Microbiol., 110 , 576–595.

56. Wang, K.H. , Isidro, A.L. , Domingues, L. , Eskandarian, H.A. , 
McKenney, P.T. , Drew, K. , Grabowski, P. , Chua, M.H. , Barry, S.N. , 
Guan, M. , et al. (2009) The coat morphogenetic protein SpoVID is
necessary for spore encasement in Bacillus subtilis . Mol. 
Microbiol., 74 , 634–649.

57. Freitas, C. , Plannic, J. , Isticato, R. , Pelosi, A. , Zilhao, R. , Serrano, M. , 
Baccigalupi, L. , Ricca, E. , Elsholz, A.K.W. , Losick, R. , et al. (2020) A 

protein phosphorylation module patterns the Bacillus subtilis 
spore outer coat. Mol. Microbiol., 114 , 934–951.

58. Jiang, S. , Wan, Q. , Krajcikova, D. , Tang, J. , Tzokov, S.B. , Barak, I. and 
Bullough,P.A. (2015) Diverse supramolecular structures formed by 
self-assembling proteins of the Bacillus subtilis spore coat. Mol. 
Microbiol., 97 , 347–359.

59. Henriques, A.O. , Melsen, L.R. and Moran, C.P. Jr. (1998) 
Involvement of superoxide dismutase in spore coat assembly in 
Bacillus subtilis . J. Bacteriol., 180 , 2285–2291.

60. Amblar, M. , Barbas, A. , Fialho, A.M. and Arraiano, C.M. (2006) 
Characterization of the functional domains of Esc heric hia coli 
RNase II. J. Mol. Biol., 360 , 921–933.

61. Amblar, M. , Barbas, A. , Gomez-Puertas, P. and Arraiano, C.M. 
(2007) The role of the S1 domain in exoribonucleolytic activity: 
substrate specificity and multimerization. RNA , 13 , 317–327.

62. Cannistraro, V.J. and Kennell, D. (1994) The processive reaction 
mechanism of ribonuclease II. J. Mol. Biol., 243 , 930–943.

63. Zuo, Y. and Deutscher, M.P. (2001) Exoribonuclease superfamilies: 
structural analysis and phylogenetic distribution. Nucleic Acids 
Res., 29 , 1017–1026.
Received: October 10, 2024. Revised: December 16, 2024. Editorial Decision: December 17, 2024. A
© The Author(s) 2025. Published by Oxford University Press on behalf of Nucleic Acids Research. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution Lice
distribution, and reproduction in any medium, provided the original work is properly cited. 
64. Niyogi, S.K. and Datta, A.K. (1975) A novel oligoribonuclease of 
Esc heric hia coli . I. Isolation and properties. J. Biol. Chem., 250 , 
7307–7312.

65. Zuo, Y. and Deutscher, M.P. (2002) The physiological role of 
RNase T can be explained by its unusual substrate specificity. J. 
Biol. Chem., 277 , 29654–29661.

66. Thomas, M.F. , L’Etoile, N.D. and Ansel, K.M. (2014) Eri1: a 
conserved enzyme at the crossroads of multiple RNA-processing 
pathways. Trends Genet., 30 , 298–307.

67. de Hoon, M.J. , Makita, Y. , Nakai, K. and Miyano, S. (2005) 
Prediction of transcriptional terminators in Bacillus subtilis and 
related species. PLoS Comput. Biol. , 1 , e25. 

68. Dominski, Z. , Sumerel, J. , Hanson, R.J. and Marzluff, W .F . (1995) 
The polyribosomal protein bound to the 3 ′ end of histone mRNA 

can function in histone pre-mRNA processing. RNA , 1 , 915–923.
69. Serrano, M. , Martins, D. and Henriques, A.O. (2024) Clostridioides 

difficile sporulation. Adv. Exp. Med. Biol., 1435 , 273–314.
70. Pereira, F.C. , Nunes, F. , Cruz, F. , Fernandes, C. , Isidro, A.L. , Lousa, D. , 

Soares, C.M. , Moran, C.P. Jr. , Henriques, A.O. and Serrano, M. 
(2019) A LysM domain intervenes in sequential protein-protein 
and protein-peptidoglycan interactions important for spore coat 
assembly in Bacillus subtilis . J. Bacteriol., 201 , e00642-18.

71. Real, G. , Pinto, S.M. , Schyns, G. , Costa, T. , Henriques, A.O. and 
Moran,C.P. Jr. (2005) A gene encoding a holin-like protein 
involved in spore morphogenesis and spore germination in 
Bacillus subtilis . J. Bacteriol., 187 , 6443–6453.

72. Bidnenko, V. , Chastanet, A. , Pechoux, C. , Redko-Hamel, Y. , 
Pellegrini, O. , Durand, S. , Condon, C. , Boudvillain, M. , Jules, M. and 
Bidnenko,E. (2024) Complex sporulation-specific expression of 
transcription termination factor Rho highlights its involvement in 
Bacillus subtilis cell differentiation. J. Biol. Chem., 300 , 107905.

73. Serrano, M. , Kint, N. , Pereira, F.C. , Saujet, L. , Boudry, P. , Dupuy, B. , 
Henriques, A.O. and Martin-Verstraete, I. (2016) A recombination 
directionality factor controls the cell type-specific activation of 
sigmaK and the fidelity of spore development in Clostridium 

difficile . PLos Genet., 12 , e1006312.
74. Neu, H.C. and Heppel, L.A. (1964) The release of ribonuclease into 

the medium when Esc heric hia Coli cells are converted to 
speroplasts. J. Biol. Chem., 239 , 3893–3900.

75. Nakamura, A. , Koide, Y. , Miyazaki, H. , Kitamura, A. , Masaki, H. , 
Beppu, T. and Uozumi, T. (1992) Gene cloning and characterization 
of a novel extracellular ribonuclease of Bacillus subtilis . Eur. J. 
Biochem., 209 , 121–127.

76. Malagon,F. (2013) RNase III is required for localization to the 
nucleoid of the 5 ′ pre-rRNA leader and for optimal induction of 
rRNA synthesis in E. coli . RNA , 19 , 1200–1207.

77. Hunt, A. , Rawlins, J.P. , Thomaides, H.B. and Errington, J. (2006) 
Functional analysis of 11 putative essential genes in Bacillus 
subtilis . Microbiology , 152 , 2895–2907.

78. Khemici, V. , Poljak, L. , Luisi, B.F. and Carpousis, A.J. (2008) The 
RNase E of Esc heric hia coli is a membrane-binding protein. Mol. 
Microbiol., 70 , 799–813.

79. Kunkel, B. , Kroos, L. , Poth, H. , Youngman, P. and Losick, R. (1989) 
Temporal and spatial control of the mother-cell regulatory gene 
spoIIID of Bacillus subtilis . Genes Dev. , 3 , 1735–1744. 

80. Ricca, E. , Cutting, S. and Losick, R. (1992) Characterization of 
bofA , a gene involved in intercompartmental regulation of 
pro-sigma K processing during sporulation in Bacillus subtilis . J. 
Bacteriol., 174 , 3177–3184.

81. Zhou, R. and Kroos, L. (2005) Serine proteases from two cell types 
target different components of a complex that governs regulated 
intramembrane proteolysis of pro-sigmaK during Bacillus subtilis 
development. Mol. Microbiol., 58 , 835–846.

82. Jumper, J. , Evans, R. , Pritzel, A. , Green, T. , Figureurnov, M. , 
Ronneberger, O. , Tunyasuvunakool, K. , Bates, R. , Zidek, A. , 
Potapenko, A. , et al. (2021) Highly accurate protein structure 
prediction with AlphaFold. Nature , 596 , 583–589.
ccepted: January 14, 2025 

nse (https: // creativecommons.org / licenses / by / 4.0 / ), which permits unrestricted reuse, 


	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

