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Abstract Species from the genus Bacillus have the ability to form endospores, dormant cellular 
forms that are able to survive heat and acid preservation techniques commonly used in the food 
industry. Resistance characteristics of spores towards various environmental stresses are in part 
attributed to their coat proteins. Previously, seventy proteins have been assigned to the spore coat 
of Bacillus subtilis using SDS-PAGE, 2-DE gel approaches, protein localization studies and 
genome-wide transcriptome studies. Here we present a “gel-free” protocol that is capable of 
comprehensive B. subtilis spore coat protein extraction and addresses the insoluble coat fraction. 
Using LC-MS/MS we identified 55 proteins from the insoluble B. subtilis spore coat protein 
fraction, of which 21 are putative novel spore coat proteins not assigned to the spore coat until 
now. Identification of spore coat proteins from a B. subtilis food spoilage isolate corroborated a 
generic and ‘applied’ use of our protocol. To develop specific and sensitive spore detection and/or 
purification systems from food stuff or patient material, suitable protein targets can be derived 
from our proteomic approach. Finally, the protocol can be extended to study cross-linking 
amongst the spore coat proteins as well as for their quantification. 
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Introduction 
 In natural environments, the nutrient availability is a major hurdle for the growth 
of bacteria. However, bacteria have evolved a number of characteristic mechanisms to 
adapt to starvation conditions. Species from the genera Bacillus, Clostridium and related 
organisms, can form endospores when subjected to nutrient starvation.  Spore 
development has been most extensively studied in the Gram positive model organism B. 
subtilis, the first spore-forming bacterium for which the genome sequence was reported 
[1]. The basic endospore structure is probably conserved across species.  
 Endospore development consists of a series of complex morphological changes 
which begin with an asymmetric division producing two cellular compartments of very 
different size. In B. subtilis, each of the two different cell types formed contains one 
complete copy of the chromosome, exhibits different programs of gene expression and 
differs in its developmental fate [2-4]. The smaller prespore is engulfed by the larger 
mother cell, and ultimately becomes the spore. The engulfed prespore, or forespore, exists 
as a free protoplast delimited by a double membrane system inside the mother cell 
compartment. The mature spores consist of a dehydrated core with a copy of the bacterial 
DNA bound tightly by small acid-soluble proteins, embedded in a chelating complex of 
dipicolinic acid and divalent cations like Ca2+ and Mg2+ [5-8]. The core is surrounded by 
the cortex, a peptidoglycan layer synthesized between the forespore inner and outer 
membranes, that helps to keep the water content in the core low. The outer layer of the 
spore, the coat, consists of an inner coat and an outer coat both of which are assembled 
mostly from components present or synthesized in the mother cell [5, 8]. Approximately 
30% of the total coat protein content is resistant to extraction and defines an insoluble 
fraction [9] that contains highly cross-linked material (reviewed by Henriques and Moran 
[10]). 
 Spores are remarkably resistant to many stresses [11] and proteins from the inner 
and outer coat layers are presumed to play a major role in spore structure and resistance. 
The types of association, the cross-linkages amongst the different proteins, the differences 
found in coat proteins due to strain variation have not been comprehensively described 
[12, 13]. Spore proteins have been isolated by methods based on alkaline treatments 
either alone or in combination with reducing agents such as dithiothreitol or β-
mercaptoethanol in the presence of ionic detergents [14-16]. These studies have made use 
of SDS-PAGE gels and/or 2-D electrophoretic (2-DE) approaches generally followed by 
peptide mass fingerprinting for spore coat protein separation and identification [17, 18]. 
High-throughput analysis of spore proteomes using 2-DE gels is challenging because the 
individual protein extraction, digestion, and analysis of each spot from 2-DE gels is a 
laborious and time-consuming process. Moreover, a 2-DE gel approach is poor at 
resolving very low abundant proteins as well as low molecular mass, acid and basic 
proteins. Furthermore, hydrophobic proteins hardly enter the first isofocussing dimension 
of a 2-DE gel [19]. Here, we present a “gel-free” protocol (using similar principles for 
coat isolation as Goldman and Tipper [9] and based on the LC-MS/MS method for 
proteomic analysis of cell walls of Candida albicans developed by de Groot et al.[20]), 
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that is capable of comprehensive B. subtilis spore coat protein analysis. We focused, for 
the first time, exclusively on the insoluble spore coat fraction in spores of a B. subtilis 
laboratory strain and a food spoilage isolate.  

Spore preparation. 

 To obtain an exponentially growing and spore-free pre-culture, B. subtilis lab-
strain PB2 and food isolate strain A163 were pre-cultured in TSB medium and 
subsequently transferred to a defined (MOPS buffered) medium. In this defined medium, 
sporulation was induced by glucose exhaustion. The cells were allowed to sporulate for 
96 hours after which the spore crop was harvested (Figure 1). The crop contained 
>99.9% of the phase-bright spores. After harvesting, the spores were disintegrated by beat 
beating, the efficiency of which was determined by microscopic observation. Samples of 
disintegrated spores were characterized microscopically by loose fragments of spore 
material. No intact spores were noticed.  

Figure 1. “Gel-free” approach for spore coat proteomics. See Materials & Methods for details. 

 
Spore peptidoglycan analysis. 

 Muramic acid is present in the cortex peptidoglycan of spores. To estimate the 
contamination of the freeze dried insoluble spore material with spore cortex we 
performed a muramic acid assay. Intact spores from strains PB2 and A163, disintegrated 
spores before and after NaCl wash (to wash away cytosolic remnant proteins), and the 
final reduced and alkylated spore extracts were used for the assay. The amount of 
muramic acid in the final extract (used for MS analysis) compared to that in intact spores 
was reduced to below detection limit in preparations of B. subtilis strain PB2. This 
amount, though reduced by ~ 97%, was still detectable in case of strain A163 (data not 
shown). Thus, the insoluble spore fractions that we analyzed do not, or hardly, contain 
spore cortex material. Hereon we refer to this material as the insoluble spore coat fraction. 

Gel-free proteomic identification of the insoluble protein fraction of the B. subtilis 
spore coat. 

 Four biological replicates were carried out for B. subtilis PB2 while for B. subtilis 
A163 five biological replicates were done. For each biological replicate, three technical 
replicates were run. The analysis of tryptic digests of the purified B. subtilis PB2 spore 
coat layer resulted in the identification of 55 spore coat proteins from the insoluble 



Chapter 2 

38 

 

fraction, of which 34 are spore coat assigned proteins identified and reviewed in previous 
studies [10] (Table 1, Figure 2). Moreover, 21 novel putative spore coat proteins were 
identified, of which 19 proteins were identified from B. subtilis PB2 spore coats (Table 2) 
and 2 proteins uniquely in food isolate strain A163 (further discussed below). Among the 
total 55 identified proteins there were three morphogenetic proteins (Figure 2), some 
enzymes and other spore coat associated proteins with known and unknown functions. 
Our studies revealed no abundant cytosolic proteins such as ribosomal proteins, 
elongation factors or glycolytic enzymes in our preparations. This corroborated the notion 
that our procedure is especially suited for the isolation of insoluble spore coat proteins 
some of which likely will be covalently cross-linked. 
 Most proteins from the ‘Cot’ family were identified (Table 1). We found all 
possible tryptic peptides of CotC. Proteins CwlJ and SleB, the two main cell-wall 
hydrolases important for spore germination, were also identified. Protein SpoIVA, 
important for the initial sporulation stages and for protein build up in the inner coat, was 

 

 

 

Figure 2. Schematic structure of the spore showing possible localization of identified known as well as 
the putative novel spore coat proteins from B. subtilis lab-strain PB2. Proteins identified in our study 
and reported for their localization in previous studies [21-24] are shown. In pink, blue, purple, and orange 
are the proteins regulated by sigma factors σK, σE, σG and σF, respectively. In brown, are the proteins 
regulated by both σE & σK. CoxA (in red) is regulated by both σE & σG. SpoIVA, SafA & CotE (boxed) are 
the morphogenetic proteins as reported by McKenney et al. [23]. Out of the putative novel spore coat 
proteins, proteins YhcN & YjqC (black asterisks) are reported for their localization in previous studies. 
Proteins with other or unknown regulatory components are shown in grey (also see Table 1). Sigma factor 
dependency is as reported in the previous studies [25-29]. 
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identified from spores of lab-strain PB2. Out of 19 novel putative spore coat proteins 
from B. subtilis PB2 spore coats, 11 were also identified by Kuwana et al.[28] from whole 
spore extracts, while 8 were identified for the first time in this study. We detected protein 
AtcL (YloB) that has been identified as a putative spore coat protein previously through 
transcriptome analysis [29], but to date had not been physically isolated from spore coat 
extracts. Proteins CotN (YqfT), YisY and YybI (identified by MASCOT in B. subtilis 
PB2) were found in A163 but only after detailed manual inspection of the spectra. They 
were not identified by MASCOT itself. On the other hand, two proteins YckD and YpeB 
were identified by MASCOT only in B. subtilis A163. YckD is a putative exported 
protein with an N-terminal signal sequence, regulated by σF and σG [29]. Localization and 
function of the protein is not known. YpeB was identified by MASCOT only in B. subtilis 
A163. It is the product of the ypeB gene lying downstream in the genome of the sleB 
gene. Both genes are part of one operon. The authors believe that YpeB is required for 
localization, and/or activation of SleB [30, 31]. It was also detected by Kuwana et al.[28]. 
Fifty of the proteins identified from spores of lab-strain PB2 were also identified from 
spores of food isolate strain A163 (Table 1 and 2).  

Discussion  

 A comprehensive analysis of the protein composition of the spore coat will 
provide fundamental information on the molecular interactions in this protective spore 
layer while also validating transcriptome analyses that suggest a spore coat localization 
for a given protein. Previous studies provide evidence that, in summation, 70 proteins are 
associated with the spore coat of B. subtilis [10]. These studies mainly focused on the 
SDS-extractable fractions of the spore coat protein. However, both the extraction of total 
proteins and purification of each protein are quite difficult because of the occurrence of 
substantial cross-linking between proteins [13, 16]. Also, gel-based methods have 
identified maximally 20-30 spore coat proteins in a single study. Our direct and “gel-free” 
proteomic strategy (Figure 1) allows for a reproducible analysis of proteins from the 
insoluble fraction of the spore coat, some of which likely contains Tgl-mediated cross-
linked proteins. We identified 55 proteins from B. subtilis PB2, of which 8 are newly 
detected, putative spore coat proteins. Also, due to the extensive washes of the spore crop 
and lysed spore preparations with NaCl as well as SDS-extraction thereafter, our spore 
protein preparations neither contained ribosomal proteins, elongation factors nor 
glycolytic proteins. These abundant cytosolic proteins from the vegetative or mother cell 
are generally seen as markers for cytosolic contamination. We performed a muramic acid 
assay to estimate contamination of our spore coat preparations by spore cortex material. 
The results showed that our coat preparations of B. subtilis PB2 spores do not contain 
spore cortex material and confirm that the newly identified proteins are indeed associated 
with the spore coat. Although unlikely, we cannot fully rule out the possibility that 
released proteins from degraded cortex peptidoglycan might be trapped in the coat 
fraction. 
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Table 1. Gel-free proteomic identification of previously assigned spore coat proteins 
(reviewed by Henriques & Moran [10]) from B. subtilis strain PB2. 

Protein Descriptiona Total no. of 
identified 
peptides 

Molecular 
Mass  
(Da) a 

Possible 
Regulator b 

Identified 
in B. 

subtilis 
A163 

CotA During sporogenesis, multicopper 
oxidase; pigment production;  

18 58499.0 SigK, GerE + 

CotB Posttranslational modification dependent 
on CotG and CotH;  

13 42971.5 SigE, SigK, 
GerE 

+ 

CotC Spore coat protein; N-terminal signal 
sequence present 

6 14644.9 SigK, GerE + 

CotE Protein at the inner/outer interface; mutant 
generates no outer coat; involved in coat 
assembly 

8 20977.3 SigE, SigK, 
GerE 

+ 

CotF Spore coat protein, forms 5- and 8-kDa 
polypeptides that are component of spore 
coat; null mutants produce normal looking 
spores[32] 

6 18725.3 SigK + 

CotG Outer coat protein required for the 
incorporation of CotB into the coat; 9 
tandem copies of 13 a.a. long sequence; 
mutant generates outer coat defect 

5 23957.4 SigE, SigK, 
GerE 

+ 

CotI 
(YtaA) 

Spore coat protein 7 41245.4 SigK + 

CotJA Part of polypeptide composition of the 
spore coat 

3 9739.1 SigE + 

CotJC Part of polypeptide composition of the 
spore coat 

4 21695.6 SigE + 

CotN 
(YqfT) 

Conserved hypothetical spore coat protein 1 9742.2 SigE + 

CotQ 
(YvdP) 

Putative oxidoreductase; spore coat 
protein 

10 50084.7 SigK, GerE + 

CotR 
(YvdO) 

Expressed during sporulation, in the late 
phase of coat protein synthesis[33]; 
putative sporulation hydrolase  

7 35356.5 SigK + 

CotS Required for localization of CotSA 10 41084.1 SigK, GerE + 
CotSA Glycosyltransferase 9 42912.1 SigK, GerE + 
CotU 
(YnzH) 

Spore coat protein; sequence similarity 
with CotC protein 

6 11424.6 SigK[25] + 

CotX Insoluble fraction; mutant generates outer 
coat defect 

3 18601.0 SigK, GerE + 

CotY Insoluble fraction; mutant generates outer 
coat defect 

6 17884.4 SigK, GerE + 

CotZ Insoluble fraction 4 16533.7 SigK, GerE + 
CwlJ Cell wall hydrolase involved in the 

depolymerization of cortex peptidoglycan 
during germination; synthesized during 
sporulation in mother cell compartment, 
then located in the spore coat [34] 

3 16462.7 SigE + 

GerQ  Protein, Ca-DPA dependent cortex 
hydrolysis, Tgl-dependent  

2 20275.8 SigE + 

LipC 
(YcsK) 

Lysophopholipase; involved in spore 
germination 

3 23605.8 SigK, GerE + 

OxdD  Oxalate decarboxylase; resistance to 
oxalic acid stress; highly related to plant 

2 43554.2 SigK + 
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Protein Descriptiona Total no. of 
identified 
peptides 

Molecular 
Mass  
(Da) a 

Possible 
Regulator b 

Identified 
in B. 

subtilis 
A163 

allergens 
SafA  Inner coat morphogenetic protein, 

interacts with SpoVID; involved in coat 
assembly 

3 43229.4 SigE + 

SodA Superoxide dismutase; transcribed 
throughout the growth and sporulation; 
required for the assembly of CotG into the 
insoluble matrix of the spore; mutants 
exhibit growth defect and reduced 
survival at elevated temperature, but has 
no effect on heat or hydrogen peroxide 
resistance of spores 

3 22489.9 SigB (late 
exponential 

phase) 
SigF 

(Sporulation) 
[27] 

 

SpoIVA Required for proper spore cortex 
formation and coat assembly 

9 55174.9 SigE + 

TcyA 
(YckK) 

Cystine ABC transporter (glutamine-
binding protein) 

1 29514.3 SigA and/or 
others[28] 

 

Tgl Transglutaminase; forms an epsilon-
(gamma-glutamyl) lysine isopeptide bond 
between a lysine donor from one GerQ 
protein and a glutamine acceptor from 
another GerQ protein 

1 28295.7 SigK + 

SleL 
(YaaH) 

Spore peptidoglycan hydrolase; required 
for the L-alanine-stimulated germination 
pathway; together with CotR assembles 
spore coat proteins 

9 48636.7 SigE + 

YdhD Spore cortex lytic enzyme; involved in 
forespore assembly 

2 46864.3 SigE + 

YisY Putative hydrolase 1 30559.1 SigE + 
YjdH Hypothetical protein 2 15201.1 SigE + 

YodI Unknown function; N-terminal signal 
sequence /trans-membrane helix present 

2 9193.6 SigK, GerE + 

YxeE Spore coat protein; a substrate of YabG 
protease 

2 14714.2 SigK, GerE + 

YybI Inner spore coat protein 1 30149.0 SigE + 
aDetails taken from SubtiList database (http://genodb.pasteur.fr/cgi-bin/WebObjects/GenoList.woa/) bThe possible 
regulators are as indicated in Steil et al.[29] unless otherwise mentioned. 
 
 

Spore coat proteins of B. subtilis 

 We used two strains; B. subtilis lab-strain PB2 and a food isolate B. subtilis A163, 
for our proteomic analysis. Figure 2 represents the identified spore coat proteins from B. 
subtilis PB2. From our spore coat preparations we found many proteins whose 
transcription is regulated by mother cell specific sigma factors σE and σK. Since it is well 
known that the synthesis of the spore coat proteins is mainly controlled by the mother 
cell, our findings support the fact that we identified proteins exclusively from spore coats. 
However, we do not rule out the possibility that these proteins can be distributed across 
the different spore layers. Unexpectedly, we also found σG and σF regulated proteins. We  
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Table 2. Putative novel spore coat proteins identified in this study in B. subtilis strain PB2. 
  

Protein Molecular 
Mass 
(Da)a 

Localization 
signal b 

Total no. 
of 

identified 
peptides 

Possible 
Regulator c 

Description a Identified 
in 

B. subtilis 
A163 

AtcL 
(YloB)  

97292.8 Transmembrane 
(10) 

4 SigE P-type calcium transport 
ATPase; mutants form 
spores with less heat 
resistance 

+ 

CoxA* 
(YrbB)  

22117.2 Signal sequence 1 SigG, 
SigE [26] 

Spore cortex protein; located 
within the spore integument, 
mainly in cortex with a part 
in inner coat region [35] 

+ 

DacF* 43297.4 Signal sequence 
 

3 SigF D-alanyl-D-alanine 
carboxypeptidase (penicilin 
binding protein); required 
for spore cortex synthesis 
(peptidoglycan 
biosynthesis); regulation of 
the low degree of cross-
linking of spore 
peptidoglycan 

+ 

OppA* 61491.5 Signal sequence 3 TnrA[36] Oligopeptide ABC 
transporter (binding 
lipoprotein); required for 
initiation of sporulation 

 

SleB* 34001.5 Signal sequence 1 SigG Spore cortex-lytic enzyme; 
N-terminal signal sequence 
present; required for 
complete spore-cortex 
hydrolysis during 
germination; mutant unable 
to complete L-alanine-
mediated germination; 
probable lytic 
transglycosylase 

+ 

SpsC 43189.9  1 SigE, SigK Putative glutamine-
dependent sugar 
transaminase; putative 
enzyme for spore coat 
polysaccharide synthesis 

+ 

SspG 5270.4  1 SigK, GerE Small acid-soluble spore 
protein 

+ 

YbfO 51788.5 Signal sequence 1 ND d Putative exported hydrolase + 

YdcC* 38136.5 Signal sequence 7 SigE Putative lipoprotein + 
YhcM* 17030.7 Signal sequence 1 SigG Hypothetical protein; 

glutamine-rich protein 
 

YhcN* 21016.3 Signal sequence 3 SigG Putative lipoprotein; 
detected in the inner spore 
membrane 

+ 

YhcQ 24791.2  8 SigG Conserved hypothetical 
protein; similar to spore coat 
protein; locally rich in 
methionine; conserved in 
bacilli 

+ 
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Protein Molecular 
Mass 
(Da)a 

Localization 
signal b 

Total no. 
of 

identified 
peptides 

Possible 
Regulator c 

Description a Identified 
in 

B. subtilis 
A163 

YhfD 8405.9  3 ND Hypothetical protein 
(Record is discontinued 
from databases) 

+ 

YhxC* 30845.2  1 SigE Putative oxidoreductase  
YjqC*  31309.5  2 SigK Putative PBSX phage 

manganese-containing 
Catalase, SafA dependent 
[23] 

 

YkvN 13569.7  1 ND Putative transcriptional 
regulator 

+ 

YqfX 13901.6 Signal sequence/ 
Transmembrane 

(1) 

1 SigG Conserved hypothetical 
protein 

+ 

YrkC* 21255.0  2 SigK Putative dioxygenase; cupin 
family 

+ 

YtfJ* 16346.5  2 SigF Conserved hypothetical 
protein 

+ 

aDetails taken from SubtiList database (http://genodb.pasteur.fr/cgibin/WebObjects/GenoList.woa/) bLocalization 
signals predicted by SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/) & TMHMM 
(http://www.cbs.dtu.dk/services/TMHMM-2.0/) tools with number of transmembrane helices in brackets.  c The 
possible regulators are as indicated in Steil et al.[29] unless otherwise mentioned. d ND: No definite regulator can be 
suggested. * Proteins detected also by Kuwana et al.[28]. 
 

suggest that these proteins might be covalently linked, the nature of covalent bond being 
unknown or might be cross-linked by o,o-di-tyrosine and (γ)-glutamyl-lysine isopeptide 
linkages like some other spore coat proteins reported in previous studies [13, 16]. We 
identified in our fractions many spore coat proteins from the ‘Cot’ family such as CotA 
and CotB. These proteins are usually found in the SDS-extractable coat fraction. This 
observation suggests that these proteins are covalently as well non-covalently bound to 
the spore coat layers. We did not identify CotH, which is in agreement with the fact that 
CotH has been previously extracted and identified mainly from the SDS fraction on 2-DE 
gels [17, 18, 37, 38].  CotM is a small protein (~14 kDa) and presumed to be embedded in 
the cross- linked part of the spore coat [39]. It is possible that we did not detect it because 
of its small size and low levels of lysine and arginine. On the other hand CotM has not 
been identified and/or isolated as a spore coat protein in previous studies either. CotV and 
W were not detected in our analyses. Takamatsu & Watabe [18] did not observe CotV 
and W in their studies on mature spores either. However, Kuwana et al. [28] did identify 
CotW  in extracts of whole spores. Contrary to us, these authors also identified CotJB. 
CotO, P, T were  not isolated from mature spores [28]. Moreover, CotD has only 2 lysines 
and 1 arginine residue. Hence it is difficult to identify it by the tryptic digestion approach. 
Similar to CotD, assigned coat protein YsnD [22] has only 1 lysine and 1 arginine 
residue. For such proteins, treatments with other proteolytic digestion enzymes like 
Chymotrypsin [28] or Glu-C(V8) endoproteinase, producing smaller fragments, could be 
explored. Factors like strain variation, the sporulation medium, and age of harvested 
spores might contribute to differences in identification of these proteins in previous 
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studies compared to ours. In addition, most of the remaining known spore proteins 
(reviewed by Henriques and Moran [10]) that we did not detect  have only transcriptional 
evidence suggesting spore coat localization, impeding a careful comparative discussion. 

Putative novel spore coat proteins  

 Our approach allowed for the identification of 19 proteins putatively assigned in 
the earlier studies to the insoluble fraction of spore coats of B. subtilis PB2 (Table 2). 
Eight of these proteins have never been detected before, while 11 were also identified by 
Kuwana et al. [28] as spore localized proteins (see Table 1 and 2). DacF, a D, D-
carboxypeptidase, is believed to regulate the degree of cross-linking of spore 
peptidoglycan. It belongs to the penicillin-binding protein family (PBPs), which 
polymerizes the peptidoglycan on the outer surface of the vegetative cell membrane [40]. 
The D,D-carboxypeptidase activity, prevents cross-linking of peptides by removing the 
terminal D-alanine. DacF may only act on a limited amount of peptidoglycan that is 
synthesized from the forespore side. It is rather unexpected to find DacF in our 
preparations but not impossible as DacF has a signal sequence. SpsC is a σK  & σE 
regulated protein [25, 29] and is  involved in the synthesis of polysaccharide on the spore 
coat [41]. SspG, a σK regulated protein, though not detected from spore coat in previous 
studies, is predicted to be a spore coat protein [42]. Mutants lacking SspG sporulated 
normally and have showed similar resistance to heat and UV radiation as the wild-type. 
No defect in germination and outgrowth was observed in these mutants [42]. OppA (also 
known as Spo0K) is an oligopeptide binding factor which is involved in initiation of 
sporulation [43] and required for competence development [44]. OppA is held in the 
extracellular face of the cell membrane via a lipid anchor. We suggest that during the 
process of layering the coats, OppA might be trapped in the coat layers and hence is 
retrieved from our preparations. 
 Three proteins from the yhc family were identified in our study. YhcN is a 
putative lipoprotein. The MFGK--K------------QVLASVLLILPLMTGC sequence 
motif provides the lipid anchorage to the protein and thus it might be located in the coat 
layers. Interestingly, it also has an asparagine-rich motif similar to that seen in γ-type 
small, acid-soluble spore proteins (SASP) ubiquitous  in the dormant spores of B. subtilis 
and other related species [45]. The sequence KLEVADE found in YhcN is very similar to 
the sequence KLEIASE found in α/β-type SASP from B. subtilis [45]. YhcM has a signal 
sequence as well as a glutamine-rich domain. This is a predicted spore protein in B. 
pumilus SAFR-032. YhcQ, a conserved protein in bacilli, has sequence similarity to spore 
coat protein CotF [46] and is rich in methionine. YjqC, in B. pumilus SAFR-032 known 
to be involved in sporulation, shows an oxidoreductase property [47]. Since its 
transcription is regulated by σK [29, 44] the protein is likely formed by the mother cell 
and from there incorporated as part of the spore coat. Protein AtcL (YloB) is a calcium 
transporting ATPase. Raeymaekers et al.[48] have shown that an insertional mutation of 
the yloB gene did not affect the growth of vegetative cells, did not prevent the formation 
of viable spores, and did not significantly affect Ca2+- accumulation during sporulation. 
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However, spores from knockouts were less resistant to heat and had slower rate of 
germination. It was concluded that this gene is not essential for survival, but assists in the 
formation of resistant spores. 

Immunogenicity predictions and outlook  

 Our analysis provides concrete protein targets for the development of specific and 
sensitive spore detection and/or purification systems from food stuff or patient material. 
A preliminary analysis of the immunogenicity of all identified peptides from B. subtilis 
PB2 and B. subtilis food isolate A163 was done using the POPI 2.0 immunogenicity 
prediction server[49] (Table S2 of Supporting Information). While most of the peptides 
displayed no immunogenicity, a single peptide from protein YhcQ (--DQELLNILDR--) 
did show high immunogenicity.  
 In summary, our novel gel free proteomics approach allows direct analysis of the 
proteins from the insoluble cross-linked protein fraction of the spore coat. Covalently 
attached coat proteins that escaped detection before in methods based on alkali or 
reducing agent in the presence of detergents extraction could be identified. Our analytical 
strategy will also be a starting point in future research on quantitative analysis of coat 
proteins to compare differences between strains or stress conditions. Furthermore, our 
analysis provides concrete protein targets for the development of specific and sensitive 
spore detection and/or purification systems from food stuff or patient material. Finally, 
our  protocol will also enable  identification of cross-links between coat proteins [50], and 
contribute to a better understanding of the macromolecular organization of the spore coat.  

 

Materials and methods 

Bacterial strains used 

The strains used in this study were B. subtilis 168 laboratory wild-type strain PB2 (trpC2) and food spoilage 
isolate strain A163 [6]. Strain A163 was isolated in Unilever R&D, Vlaardingen, The Netherlands and 
classified as Bacillus subtilis subsp. subtilis [6]. Spores of spoilage strain B. subtilis A163 can survive 
temperature treatments of 111°C for 20 min [51]. 

Growth and sporulation conditions 

Cells from a single colony were inoculated in Tryptic Soy Broth (TSB; pH 7.5), cultivated until early 
exponential phase, and transferred into a defined minimal medium, buffered with 3-(N-Morpholino) 
propanesulfonic acid (MOPS) to pH 7.4 as described previously[6]. As carbon- and nitrogen- sources, 10 
mM glucose and 10 mM NH4Cl were used. Cells were grown until early exponential phase and diluted into 
20 ml of fresh MOPS buffered medium. When early exponential phase was reached again, 1% of this final 
pre-culture was used to inoculate 500 ml MOPS buffered medium. Sporulation was initiated by growing the 
culture into stationary phase, induced by glucose exhaustion. Sporulation was allowed for 96 hours during 
which its efficiency was followed using phase contrast microscopy. 
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 Spore coat isolation  

After 96 hours, spores were harvested by washing the crop seven times with sterile Milli-Q water and 
treating it with 0.01% Tween to lyse remaining vegetative cells. The harvested spore crop contained 
>99.9% of phase bright spores. Spores were resuspended in cold 10 mM Tris-HCl, pH 7.5 (1011 spores/ml), 
and disintegrated with 0.1-mm glass beads (BioSpec Products, Inc., USA) in a Bio-Savant Fast Prep 120 
machine (Qbiogene, Carlsbad, CA). The machine was set at runs of 40 s at maximum speed of 6. Ten 
rounds of Fast-prepping were performed. Between the runs the samples were placed on ice for 1 min to 
prevent protein degradation by over-heating. To remove non-covalently linked proteins and intracellular 
contaminants, isolated layers of insoluble spore material were washed extensively with 1 M NaCl and 
thermally treated for 10 min, starting from an ambient temperature water bath and reaching a final 
temperature of 80°C , with 50 mM Tris-HCl, pH 7.8, containing 2% SDS, 100 mM Na-EDTA, 150mM 
NaCl and 100 mM β-mercaptoethanol. SDS-treated coats were washed four times with Milli-Q water and 
freeze dried. 
  
Spore cortex peptidoglycan analysis  

The purity and thereby the absence of cortex peptidoglycan in the thus obtained spore coat material was 
checked by estimating its  muramic acid content [52]. 
 
Sample preparation for MS analysis 

The freeze dried samples were reduced with 10 mM dithiothreitol in 100 mM NH4HCO3 (1 hour at 55°C) 
followed by a reaction with 55 mM iodoacetamide in 100 mM NH4HCO3 for 45 min at room temperature in 
the dark. The samples were directly digested for 18 hours at 37°C with trypsin (Trypsin gold Promega, 
Madison, WI) using a 1:50 (w/w) protease: protein ratio. The tryptic digests were desalted using Omix 
μC18 pipette tips (80 μg capacity, Varian, Palo Alto, CA) according to the manufacturer’s instructions. 

Mass spectrometric analysis 

Each sample was diluted with 0.1% trifluoroacetic acid to a final concentration of around 7.5 ng/nl and 
introduced on an Ultimate LC-Packings nano-HPLC system (Dionex, Sunnyvale, CA) equipped with a 
PepMap C18 reversed phase column (75 μm inner diameter, 25 cm length; Dionex, Sunnyvale, CA). The 
starting mobile phase A was water + 0.1% formic acid and the mobile phase B was 50% acetronitrile + 
0.1% formic acid. The peptides were eluted with a linear gradient from 0%-100% phase B over 30 min with 
a flow of 300 nl/min and directly ionized by electrospray in a Q-TOF mass spectrometer (Waters, United 
Kingdom). Each sample was analyzed three times including a survey TOF-MS run followed by multiple 
experiments with a data dependent acquisition of the abundant peptide ions which were fragmented by 
collision induced dissociation (MS/MS). 

Analysis of mass spectrometric data 

The generated spectra were processed using the Masslynx Proteinlynx software (Micromass Ltd., UK). The 
resulting peak list (.pkl) files were submitted to the MASCOT MS/MS ion search engine both on 
http://www.matrixscience.com and on an in-house MASCOT B. subtilis database (SwissProt version 2003 
downloaded from http://expasy.org/sprot/). In MASCOT, search parameters were as follows: allowance of 
one missed cleavage, fixed modification of carbamidomethyl cysteine and variable modification of 
oxidation on methionine, an error tolerance of 0.3 Da for calculated peptides and their corresponding 
MS/MS spectra. If needed the search was repeated with the same parameters but with semitrypsin as the 
enzyme. Probabilistic MASCOT scoring was used to evaluate the identified peptides and an individual 
peptide score of 30 (p<0.05) or higher was considered significant for peptide identification. All identified 
peptides (Table S1 of Supporting Information) were manually checked on their raw MS/MS data, if 



Gel-free proteomics of B. subtilis spore coat  

47  

 

necessary (Figures S1-S15 of Supporting Information). The complete gel-free protocol is summarized in 
Figure 1.  
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