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spore-forming species of Bacillales
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Abstract

Among members of the Bacillales order, there are several species capable of forming a structure called an endospore.
Endospores enable bacteria to survive under unfavourable growth conditions and germinate when environmental conditions
are favourable again. Spore-coat proteins are found in a multilayered proteinaceous structure encasing the spore core and
the cortex. They are involved in coat assembly, cortex synthesis and germination. Here, we aimed to determine the diversity
and evolutionary processes that have influenced spore-coat genes in various spore-forming species of Bacillales using an in
silico approach. For this, we used sequence similarity searching algorithms to determine the diversity of coat genes across 161
genomes of Bacillales. The results suggest that among Bacillales, there is a well-conserved core genome, composed mainly
by morphogenetic coat proteins and spore-coat proteins involved in germination. However, some spore-coat proteins are taxa-
specific. The best-conserved genes among different species may promote adaptation to changeable environmental conditions.
Because most of the Bacillus species harbour complete or almost complete sets of spore-coat genes, we focused on this
genus in greater depth. Phylogenetic reconstruction revealed eight monophyletic groups in the Bacillus genus, of which three
are newly discovered. We estimated the selection pressures acting over spore-coat genes in these monophyletic groups using
classical and modern approaches and detected horizontal gene transfer (HGT) events, which have been further confirmed by
scanning the genomes to find traces of insertion sequences. Although most of the genes are under purifying selection, there
are several cases with individual sites evolving under positive selection. Finally, the HGT results confirm that sporulation is an

ancestral feature in Bacillus.

DATA SUMMARY

All supporting data and methods have been provided within
the article or through supplementary data files. Five supple-
mentary tables are available with the online version of this
article. A full listing of NCBI accessions for strains used in this
paper is available in Table S1 (available in the online version
of this article). Biopython scripts to extract significant BLASTp
hits used in this study are available at GitHub - https://github.

com/HSecaira/Spore_coat_proteins_ BLAST_extraction

INTRODUCTION

The Bacillales order has great taxonomic and phylogenetic
diversity and can thrive in many different environments [1].
Some members of this order are present in the human and
mammalian gut microbiota [2, 3], while others are pathogens
that cause foodborne diseases [4] or are important human
pathogens [5-7]. A striking feature of the Bacillales is the
ability to form a dormant cell type called the endospore or
spore [8, 9].

Spores can survive a wide range of extreme environmental
conditions, such as microbial predation, desiccation, heat,
UV radiation and toxic chemicals [8-12]. The metabolic
dormancy of spores permits them to remain in this state for
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hundreds of years [13]. In addition, the spore can sense its
surrounding environment, and when growth conditions are
favourable again, it germinates to generate a vegetative form
of the bacteria [13-15].

To survive stress conditions, the bacterial cell undergoes
an evolutionarily conserved process called sporulation
to produce the spore structure. Sporulation begins in the
stationary phase when nutrients begin to be scarce [16] and
culminates in a mature spore composed of two external
protective structures: the cortex, assembled between the inner
and outer spore membranes, and the proteinaceous coat that
is subjected to cross-linking [8, 16, 17]. Genomic DNA within
the spore is contained in the partially dehydrated core [16].

The bacterial spore coat is a multilayered structure formed
by specialized proteins. The endospore confers protection
against adverse environmental conditions and contrib-
utes to spore environmental interactions, which may lead
to germination to resume metabolic activity and growth
[16, 17]. There is a high diversity in spore-coat morphologies
among spore-forming species [8, 16]. Bacillus subtilis has
been a major model organism to study spore-coat proteins
using different approaches that include using transmission
electron microscopy as well as biochemical and genetic tools
[8]. The most internal layer of the spore coat is called the
basement layer, which contains the proteins necessary for
initiating coat assembly (SpoIVA, SpoVM, SpoVID) (8, 16].
The basement layer is followed by the inner layer, the outer
coat and the crust [8]. Fig. 1 shows the positions of the four
layers of the B. subtilis coat. Other spore-forming species,
such as Bacillus anthracis, Bacillus thuringiensis and Bacillus
cereus also possess an exosporium [8, 16, 18], the outermost
layer that surrounds the mature spore. It is composed of fine

Impact Statement

Species of Bacillales can form a highly resistant cell type,
called a spore, under extreme environmental conditions.
The spore is surrounded by a proteinaceous coat that
mediates interactions with its environment. Spore-coat
synthesis, assembly, maturation and spore germination
is a complex multiprotein process in which more than 80
different proteins participate. This work provides unique
insight into spore-coat protein functions and occurrence
during early and later stages of coat synthesis, assembly
and spore germination of the most significant spore-
forming Bacillales. Similarly, at the Bacillus genus level, a
large proportion of coat genes are under positive diver-
sifying selection and/or balancing selection, suggesting
high genetic diversity that may confer unique adaptation
to ensure spore survival and efficient germination. These
results demonstrate the value of comparative genomics
to understand evolutionary changes among spore-coat
proteins, helping to identify the most conserved or
common among Bacillales, as well as the selective pres-
sures working on coat genes that allow Bacillus species-
particular interactions with the surrounding environ-
ment.

hair-like projections that may be involved in infections by
B. anthracis [19].

Spore-coat synthesis, assembly and maturation is a complex
process involving multiple proteins and requiring several
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Fig. 1. Model of spore-coat structure. Assembly of each layer depend on the multimerization of a morphogenetic coat protein and
its dependent individual coat proteins. Four layers with its morphogenetic and morphogenetic-dependent coat proteins are shown:
basement layer (red), inner layer (green), outer layer (yellow) and crust (purple).
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Fig. 2. Spore-coat protein interaction network in Bacillus subtilis. Morphogenetic and morphogenetic-dependent coat proteins interact
with each other to form the four layers (basement layer, inner layer, outer layer, crust) of the spore coat. Recruitment of the morphogenetic
coat proteins SafA and CotE depend on SpolVA, whereas recruitment of CotO and CotX/Y/Z depend on CotE, the interaction network is

highly hierarchical.

hours to complete [8]. Assembly of coat layers depends on
morphogenetic coat proteins, such as SpoIVA, SpoVM,
SpoVID, SafA, CotE, CotH, CotO, CotX, CotY, CotZ, as well
as coat proteins that are dependent on these morphogenetic
proteins [8, 16]. SpoIVA and SpoVM are required for spore-
cortex formation, coat assembly, anchoring of the coat to
the spore surface and spore encasement, whereas SpoVID is
necessary for spore encasement [8, 16, 20]. CotE is the most
critical protein for the assembly of the outer coat, and SafA is
responsible for the assembly of the inner coat [8, 16, 21-23].
Several studies demonstrated the existence of a network
of genetic interactions that consist of three independent
modules: SpoIlVA-dependent subnetwork, CotE-dependent
subnetwork and SafA-dependent subnetwork [8, 24, 25], as
shown in Fig. 2.

Despite the existence of more than 80 different spore-coat
proteins, studies have demonstrated that not all of them are
required for coat synthesis, assembly, maturation and spore
germination [8, 16, 26, 27]. Indeed, most coat gene muta-
tions are phenotypically silent or insignificant, except for the
morphogenetic coat proteins that control the assembly of
other coat proteins [8]. Similarly, external conditions, such
as sporulation temperature, can affect the abundance, stability
and proper function of morphogenetic and its dependent coat
proteins, thus changing the structure and properties of the

coat [28]. In this work, we wish to infer which coat proteins
play a key role in spore-coat synthesis, assembly, maturation
and environmental interactions that may promote spore
germination and/or spore survival in endospore-forming
species of Bacillales. We also seek to determine whether
some coat proteins are better conserved within a given taxon.
Likewise, we wanted to document any pattern of coat gene
conservation that might indicate niche-specific adaptation,
so we could discriminate among members of specific taxa
that share coat proteins adapted to specific niches. Addition-
ally, we focused on an evolutionary analysis of Bacillus, since
in this genus we found the most complete set of spore-coat
genes related to those found in our reference genome of
B. subtilis. First, we aimed to define monophyletic groups
inside the Bacillus genus. Using this information, we esti-
mated the selective pressures and evolutionary histories
acting upon the morphogenetic spore-coat proteins in each
monophyletic group.

METHODS

Sequence data and spore-coat-protein diversity
analyses

Based on a thorough literature review as of January 2019, we
identified 86 genes that encode spore-coat proteins or proteins
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related to sporulation or germination process in B. subtilis,
see Table 1. Each gene sequence was downloaded from the
SubtiWiki server (http://subtiwiki.uni-goettingen.de/) [29].
In parallel, 161 annotated genomes of the Bacillales order
were retrieved from NCBI’s FTP server (https://www.ncbi.
nlm.nih.gov/genome/microbes/). This dataset is composed
of 60 genomes of the genus Bacillus and 101 genomes of
non-Bacillus genera, representing the greatest diversity of
spore-forming genera of Bacillales known so far, see Table S1.

We employed three different strategies to determine the pres-
ence/absence of spore-coat proteins in the selected Bacillales
genomes:

(1) Local BLASTp was used to search for the 86 spore-coat
protein homologues in the collection of Bacillales (Bacil-
lus and non-Bacillus) genomes. For this, we created
genome databases for all the 161 genomes of Bacillales
and searched for all coat proteins in these databases.
We considered all hits with a Bit score 240 and E-value
<0.001 as positive since these values are significant in
searches of protein databases with fewer than 7000
entries [30], which occurs in Bacillales genomes that
have less than 7000 different proteins.

(2) Clustering analysis of spore-coat proteins was per-
formed using the software package Many-against-Many
sequence searching (MMseqs2) [31] to group proteins
from the 161 Bacillales genomes with well-known spore-
coat proteins (i.e. the 86 spore-coat proteins mentioned
above) with a minimum of identity and coverage of 50
and 99%, respectively.

(3) KEGG Orthology database [32] was used to search
for spore-coat gene orthologues across the Bacillales
genomes of Table SI.

B. subtilis subsp. subtilis 168 was used as a control, since it has
most of the spore-coat proteins described so far. Therefore,
it is a model organism used to study the structure and func-
tions of the coat. The asporogenous species Bacillus beveridgei
MLTe]B and Exiguobacterium antarcticum B7 [33, 34] were
used as negative controls. Genes with positive hits for the
three methods (BLASsTp, Clustering, KEGG Orthology) were
recorded as highly significant and deemed as confirming of
particular genes within the subject genomes. On the other
hand, genes with hits for one or two methods were accepted
as secondarily significant. A consensus heat map that summa-
rizes the results provided by the three methods was created
using the Seaborn data visualization library implemented in
Python.

Phylogenetic reconstruction and monophyly testing

We reconstructed the phylogeny of 60 genomes of Bacillus
using maximum-likelihood (ML) and Bayesian methods. The
core protein sequences of Bacillus genomes were extracted
using the pangenomics pipeline BPGA [35] to create an
aligned sequence of 15539 amino acids. The optimal substi-
tution model for core-protein sequences, as suggested by the
SMS online server [36], was LG+I'+I. Tree reconstruction
using ML was completed in PhyML v3.0 [37] using the subtree

pruning and regrafting algorithm for tree improvement and
approximate likelihood ratio test (aLRT) and Shimodaira-
Hasegawa to measure branch supports. Tree visualization was
achieved using FigTree (Rambaut A, http://tree.bio.ed.ac.uk/
software/figtree/).

Tree inference with the Bayesian method was performed
using the software package BEAST v1.10.4 [38]. Initially, we
performed model selection for demographic and molecular
clock parameters, calculating the marginal likelihood by
two approaches: ‘path sampling’ [39] and ‘stepping-stone
sampling’ [40]. The marginal likelihood estimation was
specified with a chain length of 150000, saving log parameters
every 1000 steps and using 100 number of path steps. These
two-model selection approaches allowed us to define that
the Bayesian skyline plot (BSP) and strict clock are the best
models for this population. Although most priors were left
default, we modified the settings of the following particular
priors: treeModel.rootHeight, tmrca and skyline.popSize to
lognormal with mu=1.0 and sigma=1.0. We ran the Markov
chains, starting from random trees for 15 million generations
and sampled every 2000th generation. MCMC convergence
was examined using Tracer v.1.7 [41] to ensure that the calcu-
lation had run long enough to attain stationarity.

We tested to see whether the internal phylogenetic clusters are
monophyletic in the Bacillus tree. For this, we enforced some
subpopulations of Bacillus (see Table S1 for strain details) to
be monophyletic. This constrains the tree topology so that the
Bacillus clustering is kept monophyletic during the course of
the MCMC analysis. We used this strategy to test the following
clusters: Cereus group (B. anthracis B. bombysepticus, B. cereus,
B. cytotoxicus, B. mobilis, B. mycoides, B. pseudomycoides, B.
thuringiensis, B. toyonensis, B. wiedmannii, B. weihenstephan-
ensis); Subtilis group (B. amyloliquefaciens, B. siamensis, B.
velezensis, B. atrophaeus, B. licheniformis, B. halotolerans, B.
paralicheniformis, B. sonorensis, B. subtilis, B. vallismortis, B.
gibsonii, B. intestinalis, B. glycinifermentans); Pumilus group
(B. altitudinis, B. pumilus, B. safensis, B. xiamenensis); Simplex
group (B. simplex, B. butanolivorans, B. asahii, B. muralis);
Methanolicus group (B. methanolicus, B. foraminis, B. jeot-
gali, B. circulans, B. infantis, B. kochii, B. oceanisediminis);
Coagulans group (B. freudenreichii, B. lentus, B. smithii,
B. thermoamylovorans, B. coagulans); Megaterium group
(B. megaterium, B. aryabhattai, B. flexus, B. endophyticus);
Halodurans group (B. cellulosilyticus, B. clausii, B. lehensis, B.
halodurans, B. krulwichiae, B. pseudofirmus, B. beveridgei). We
used the Subtilis group as a positive control since it is a well-
known internal group in the Bacillus genus and randomly
selected Bacillus species belonging to different groups as a
negative control (B. cellulosilyticus, B. circulans, B. clausii,
B. cytotoxicus, B. gibsonii, B. licheniformis, B. mycoides, B.
safensis, B. weihenstephanensis, B. wiedmannii) and included
them in the pipeline for monophyly testing. We compared the
tree topology of two competing models: constrained trees for
the above-described clusters versus the unconstrained tree.
All trees were inferred using the same settings except the
enforcement for monophyly. We examined the support for
the different topologies using Bayes factors [42]. For this, we
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Table 1. Eighty-six spore-coat genes and their location in the genome of the model organism B. subtilis 168

Spore Locus Tag Location Function Domain* References
coat
gene
cgeA BSU_19780 Crust Maturation of the outermost layer of the spore ND [8]
cgeB BSU_19790 Crust Maturation of the outermost layer of the spore DUF38801 [8]
Glycosyl transferases group 1
cgeC BSU_19770 ND Maturation of the outermost layer of the spore ND [8]
cgeD BSU_19760 ND Maturation of the outermost layer of the spore Glycosyl transferase family 2 [8]
cgeE BSU_19750 ND Maturation of the outermost layer of the spore Acetyltransferase [8]
(GNAT)
cotA BSU_06300 Outer layer Spore pigmentation Multicopper oxidase [8]
Spore resistance
cotB BSU_36050 Outer layer Spore resistance ND (8, 26]
cotC BSU_17700 Outer layer Spore resistance ND [8,26]
cotD BSU_22200 Inner layer Spore resistance Inner spore coat protein D [8,26]
cotE BSU_17030 Outer layer Assembly of the outer layer Outer spore coat protein E [8,26]
cotF BSU_40530 Inner layer Spore resistance Coat F [8,26,110]
cotG BSU_36070 Outer layer Spore resistance ND [8]
cotH BSU_36060 Outer layer Assembly of the outer layer CotH kinase protein [8,26]
cotl BSU_30920 ND Bacterial spore kinase Phosphotransferase enzyme [826]
Spore envelope
cot]JA BSU_06890 Basement layer ND Spore coat associated protein JA [826110]
cot]B BSU_06900 Basement layer ND Cot]B protein [8 26, 110]
cot]C BSU_06910 Basement layer Protection against oxidative estress Manganese containing catalase [8 26, 110]
cotM BSU_17970 Outer layer Spore resistance ND [826]
cotO BSU_11730 Outer layer Assembly of the outer and crust layers Spore coat protein CotO [8,26 89]
cotP BSU_05550 Inner layer Spore resistance Hsp20/alpha crystallin [8 26]
family
cotQ BSU_34520 Outer layer Spore protection ND (8]
cotR BSU_34530 ND Spore lipolytic enzyme Patatin-like phospholipase [8]
Hydrolysis of lysophospholipids
cotS BSU_30900 Outer layer Bacterial spore kinase ND [826]
Spore resistance
cotSA BSU_30910 ND Transfer of glycosyl groups Glycosyl transferases group 1, 4 [8 26]
cotT BSU_12090 Inner layer Spore resistance ND (8]
cotU BSU_17670 Outer layer Spore resistance ND [8 26]
cotV BSU_11780 Crust Spore resistance Spore Coat Protein [8]
Xand V
cotW BSU_11770 Crust Spore resistance ND [8]
cotX BSU_11760 Crust Assembly of the crust Spore Coat Protein (8]
Xand V
cotY BSU_11750 Crust Assembly of the crust Spore coat protein Z [8 26]
cotZ BSU_11740 Crust Assembly of the crust Spore coat protein Z [826]
Continued
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Table 1. Continued
Spore Locus Tag Location Function Domain* References
coat
gene
cwl] BSU_02600 Inner layer Spore cortex lytic enzyme Cell Wall Hydrolase [8]
gerPA BSU_10720 Inner layer Germination Spore germination protein gerPA/gerPF [8]
gerPB BSU_10710 Inner layer Germination Spore germination [8]
GerPB
gerPC BSU_10700 Inner layer Germination Spore germination protein GerPC (8]
gerPD BSU_10690 Inner layer Germination ND (8]
gerPE BSU_10680 Inner layer Germination Spore germination protein GerPE [8]
gerPF BSU_10670 Inner layer Germination Spore germination protein gerPA/gerPF [8]
gerQ BSU_37920 Inner layer Germination Spore coat protein [8]
Cwl] inhibitor GerQ
gerT BSU_19490 Outer layer Germination ND [8]
lipC BSU_04110 Basement layer Spore lipolytic enzyme GDSL-like [826]
Lipase/Acylhydrolase family
oxdD BSU_18670 Inner layer Protection against toxic compounds Cupin [8]
safA BSU_27840 Inner layer Assembly of the inner layer LysM [826]
spoIVA BSU_22800 ND Spore cortex formation, coat assembly and Stage IV sporulation protein A [826]
anchoring
spoVID BSU_28110 ND Spore encasement LysM [826]
spoVM BSU_15810 ND Spore cortex formation, coat assembly, Stage V sporulation protein family [826]
spore encasement
spsB BSU_37900 Outer layer Spore polysaccharide synthesis CDP-Glycerol:Poly [8]
(glycerophosphate) glycerophosphotransferase
spsI BSU_37810 Outer layer Spore polysaccharide synthesis Nucleotidyl transferase [8]
sscA BSU_09958 ND Spore assembly ND (8]
tasA BSU_24620 ND ND Camelysin metallo-endopeptidase [26]
tgl BSU_31270 Inner layer Introduction of cross-links in ND [826]
the coat for GerQ and SafA
yaaH BSU_00160 Inner layer N-Acetylglucosaminidase Glycosyl hydrolases family 18 [826]
Survival of ethanol stress
ydgA BSU_05560 ND ND Spore germination protein gerPA/gerPF [826]
ydgB BSU_05570 ND ND Spore germination protein gerPA/gerPF [826]
ydhD BSU_05710 ND Glycosylase Glycosyl hydrolases family 18 [826]
yhaX BSU_09830 Basement layer Spore protection Haloacid dehalogenase-like hydrolase [826]
yhbB BSU_08920 ND ND Putative amidase [8 26]
yheQ BSU_09180 ND ND Coat F [26]
yheC BSU_09780 ND ND YheC/D like ATP-grasp [8]
yheD BSU_09770 Basement layer Spore protection YheC/D like ATP-grasp [8]
yhjiQ BSU_10600 ND Prevention of copper toxicity DUF326+ [826]
yhjR BSU_10610 Inner layer Spore protection Rubrerythrin [826]
yisY BSU_10900 Inner layer Spore protection Alpha/beta hydrolase fold [8,26110]
Continued
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Table 1. Continued
Spore Locus Tag Location Function Domain* References
coat
gene
yjqC BSU_12490 Inner layer Protection against oxidative stress Manganese containing catalase [826]
yjzB BSU_11320 Basement layer Spore protection ND [8]
yknT BSU_14250 Outer layer Spore protection ND [826]
ykvP BSU_13780 ND ND Glycosyl transferases group 1 [8]
ykvQ BSU_13790 ND Glycosylase Glycosyl hydrolases family 18 [8]
ykzQ BSU_13789 Outer layer ND LysM (8]
ylbD BSU_14970 Outer layer Spore protection Putative coat protein [26]
ymaG BSU_17310 Inner layer Spore protection ND [826]
yncD BSU_17640 Outer layer Conversion of L-Ala to p-Ala Alanine racemase [826]
Spore protection
yppG BSU_22250 Basement layer Spore protection YppG-like protein [826]
yraD BSU_26990 ND ND Coat F [26 110]
yraF BSU_26960 ND ND Coat F [26 110]
yraG BSU_26950 ND ND ND [110]
ysnD BSU_28320 Inner layer Spore protection ND [8]
ysxE BSU_28100 Inner layer Bacterial spore kinase ND [826]
Spore protection
ytdA BSU_30850 Outer layer Spore polysaccharide synthesis Nucleotidyl transferase [8]
ytxO BSU_30890 Outer layer Spore protection ND [8]
yutH BSU_32270 Inner layer Bacterial spore kinase ND [826]
Spore protection
yuzC BSU_31730 Inner layer Spore protection ND [8]
ywr] BSU_36040 ND ND ND [8 26]
yxeE BSU_39580 Inner layer Spore protection ND [826]
yybl BSU_40630 Inner layer Spore protection ND [8]
yeeK BSU_06850 Inner layer Spore protection ND [826]

ND, no data available.
*Pfam database.
tDomain of unknown function.

performed a path sampling and stepping-stone run of 150000
generations (100 steps log-likelihood sampled every 1000)
from which we obtained a marginal likelihood estimate. The
Bayes factor was estimated following this formula BF=ML1/
ML2, where ML1 and ML2 are marginal likelihood values of
unconstrained and constrained for monophyly, respectively.

Selection pressure and statistical analyses

Based on the presence/absence results of spore-coat proteins
on Bacillales, we used local BLASTp to retrieve full-length
spore-coat gene sequences using Biopython modules [43]
from the 60 Bacillus species genomes. Thus, we created

gene datasets (Table S2) that contained all spore-coat genes
sequences for each Bacillus monophyletic group. Then, we
carefully aligned the spore-coat genes datasets using the
TranslatorX server (http://translatorx.co.uk/) [44] with
MAFFT aligner and default settings.

We then applied the allele frequency summary statistic
Tajimas D to detect selection pressures acting upon spore-
coat genes within the different Bacillus groups. For this, we
employed the DNASP v6.12 software [45] with nucleotide
substitutions considered as segregating sites. Since DNASP
requires a minimum of four aligned gene sequences to
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calculate Tajima’s D, spore-coat gene datasets with less than
four sequences were not taken into account. Tajimas D is used
to test any deviation from the standard neutral hypothesis by
comparing the number of polymorphic sites observed in a set
of sequences [46, 47]. Tajima’s D positive values may reflect
genes with an excess of common alleles that correspond to
balancing selection [48]. On the other side, negative values
may reflect genes with an excess of low-frequency variation,
that is selective sweep and/or positive selection [46].

We used the DataMonkey webserver (http://test.datamonkey.
org/), which implements the ‘Branch-Site Unrestricted Statis-
tical Test for Episodic Diversification’ (BUSTED) method
that is useful for detecting gene-wide positive selection by
calculating the ratio (w) of non-synonymous (dN) to synony-
mous (dS) on branches of the phylogeny at a gene level [49].
We also used the ‘mixed effects model of evolution’ (MEME)
method to test whether individual sites in a proportion of
branches have evolved under episodic positive selection [50].
We selected all branches of the phylogeny for the analyses.

We employed CODEML that is part of the PAML package
to calculate w (dN/dS) across spore-coat gene sequences
[51] [52]. To provide the phylogeny required by CODEML,
we used the PhyML programme [37] as stated above. The
aligned gene sequences and phylogenetic trees were then
used in CODEML. For this analysis, site and branch models
were used with default settings and ‘codons’ as the sequence
type. In the site model, we tested each gene sequence for the
following nested models ‘M1 nearly neutral’ (v <1; w=1)
[53, 54], ‘M2 positive selection’ (w <1; w=1; w >1) [53, 54]
and ‘M7 f3 distribution’ (w <1; w=1) [55], ‘M8 f3 distribution
+positive selection’ (w <1; w=1; w >1) [55], and we performed
a ‘likelihood ratio test’ (LRT) to select the model that best fits
the given data. Values of w <1,=1, and >1 represent purifying,
neutral, and positive selection, respectively [51] [52]. A P-
value <0.05 was considered to validate a result as significant.

Horizontal gene transfer (HGT) analyses

To search for HGT events in sporecoat genes, we employed
the software Notung v2.9 [56] that reconciles a gene tree with
a species tree to infer duplication-transfer-loss (DTL) event
models with a parsimony-based optimization criterion [57].
Notung analyses all event histories for temporal feasibility.
We selected the Prefix of the gene label’ option to reconcile
the trees.

To infer DTL event models, Notung requires rooted trees. For
this, we employed the software package BEAST v1.10.4 [38]
to reconstruct the phylogeny for each spore-coat gene. The
best-fit model of nucleotide substitution was inferred using
the webserver SMS (http://www.atgc-montpellier.fr/sms/)
[36] with a likelihood-based criterion (AIC) for spore-coat
genes. The phylogenetic reconstruction was set up to a strict
molecular clock and a Coalescent Bayesian Skyline tree prior.
Analyses were run for 10 million and 1000 as echo state. We
employed Tracer v1.7 [41] to assess the effective sample size
(ESS) values of the MCMC chains produced by BEAST, and to
confirm that the analysis reached a convergence. Furthermore,

TreeAnnotator v1.8.4 was employed to generate a maximum
clade credibility tree that summarizes the information of
sampled trees produced by BEAST. For the species tree, we
used the tree reconstructed using core amino acid sequences
as explained above.

Notung HGT results were visualized as a donor-recipient
network using Gephi v0.9.2 [58]. For this, we created ‘edge
tables’ that contained the recipient and donor information.
Then, each graph was set without edge direction (i.e. undi-
rected) and displayed using the Force Atlas 2 algorithm with
scaling=20000, stronger gravity, overlap prevention and node
size ranked by the number of node connections (i.e. number
of HGT events).

In order to reduce false positives, we scanned the genomes
of the possible candidates of HGT events for traces of
integrative, conjugative and mobile elements, based on
the results provided by Notung. For this, we downloaded a
region of the genome of approximately ten genes upstream
and downstream from the spore-coat gene subjected to
HGT from the NCBI’s FTP server. Then, we used the detec-
tion tool ‘WU-BLAST2 search’ of the web server ICEberg 2.0
[http://db-mml.sjtu.edu.cn/ICEberg/, which is a database
containing information about bacterial integrative and
conjugative elements (ICEs), as well as integrative and
mobilizable elements (IMEs), and cis-mobilizable elements
(CIMEs)] [59]. Furthermore, we employed the Genomic
Island Prediction Software v1.1.2 (GIPSy) [60] to detect
if spore-coat genes under HGT events were present on
genomic islands (GEIs). For this, we analysed each Bacillus
genome against the most representative genome within
each Bacillus group. Hits with an E-value less than 0.001
and a Bit score higher than 40 were considered as valid [30].

RESULTS
Spore-coat-protein diversity across Bacillales

In order to understand the diversity of spore-coat proteins
on Bacillales, we carried out three distinct methods (BLAST,
KEEG Orthology and Clustering) to identify the possible
existence of 86 B. subtilis 168 spore-coat-protein homologues
and related proteins within 161 genomes of Bacillales.

Figs. 3 and 4 show which spore-coat protein homologues are
present or absent across Bacillus and other spore-forming
non-Bacillus species, respectively. The spore-coat proteins
CotE, CotJA, Cot]B, CotJC, CotR, CotSA, Cwl], GerQ,
SpoIVA, SpoVID, SpoVM and YhbB, originally found
in B. subtilis are nearly ubiquitous among the Bacillales
genomes analysed in this work. Other spore-coat proteins
(GerPA, GerPB, GerPC, GerPD, GerPE and GerPF) are
present in Alkalibacillus haloalkaliphilus, Amphibacillus,
Geobacillus and Gracibacillus, Halalkalibacillus halophilus,
Halobacillus, Paenibacillus beijingensis, Ornithinibacillus
halophilus, some Paenibacillus, Paraliobacillus, Paucis-
alibacillus globulus, Piscibacillus halophilus, Pontibacillus,
Tenuibacillus multivorans, Thalassobacillus, Tuberibacillus,
some Virgibacillus and Vulcanibacillus modesticaldus (see
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Fig. 3. Consolidated heat map of 86 spore-coat-protein homologues over 60 genomes of Bacillus based on three methods: BLASTp,
Clustering and KEGG Orthology. Primarily significant results (dark red) have been confirmed by the three methods, whereas secondarily
significant results (orange and yellow) have been confirmed by either one or two methods. *Species and proteins are missing in the
KEGG database.

Fig. 4). Overall, non-Bacillus species contain the second- YtdA. Other spore-coat proteins seem to be taxa-specific,
arily significant spore-coat-protein homologues (see such as CgeB among the Paenibacillus genus or the Geoba-
Methods for classification of significance) CgeD, CotH, cillus genus that contain the spore-coat proteins CotD,

CotR, CotSA, LipC, Spsl, YaaH, YdhD, YhaX, YhcQ, YheC, CotFE TasA, YppG, YraD, YraF, YraG, YutH and YuzC (see
YheD, YisY, YjqC, YkvP, YkvQ, YkzQ, YIbD, YncD and Fig. 4).
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Fig. 4. Consolidated heat map of 86 spore-coat-protein homologsue over 101 genomes of non-Bacillus based on three methods: BLASTPp,
Clustering and KEGG Orthology. Primarily significant results (dark red) have been confirmed by the three methods, whereas secondarily
significant results (orange and yellow) have been confirmed by either one or two methods.

The spore-coat proteins CgeA, CgeB, CgeC, CotC, CotG,
CotM, CotQ, CotT, CotU, CotV, CotW, CotX, GerT, YdgA,
YdgB, YeeK, YjzB, YknT, YmaG, YsnD, YtxO, Ywr] and
YxeE are poorly represented in the genomes of Bacillales
other than B. subtilis and B. gibsonii (see Figs. 3 and 4). For
instance, it has been previously reported that CotG is not
highly conserved across the Bacillus genus, although its role
may be carried out by a non-homologous CotG-like protein
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that has similar structural regions to CotG [61]. Therefore,
we do not rule out the possibility that non-homologous
coat-like proteins with similar structural and chemical
features may perform the role of poorly conserved coat
proteins. As expected, Halolactibacillus and Jeotgalicoccus
genomes contain few spore-coat-protein homologues,
since they are non-spore-forming species [62, 63]. Bacillus
beveridgei and Exiguobacterium antarcticum also do not
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have spore-coat-protein homologues, as outlined by our
criteria.

Since most of the Bacillus species harbour many coat proteins,
we focused on the study of the evolutionary dynamics of these
proteins in the Bacillus genus. To achieve this goal, we first
carried out a phylogenetic analysis to test the monophyly and
delimitate internal groups in Bacillus. This analysis allowed
us to distinguish between internal monophyletic groups that
were already described and new ones (see below for further
details). Subsequently, we performed an analysis of presence/
absence of spore-coat proteins homologous proteins at the
level of each phylogenetic group within the Bacillus genus.
Results show that the Subtilis group possesses the most
conserved spore-coat proteins (morphogenetic coat proteins,
basement layer, inner layer, outer layer, crust) compared
to other Bacillus groups and non-Bacillus spore-forming
species. CotC, CotU (outer layer) and CotT (inner layer) are
only present in B. subtilis and B. gibsonii. Other spore-coat
proteins, such as Cotl, CotR, CotSA, YdhD, YhbB, YheC,
YkvP, YkvQ and TasA, whose localization has not yet been
determined, are widely distributed among members of the
Subtilis group (see Fig. 3).

Our results reveal that morphogenetic spore-coat proteins
(CotE, CotH, CotO, CotY, CotZ, SafA, SpoIVA, SpoVID and
SpoVM) in the Cereus group are highly conserved. An excep-
tion is CotX, which is involved in the assembly of the crust [8].
Since coat assembly is a highly hierarchical process [8], other
morphogenetic proteins present with the same role, such as
CotY and CotZ, may take over the task to compensate for
the absence of CotX. Nevertheless, the proteins CgeA, CotV,
CotW that are part of the crust in B. subtilis are absent. Other
spore-coat proteins (CotF, CotP, CotU, YmaG, YsnD, YuzC,
YyblI and YeeK) that are part of the inner layer are absent
as well. Moreover, several spore-coat proteins present in the
outer layer are absent despite the presence of the morphoge-
netic coat proteins, SpoIVA and CotE (see Fig. 3).

In the Simplex group, several spore-coat-protein homologues
of the crust, inner layer and outer layer are absent. This is
not surprising given the absence of the morphogenetic coat
proteins CotO, CotY, CotZ that control those processes [8].
Despite the absence of some spore-coat proteins of the outer
and inner layer, in the Pumilus group, the great majority of
spore-coat proteins and all the morphogenetic coat proteins
are present, including those of the crust. Thus, a proper
assembly of the spore coat is highly conserved in this group,
which is beneficial for the high spore resistance previously
reported [64]. In the Methanolicus group, the morphoge-
netic coat proteins CotO, CotH, CotX, and other spore-coat
proteins of the crust, inner and outer layer are absent (see
Fig. 3).

Homologues of B. subtilis morphogenetic coat proteins
CotH, CotX, CotO and CotZ that are responsible for the
assembly of the outer layer and the crust are absent in the
Coagulans group. Similarly, the Megaterium group does not
have detectable protein homologues for CotX, CotY and
CotZ. As expected, several spore-coat proteins of the outer
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layer dependent on CotH and CotO and proteins dependent
on CotX, CotY and CotZ are also absent. Thus, the crust
may be absent in both groups or possibly it is composed of
different proteins, as the case of Bacillus megaterium that
possesses an exosporium as the outermost layer of the coat
[17]. However, the strain B. megaterium QM B1551 has an
exosporium composed of plasmid-borne orthologues of B.
subtilis cotW and cotX genes [65]. Further studies are needed
to clarify these possibilities. The Halodurans group contains
a lower number of coat-protein homologues compared to
other Bacillus monophyletic groups described here. Except
for CotE, this group does not harbour the morphogenetic
coat proteins responsible for the assembly of the outer coat
and the crust. Hence, as expected, several spore-coat-protein
homologues dependent on those morphogenetic proteins are
also absent (see Fig. 3).

Monophyletic analyses

We carried out a phylogenetic analysis to test the monophyly
and delimitate internal groups in Bacillus. For this purpose,
we used a phylogenomics approach that included 60 different
Bacillus species. The reconstructed tree allowed us to distin-
guish eight internal groups, many of which were already
known (i.e. Subtilis group, Cereus group), but others were
not described, so we named them according to the dominant
species in each group (Coagulans group, Megaterium group
and Methanolicus group, Fig. 5). For hypothesis testing, we
enforced the internal group under analysis to be monophy-
letic in the tree and compared it to the non-forced best tree.
Results of monophyletic testing shown that the eight internal
groups resolved as monophyletic with high support within the
Bacillus genus (Table S3).

The Subtilis group comprises a well-known species complex
commonly found in soil and aquatic sediments with wide-
spread distribution in nature. Members of this group, such as
B. subtilis, compose the gut microflora of humans and other
animals [66, 67]. This group shows valuable traits useful for
biotechnological, industrial and agricultural applications
[68, 69]. The Cereus group comprises human and plant path-
ogen species that can thrive in various environments ranging
from low nutrient soil to intestinal flora of various animals
[5-7, 70]. The Pumilus group was previously considered in
the Subtilis group. However, the monophyly analysis shows
enough robust support to consider it as a separate group from
Subtilis. The Pumilus group contains species highly resistant
to UV-light and H,0, due to the presence of the spore-coat
proteins CotA and YjqC [64]. Members of the Coagulans
group have been isolated from a wide variety of environ-
ments, such as the human gut and marine sediments [3, 71].
Members of the Megaterium group have been extensively
used in industrial processes because their high capacity for
the production of exoenzymes and ease of cloning genes for
the production of recombinant proteins. Some members also
are useful in bioremediation and agriculture as plant-growth
promotion agents [72, 73]. Bacteria commonly found in soil
and in extreme environments compose the Halodurans group.
They have industrial applications, as they produce enzymes
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Fig. 5. Phylogenetic tree reconstruction based on 60 genomes of Bacillus species to evidence internal monophyletic groups.

with useful activities [74]. It has been proposed that they
could be used as probiotics to improve the intestinal micro-
bial balance [75]. The Methanolicus group is characterized
by bacteria isolated from fresh or groundwater, which have
industrial potential [76, 77]. However, some members were
associated with urinary tract infections [78]. The Simplex
group harbours environmental bacteria usually found in
soil; some isolates have also been found in the intestinal tract
of humans [79]. Some members of this group are useful for
industrial applications focused on the remediation of organic
compounds, such as fatty acids and other compounds [80, 81].

Selection pressure forces

In order to understand selection pressures acting on spore-
coat genes, we employed the classical approaches of Tajima’s
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D test and the dN/dS ratio (known also as omega, w) as well
as two new methods (BUSTED, MEME) that use modern
algorithms for detecting episodic positive selection in all
or a subset of branches on a phylogeny. For this, we created
spore-coat-gene datasets for each Bacillus group, based on the
results of the consensus heat map.

All significant results (P-value <0.05) of spore-coat genes
displaying evidence of positive selection on different Bacillus
groups are reported in Table 2. We successfully extracted and
aligned 47 spore-coat genes for the Cereus group, 25 (53.2%)
of which were found to be evolving under positive selection
either by having positively selected sites (MEME), being
positively selected along its entire gene sequence (BUSTED)
or because of possible balancing selection (Tajimas D). Coat
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Table 2. Five summary statistics (Tajima's D, BUSTED, MEME, dN/dS (branch and site models) showing positive selection across different Bacillus
groups

Cereus group
Coat gene Summary statistics

Tajima’s D BUSTED* MEME+ dN/dS (branch dN/dS (site models)
model)

cgeD 0.77594 0.5 11 0.21094 M1:Nearly neutral
0.2315
M8:p distribution+positive selection
0.2358

cotA -0.18419 0.5 5t 0.23041 M2:Positive selection
0.2599
M8: distribution+positive selection
0.2496

cotB -0.18491 0.5 1t 0.24867 MI1:Nearly neutral
0.3770

M7:f distribution
0.2904

cotD 0.89921 0.018+ 2t 0.10672 M1:Nearly neutral
0.1481

M?7:B distribution
0.1419

cot/B 2.49259% 0.145 0 NAS NAS

cotJC 1.12785 0.47 It 0.02253 M1:Nearly neutral
0.0301

M7:B distribution
0.0234

cotS —-0.12103 0.5 1t 0.10342 MI1:Nearly neutral
0.1290

M?7:p distribution
0.1121

cotSA 0.25413 0.5 3t 0.15863 M1:Nearly neutral
0.1975
MS8: distribution+positive selection
0.1988

cotZ 0.04527 0.101 It 0.20776 M1:Nearly neutral
0.2808
M8:p distribution+positive selection
0.2700

gerPC 0.2173 0.028* 1t 0.10771 M1:Nearly neutral
0.1678

M7: distribution
0.1212

gerPE 0.39382 0.414 1t 0.14856 M1:Nearly neutral
0.1796

M?7: distribution
0.1621

gerQ 0.62352 0.049* It 0.05734 M1:Nearly neutral
0.1083

M?7: distribution
0.0670

safA 0.24669 0* 9t 0.12459 M1:Nearly neutral
0.1614
MS8: distribution+positive selection
0.1470

Continued
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Table 2. Continued

spoVID

tasA

tgl

yaaH

ydhD

yhbB

yheC

yheD

yncD

yppG

ytdA

yutH

Coagulans
group

Coat gene

cgeD

-0.08138

0.74152

0.28166

0.42629

0.42629

0.07332

0.45696

0.45696

—-0.29741

0.08813

0.48066

-0.12103

Tajima’s D

2.40675%

0.5

0.062

0.358

0.5

0.495

0.5

0.454

0.454

0.447

0.002F

0.106

0.5

BUSTED*

0.5

2F

11

3t

3t

3t

MEME+

1t

0.15641

0.18312

0.087

NAS

0.03899

NAS

0.15124

0.15124

0.10343

0.13435

0.07142

0.10342

Summary statistics

dN/dS (branch
model)

0.3661

MI1:Nearly neutral
0.2082

M?7:$ distribution
0.1764

MI1:Nearly neutral
0.3561

M?7:p distribution
0.2056

M1:Nearly neutral
0.1146

M?7: B distribution
0.0939

NAS

M1:Nearly neutral
0.0584

M?7:$ distribution
0.0428

NAS

MI1:Nearly neutral
0.2175

M?7: distribution
0.1732

M1:Nearly neutral
0.2175

M?7: distribution
0.1732

M1:Nearly neutral
0.1422

M?7: distribution
0.1105

MI1:Nearly neutral
0.2096

MS8: distribution+positive selection

0.2261

M1:Nearly neutral
0.0897

M?7: distribution
0.0844

M1:Nearly neutral
0.1290

M?7:p distribution
0.1121

dN/dS (site models)

MI1:Nearly neutral
0.5498

M7: distribution
0.4664
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Table 2.

Continued

cotD

cot]C

cotY

gerPA

gerPB

gerPD

gerPE

gerQ

spolVA

spsl

yaaH

ydhD

yhbB

¥jqC

2.12158%

1.63432

2.37%

2.42801%

2.71776%

2.06706%

2.43753%

2.03383%

1.86222%

2.131%

2.04839%

2.36117%

2.16596%

1.63432

0.5

0.5

0.177

0.5

0.5

0.5

0.5

0.5

0.282

0.5

ot

0.5

0.5

0.315

11

11

0.16022

0.03028

0.10084

0.02311

0.14422

0.10075

0.16536

0.09011

0.03558

0.05597

0.08248

0.00316

0.10258

0.03028

MI1:Nearly neutral
0.2505

M?7:$ distribution
0.2142

MI1:Nearly neutral
0.0204

M?7:p distribution
0.0348

Ma1:Nearly neutral
0.2236

M?7:$ distribution
0.1225

MI1:Nearly neutral
0.1871

M?7:$ distribution
0.0415

MI1:Nearly neutral
0.4187

M?7:$ distribution
0.1980

MI1:Nearly neutral
0.1634

M?7:$ distribution
0.1105

MI1:Nearly neutral
0.2685

M?7:$ distribution
0.1991

MI:Nearly neutral
0.3678

M?7:$ distribution
0.1817

MI1:Nearly neutral
0.0755

M7:f distribution
0.0471

MI1:Nearly neutral
0.1365

M7:$ distribution
0.0653

MI:Nearly neutral
0.1914

M?7:$ distribution
0.1098

MI1:Nearly neutral
0.1918

M7:f distribution
0.0680

MI1:Nearly neutral
0.3634

M?7:$ distribution
0.1723

MI1:Nearly neutral
0.0482

M?7:$ distribution
0.0348
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Table 2. Continued

yppG

ytdA

yuzC

Halodurans
group

Coat gene

cotE

cwl]

gerQ

spolVA

tgl

yhaX

¥iqC

yraG

ytdA

Megaterium
group

2.90119%

2.2359%

2.79561%

Tajima’s D

2.33501%

2.22293%

1.97623

2.10434%

2.64696%

2.47692%

1.46076

2.12556

2.29913%

0.5 1t 0.00759 MI1:Nearly neutral
0.5161

M?7:$ distribution
0.2385

0* 0 0.04891 MI:Nearly neutral
0.1840

M7:f distribution
0.0573

0.5 0 0.20748 Ma1:Nearly neutral
0.4965

M?7:$ distribution
0.3580

Summary statistics

BUSTED* MEME+ dN/dS (branch dN/dS (site models)
model)

0* 0 0.04718 MI1:Nearly neutral
0.2401

M?7:$ distribution
0.0699

0.5 1t 0.0022 M1:Nearly neutral
0.0645

M7:p distribution
0.0033

0.5 11 0.10825 MI1:Nearly neutral
0.2912
MS8: distribution+positive selection
0.3657

0.5 0 NAS NAS

0.467 0 0.14067 MI1:Nearly neutral
0.4113

M?7:$ distribution
0.2242

0.382 1t 0.11997 MI1:Nearly neutral
0.2107

M7:f distribution
0.1415

0.5 1t 0.09556 M1:Nearly neutral
0.2018
M8: distribution+positive selection
0.1790

0.5 1t 0.25053 M1:Nearly neutral
0.3815

M?7:$ distribution
0.3218

0.5 0 0.04657 MI1:Nearly neutral
0.1857

M?7:$ distribution
0.0672
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Table 2. Continued

Coat gene

gerT

spoVID

tgl

yaaH

yncD

ysxE

yuzC

Methanolicus
group

Coat gene

cotE

cotF

cotJA

cot/B

Tajima’s D

1.19483

1.06769

1.45908

0.96821

1.23026

0.75614

1.73735

Tajima’s D

1.62664

2.45173%

2.05089%

2.10987%

Summary statistics

BUSTED* MEME+ dN/dS (branch dN/dS (site models)
model)

0.023* 0 0.18757 Ma1:Nearly neutral
0.3623

M?7:$ distribution
0.2610

0.5 1t 0.21812 M1:Nearly neutral
0.3907
M8:p distribution+positive selection
0.3623

0.006* 0 0.04185 MI:Nearly neutral
0.4516

M?7:$ distribution
0.0569

0.5 1t 0.00371 M1:Nearly neutral
0.0448

M?7:$ distribution
0.0062

0.046* 2t 0.18115 M1:Nearly neutral
0.3629

M?7: distribution
0.2489

0.5 1t 0.08323 MI1:Nearly neutral
0.1546

M7: distribution
0.0946

0.052 1t 0.06424 M1:Nearly neutral
0.8243

M?7:$ distribution
0.0789

Summary statistics

BUSTED* MEME+ dN/dS (branch dN/dS (ite models)
model)

0.047* 0 0.10272 M1:Nearly neutral
0.1996

M?7:B distribution
0.1170

0.496 0 0.08622 M1:Nearly neutral
0.0984

M?7:p distribution
0.0982

0 0 0.1059 M1:Nearly neutral
0.2046

M?7:$ distribution
0.1504

0.5 0 0.01056 M1:Nearly neutral
0.1407

M?7:B distribution
0.0147

Continued
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cotJC 2.09006% 0.496 1t 0.02096 M1:Nearly neutral
0.0269

M?7:$ distribution
0.0233

cotSA 2.6247% 0.5 0 0.05597 MI:Nearly neutral
0.1369

M7:f distribution
0.0651

gerPA 2.20951% 0.5 0 0.0751 MI1:Nearly neutral
0.1302

M?7:$ distribution
0.0870

gerPB 2.58274% 0.168 0 0.00305 M1:Nearly neutral
0.3324

M?7:$ distribution
0.0064

gerPD 2.52437% 0.5 0 0.03528 M1:Nearly neutral
0.0866

M7:f distribution
0.0427

gerPE 2.34308% 0.5 0 0.12838 MI1:Nearly neutral
0.2792

M?7:$ distribution
0.1646

gerPF 2.16055% 0.001% 0 0.06189 M1:Nearly neutral
0.1556

M?7:$ distribution
0.0677

spolVA 2.37156% 0.5 0 0.02067 MI1:Nearly neutral
0.0334

M?7:$ distribution
0.1654

yaaH 2.11824% 0.078 2t 0.05627 MI1:Nearly neutral
0.1392

M7:f distribution
0.0705

ydhD 2.32379% 0.279 2t 0.05453 M1:Nearly neutral
0.1255
M8:p distribution+positive selection
0.0832

yhaX 2.10645% 0.5 1t 0.0897 MI1:Nearly neutral
0.1595
M8: distribution+positive selection
11.1381

yheQ 1.92212% 0.5 0 0.08651 MI1:Nearly neutral
0.2220

M7:f distribution
0.1056

yhjiR 2.19329% 0.5 0 0.13211 MI1:Nearly neutral
0.3260

M?7:$ distribution
0.1913

ylbD 2.39017% 0.062 0 0.1214 M1:Nearly neutral
0.3662

M?7:$ distribution
0.1761

Continued
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yncD

yraF

yraG

ytdA

yutH

yuzC

Pumilus group

Coat gene

cgeB

cotH

cotM

cotS

cwl]

gerPD
lipC

spoVID

2.29644%

2.20974

2.43863%

2.70168%

2.28896%

2.82223%

Tajima’s D

0.82607

0.77125

0.85448

0.82748

0.83023

-0.13219

0.8556

1.21538

0.5 1t 0.09177 MI1:Nearly neutral
0.2860

M?7:$ distribution
0.1239

0.039+ 0 0.0359 MI1:Nearly neutral
0.0781

M?7:p distribution
0.0451

0.5 0 0.06799 Ma1:Nearly neutral
0.1791

M?7:$ distribution
0.0896

0.5 0 0.01055 MI1:Nearly neutral
0.2670

M?7:$ distribution
0.1097

0.5 3t 0.11558 MI1:Nearly neutral
0.3214

M?7:$ distribution
0.1588

0.5 0 0.09933 MI1:Nearly neutral
0.3239

M?7:$ distribution
0.1406

Summary statistics

BUSTED* MEME+ dN/dS (branch dN/dS (Site models)
model)

0.044* 0 0.21246 MI1:Nearly neutral
0.2692

M?7:p distribution
0.2446

0.5 1t 0.09965 M1:Nearly neutral
0.1270

M?7:$ distribution
0.1097

0.187 1t NAS NAS

0.5 1t 0.06266 M1:Nearly neutral
0.0795

M?7:$ distribution
0.0695

0.06 1t 0.04195 M1:Nearly neutral
0.0587

M?7:B distribution
0.0542

0.03* 0 NAS NAS
0.04 1t NAS NAS

0.481 2F 0.19841 MI1:Nearly neutral
0.2420

M7: distribution
0.2382

Continued
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yheC 0.70157
yisY 0.60511
»iqgC 2.41476%
yutH 0.82748
Simplex group
Coat gene

Tajima’s D
cotD 0.82064
cotH 1.02307
cotX 0.85129
gerPE 1.38199
gerT 0.82125
spoVID 1.21956
ydhD 0.58553
yheD 1.13466
yisY 2.14444

0.5

0.5

0.5

0.5

BUSTED*

0.001*

0.5

0.5

0.442

0.5

0.288

0.5

0.187

0.5

MEME+

3t

0.27466

0.18592

NAS

0.06266

Summary statistics

dN/dS (branch
model)

0.14089

0.10615

0.10962

0.25448

0.15016

0.21728

0.05483

0.06729

0.07518

MI1:Nearly neutral
0.3078

M?7:p distribution
0.2939

MI1:Nearly neutral
0.2201

M?7:p distribution
0.2045

NAS

M1:Nearly neutral
0.0795

M?7:p distribution
0.0695

dN/dS (site models)

MI1:Nearly neutral
0.2331

M?7:$ distribution
11.2858

M1:Nearly neutral
0.1827

M?7: distribution
0.1246

MI1:Nearly neutral
0.1725

M?7:$ distribution
0.1319

M1:Nearly neutral
0.4100

M?7:B distribution
0.3257

M1:Nearly neutral
0.2152

M?7:p distribution
0.1772

MI1:Nearly neutral
0.3437

M?7: distribution
0.2686

M1:Nearly neutral
0.0752

M?7: distribution
0.0595

M1:Nearly neutral
0.0824

M?7:p distribution
0.0724

MI1:Nearly neutral
0.0921

M?7: distribution
0.0775
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Table 2. Continued

yppG

Subtilis group

Coat gene

cgeA

cgeB

cgeD

cgeE

cotA

cotB

cotD
cotE

cotF

cotG

cotH

cotJA

cot/B

0.6223

Tajima’s D

1.83274

1.99094%

1.79061

2.63941%

2.31807%

1.76891

0.93573
2.09262%

2.19577%

0.79192

2.56746%

2.1477%

2.49259%

0.5 It 0.12362 M1:Nearly neutral
0.2617

M?7:$ distribution
0.1506

Summary statistics

BUSTED* MEME+ dN/dS (branch dN/dS (site models)
model)

0.5 1t 0.20934 M1:Nearly neutral
0.3500

M?7:$ distribution
0.2598

0.277 2t 0.19573 M1:Nearly neutral
0.2863

M?7:B distribution
0.2252

0.5 1t 0.19155 M1:Nearly neutral
0.2917

M?7:p distribution
0.2294

0.5 5t 0.18444 M1:Nearly neutral
0.3187

M?7:$ distribution
0.2035

0.367 2t 0.10535 M1:Nearly neutral
0.1527

M?7:B distribution
0.1138

0* 41 0.22824 MI1:Nearly neutral
0.3445

M?7:p distribution
0.2801

0.5 1t NAS NAS
0.48 1t NAS NAS

0.133 2t 0.08357 M1:Nearly neutral
0.1216

M7: distribution
0.0923

0.478 2t 0.19177 M1:Nearly neutral
0.2831

M?7: distribution
0.2336

0.5 2F 0.10377 MI1:Nearly neutral
0.1657

M7: distribution
0.1152

0.259 It 0.10669 M1:Nearly neutral
0.1841

M?7:$ distribution
0.1277

0.339 0 0.10261 M1:Nearly neutral
0.1765

M?7: distribution
0.1148

Continued
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cotM

cotO

cotP

cotV

cotW

cotX

cotY

cotZ

cwl]

gerPB

gerPC

gerPD

gerPE

gerPF

gerQ

gerT

2.35214%

2.26548%

1.96543%

1.89032

1.96128

1.7908

2.0907%

2.08360%

1.79177

2.52228%

2.02921%

1.95737

2.59394%
1.30604

2.02092%

2.55712%

0.403

0.5

0.5

0.291

0.486

0.37

0.5

0.376

0.5

0.5

0.5

0.109

0.5

0.012*

0.372

0.5

3f

1t

2

2

0.18183

0.22212

NAS

0.23489

0.20479

0.10867

0.06725

0.11551

0.07168

0.14965

0.11727

0.13235

NAS
NAS

0.10469

0.13045

MI1:Nearly neutral
0.3447

M?7:$ distribution
0.2176

MI:Nearly neutral
0.4142
MS8: distribution+positive selection
0.4033

NAS

M1:Nearly neutral
0.2755

M?7:p distribution
0.2484

MI1:Nearly neutral
0.3099

M?7:$ distribution
0.2219

M1:Nearly neutral
0.1518

M?7:B distribution
0.1157

M1:Nearly neutral
0.1107

M?7:p distribution
0.0735

M1:Nearly neutral
0.1953

M?7:$ distribution
0.1282

M1:Nearly neutral
0.1272

M?7:$ distribution
0.0778

MI1:Nearly neutral
0.3683

M?7:p distribution
0.2129

M1:Nearly neutral
0.1948

M?7:$ distribution
0.1287

M1:Nearly neutral
0.2282

M?7: distribution
0.1540

NAS
NAS

MI1:Nearly neutral
0.1790

MS8: distribution+positive selection

0.1383

M1:Nearly neutral
0.2122

M?7:$ distribution
0.1576
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Continued

lipC

oxdD

safA

spolVA

spoVID

spsB

spsl

tasA

tgl

yaaH

ydgB
ydhD

yhaX

yhbB

yheQ

yheC

2.75952%

2.83684%

2.31936%

2.12249%

2.66623%

1.71279

1.63797

2.27556%

2.36389%

2.33413%

1.80839

2.32146%

2.14372%

2.26467%

2.39963%

2.54815%

0.5 11 NAS NAS

0.478 41 0.06435 MI1:Nearly neutral
0.1317

M?7:$ distribution
0.0733

0.005F 2t 0.16678 MI1:Nearly neutral
0.2750

M?7:$ distribution
0.1930

0.5 0 0.01660 M1:Nearly neutral
0.0299

M7:f distribution
0.0192

0.315 9f 0.29849 MI1:Nearly neutral
0.5939
MS8: B distribution+positive selection
0.5141

0.5 2t 0.15996 M1:Nearly neutral
0.2592

M?7:B distribution
0.1872

0.304 1t 0.07904 M1:Nearly neutral
0.1207

M?7:p distribution
0.0886

0.281 2f 0.08090 M1:Nearly neutral
0.1036

M?7:B distribution
0.0865

0.5 4t NAS NAS

0.024* 5t 0.08289 M1:Nearly neutral
0.1270

M?7:B distribution
0.0896

0.011* 0 NAS NAS

0.5 51 0.09731 Mil:neutral
0.1422
M7:p distribution
0.1082

0.421 1t 0.06610 MI: Nearly neutral
0.0933
M8: B distribution+positive selection
0.0800

0.5 0 0.12273 M1:Nearly neutral
0.2253

M?7:$ distribution
0.1403

0.013* 3t 0.07439 MI1:Nearly neutral
0.0897

M7:p distribution
0.0775

0.5 2t 0.10043 MI1:Nearly neutral
0.1435

M7:p distribution
0.1088

Continued
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yheD

yhiQ
YhiR

yisY

¥jq9C
yjzB

yknT

ylbD

yncD

yppG

yraD

yraG

ysxE

ytdA

yutH

yuzC

ywr]

yybl

2.57861%

1.74733
2.72348%

1.97894%

2.68998%
2.59674%

2.47907%

2.10676%

1.46348

2.31307%

2.42924%

1.47157

2.27601%

2.28755%

2.36638%

2.63657%

1.89712

0.53608

0.492

0.199

0.453

0.196

0.478

0.5

0.494

0.5

0.5

0.499

0.498

0.5

0*

0.391

0.359

0.5

0.338

4t

11
2F

2

11
11

5t

11

3t

0.13014

NAS
NAS

0.11089

NAS
NAS

0.20519

NAS

0.13442

0.23211

NAS

0.09399

0.14151

0.03920

0.11151

0.22296

0.14905

0.20922

MI1:Nearly neutral
0.2168

M?7:B distribution
0.1471

NAS
NAS

MI1:Nearly neutral
0.1518

M7:p distribution
0.1182

NAS
NAS

M1:Nearly neutral
0.3589

M?7:B distribution
0.2389

NAS

MI1:Nearly neutral
0.1868

M?7:p distribution
0.1452

M1:Nearly neutral
0.4261

M?7:p distribution
0.3108

NAS

M1:Nearly neutral
0.1273

M?7:$ distribution
0.1089

MI1:Nearly neutral
0.2254

M7:p distribution
0.1583

M1:Nearly neutral
0.0683

M8:p distribution+positive selection

0.0532

M1:Nearly neutral
0.1723

MS8:p distribution+positive selection

0.1548

MI1:Nearly neutral
0.3048

M7:p distribution
0.2438

M1:Nearly neutral
0.2068

M7:p distribution
0.1696

M1:Nearly neutral
0.2922

M7: distribution
0.2464
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*P value provided by BUSTED. A P value <0.05 indicates evidence of positive selection of the gene

tNumber of significant sites under positive selection by MEME.
fSignificant at a P value <0.05.

8§dN/dS values could not be computed in CodeML due to small branch size.

genes of the basement layer (cotJB, cotJC, spoVID, yheD, yppG)
account for 20% of positively selected genes. Similarly, the
coat genes of the inner layer (cotD, gerPC, gerPE, gerQ, safA,
tgl, yaaH and yutH) represent 32%, whereas the outer layer
genes (cotA, cotB, cotS, yncD, ytdA) represent 20%. Other
coat genes (cgeD, tasA, cotSA, ydhD, yhbB and yheC) whose
protein products have unknown localization, make up 24%
of positively selected genes. Moreover, the morphogenetic
coat genes cotZ, spoVID and safA seem to be under positive
selection.

In the Coagulans group, the coat genes gerPC, gerPE, gerl,
lipC, spoVID, yhaX, yhcQ, yheC, yheD, ylbD, yncD, ysxE, and
yutH were highly divergent, except at conserved domains, and
could not be properly aligned. Therefore, we discarded those
genes and analysed the remaining 23 well-aligned spore coat
genes, 18 (78.3%) of which were found to be under positive
selection. Coat genes of the basement layer (cot/C, spoIVA,
yppG) account for 16.6% of positively selected genes. Like-
wise, cotD, gerPA, gerPB, gerPD, gerPE, gerQ, yaaH, yjqC,
and yuzC (inner layer), spsl, ytdA (outer layer), cgeD, ydhD,
and yhbB, (localization class unknown) make up 50 11.1 and
16.6%, respectively, of coat genes under positive selection.
Interestingly, cotY, the only coat gene of the crust present in
this group, is under positive balancing selection (or popula-
tion contraction), according to Tajima’s D. The great majority
of extracted coat genes (cotA, cotE cotJC, cotSA, cotX, lipC,
safA, spoVID, spsl, yaaH, ydhD, yhbB, yhcQ, ylbD, yncD,
yraD, yraE, ysxE, and yutH) in the Halodurans group were
highly divergent outside conserved domains and could not be
properly aligned. Therefore, only 10 spore coat genes (Table
S2) were analysed, 9 (90%, see Table 2) of which are under
positive selection and the rest of genes are under neutral or
negative selection (Table S4). The morphogenetic coat gene
spoIVA and yhaX are the only coat genes of the basement
layer evolving under positive selection. Our results show that
other coat genes, such as cwl], gerQ, tgl, and yjqC (inner layer),
cotE, ytdA (outer layer), and yraG seem to be under positive
selection detected either by Tajima’s D, MEME, or BUSTED.

In the Megaterium group, we extracted and aligned 35 coat
genes, 7 (20%) of which show traces of positive selection. Coat
genes of the inner layer (tgl, yaaH, ysxE, and yuzC) account
for the majority of positively selected genes, whereas only two
genes (gerT and yncD) of the outer layer are under positive
selection. Additionally, spoVID is the only the morphogenetic
coat gene evolving under positive selection in this group.

Methanolicus group coat genes with sequences that were
highly diverged from reference genes (cotD, cotM, tasA, cotB,
cotS, cotY, cotZ, gerPC, gerT, lipC, spoVID, spsl, tgl, yhbB, yheC,
yheD, yjqC, yppG, ysxE, and yybl), were not further analysed.

25

However, we successfully aligned 29 spore coat genes in
this group, 24 (82.8%) of which show evidence of positive
selection according to Tajima’s D, MEME, or BUSTED. The
majority of positively selected genes belong to the inner layer
of the coat (cotE gerPA, gerPB, gerPD, gerPE, gerPE, yaaH,
yhjR, yutH, and yuzC), accounting for 41.6% of positively
selected genes. Genes of the basement (cotJA, cot/B, cot]C,
spoIVA, yhaX) and outer layer (cotE, ylbD, yncD, and ytdA)
account for 20.8 and 16.6% of genes under positive selection,
respectively. Coat genes corresponding to proteins whose
localization has not been determined contribute to 20.8% of
positively selected genes.

In the Pumilus group, we extracted and analysed 55 coat
genes, 12 (21.8%) of which were found to be under positive
selection, either along the entire gene sequence or at indi-
vidual sites. In this group, spore coat genes of the crust are
highly conserved and cgeB seems to be positively selected
along its entire gene sequence. Coat genes of the basement
(lipC, spoVID), inner (cwl], gerPD, yisY, yjqC, yutH) and
outer layer (cotH, cotM, cotS) also show evidence of posi-
tive selection. On the other hand, in the Simplex group, we
retrieved and analysed 40 spore coat genes, 10 (25%) of which
are under positive selection. The morphogenetic coat genes
cotH, cotX, and spoVID of the outer, crust, and basement layer
are under positive selection. It is worth mentioning that cotX
is the only coat gene belonging to the crust present in this
group. The proteins present in the crust are critical for interac-
tion with the environment. Thus the ability to adhere to and
survive on variable surface structures could be a key factor
that promotes diversity in coat structure and composition
[20]. Furthermore, coat genes of the basement layer (spoVID,
yheD, and yppG), inner layer (cotD, gerPE, and yisY), outer
layer (cotH, and gerT), crust (cotX), and ydhD (localization
not determined) represent 30, 30, 20, 10, and 10% of the total
positively selected genes, respectively.

The Subtilis group possess the most conserved core of spore
coat proteins compared to other groups analysed in this
work. This is expected, since all analyses performed here
used B. subtilis as a reference to determine the abundance
and diversity of spore coat proteins (see Discussion section
for further comments). We extracted, aligned, and analysed
77 coat genes, 63 (81.8%) of which show significant evidence
of positive selection detected by Tajimas D, MEME, and/or
BUSTED. Nearly all morphogenetic coat protein genes of
the basement (except spoVM), inner, outer layer, and crust
are positively selected or show sites under positive selection.
For instance, coat genes of the basement layer, inner layer,
outer layer, crust, and coat genes of localization not deter-
mined account for 14.3, 31.7, 22.2, 11.1, and 20.6% of the
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Fig. 6. Spore coat genes under HGT events as donor-recipient networks in the Cereus (pink), Coagulans (magenta), Halodurans (yellow),
Methanolicus (green), Pumilus (dark red), Simplex (navy blue), and Subtilis (blue). Edges, nodes and size of nodes represent HGT events,

genomes and number of HGT events per genome respectively.

total positively selected genes, respectively (see Table 2). In
addition, coat genes not included in Table 2, are under puri-
fying selection (w <1), according to CodeML site and branch
models (see Table S4).

Horizontal gene transfer (HGT)

HGT events can be detected by phylogenetic incongruences
[82]. Additionally, traces of the mechanism of transfer, such
as independently conjugative plasmids, integrated prophages,
integrative transposons, GEIs, and other unclassified mobile
genetic elements may further confirm HGT events [82-84].

Spore coat genes that displayed evidence of HGT are shown as
donor-recipient networks in Fig. 6 for the eight monophyletic
groups in Bacillus. Most spore coat genes have been recently
transferred, since HGT events are displayed at or near the
branch tips of their reconciled phylogenetic trees (not shown)
unless otherwise stated. The Cereus group has 37 spore coat
genes that have undergone HGT events, according to Notung.
Spore coat genes of this group, such as cotD, cotJA, cotY, gerPD,
gerPE, yncD have undergone HGT events near the bottom of
their reconciled phylogenetic trees. The morphogenetic coat
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genes safA and spoVID have also undergone HGT events. The
Coagulans group has 13 spore coat genes that were laterally
transferred between species of this group. According to our
results, cotY is the only morphogenetic coat gene showing
evidence of a recent HGT event. The Halodurans group has
six coat genes that have undergone HGT events. The Metha-
nolicus group harbours 19 coat genes that show evidence for
HGT events. spoVM is the only morphogenetic coat gene
that has been laterally transferred in the Halodurans and
Methanolicus groups.

In the Megaterium, Pumilus, and Simplex groups, 2, 10, and
14 coat genes, respectively, have been laterally transferred
(Fig. 6). The morphogenetic coat genes that control the
assembly of the crust, cotX and cotY, are the only morphoge-
netic coat proteins under HGT events in the Pumilus group.
On the other hand, most HGT events of the Simplex group
occur between B. butanolivorans and B. simplex.

In the Subtilis group, about half of its coat genes (33) have
undergone HGT events. Most of the HGT events in this
group occur near the tips of the reconciled phylogenetic
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trees. However, the coat genes cotD, yjqC, yraF yraG, and
ytdA show evidence of HGT near the bottom of reconciled
phylogenetic trees, according to Notung (Fig. 6), suggesting
an ancient transfer of the genes. All these HGT events have
been further confirmed by ICEs (Integrative and Conjugative
Elements) using WU-BLAST2 of the webserver ICEBerg, see
Table S5. Analysis to detect the presence of spore coat genes
in genomic islands shows their complete absence in these
genomic elements.

DISCUSSION

In this work, we reported the existence of several spore coat
protein homologs across one hundred sixty-one genomes
of spore-forming species of the Bacillales order. The most
conserverd proteins are those concerned with the develop-
ment and assembly of coat and spore germination. Spore
coat proteins that directly depend on these morphogenetic
and germinant proteins are also preserved. However, some
minor spore coat proteins seem to be taxa-specific and/or
may confer a unique spore coat morphology and the ability
to occupy different ecological niches, as previously suggested
[8, 16, 23, 26, 27, 85-87]. Nevertheless, it is important to
mention that the methods used in our diversity analysis are
only able to identify homologs of B. subtilis coat proteins
across the set of genomes analysed here. This imposes a
limitation in the diversity of spore coat proteins described in
Bacillales because coat proteins not present in B. subtilis and
coat-like proteins that share structural and chemical features
to B. subtilis coat proteins cannot be considered using the
methodologies of this study. Moreover, homologs of coat
proteins with enzymatic activity (e.g. transferases) found
across Bacillales are only putative spore coat proteins. Further
studies must characterize these proteins to determine if they
can be classified as true spore coat proteins. On the other
hand, the lack of evidence for spore coat gene homologues in
Hallolactobacillus, Jeotgalicoccus and B. beveridgei suggests
that a major loss of genes occurred during their evolutionary
history, as previously found for the Exiguobacterium genus.
This may explain why they do not produce spores [88].

Some Bacillus species lack the morphogenetic coat proteins
CotH and CotO. Several studies have reported that CotH and
CotO are minor players in the assembly of the outer coat,
because these two proteins are CotE-dependent [8, 16, 23, 86].
Although CotH and CotO mutants have a disorganized outer
coat, the major assembly step is carried out by CotE and CotE-
dependent coat proteins [23, 86]. Recent studies have found
that CotO is necessary for encasement of the spore by the
crust [89], thus we can expect CotO to be conserved when
coat proteins of the crust are also conserved, as confirmed
by our results. Likewise, CotH is a spore kinase that phos-
phorylates its dependent proteins CotB and CotG [90, 91].
Our results show that in genomes where CotH is absent, its
substrates, CotG and CotB, are also absent [91]. Nevertheless,
the role of CotG may be carried out by a non-homologous
CotG-like protein with similar structural regions, as previ-
ously reported [61]. Other CotH-dependent coat proteins,
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such as CotC and CotU are conserved in few genomes of the
Subtilis group, and they are present when CotH and CotG are
present. In this case, CotG has a negative role on CotC/CotU/
CotS assembly when CotH is not present (i.e. when it is not
phosphorylated by its specific kinase) [92].

The morphogenetic coat proteins CotX, CotY, and CotZ
are collectively known as the insoluble fraction of the spore
because they influence spore hydrophobicity and accessibility
of germinants [87, 89, 93]. Moreover, they are responsible for
crust assembly around the spore [8, 25, 89]. CotX, CotY, and
CotZ mutants have an incomplete outer coat, but resistance
to heat or lysozyme is not affected [87]. Hence, the absence
of these morphogenetic coat proteins and their dependent-
proteins in various spore-forming species reflects overlap-
ping functions and a spore coat protein interaction network
that is highly adapted to unique environmental conditions
[8, 87, 94]. Our results confirm the overlapping functions
and highly hierarchical organization of morphogenetic coat
proteins in the assembly of the spore coat of B. subtilis but also
in several spore-forming species.

The morphogenetic coat proteins CotE, SpoIVA, SpoVM,
SpoVID, and SafA are present in almost all genomes of spore-
forming species analysed. Usually, other proteins dependent
on the morphogenetic coat proteins are also well conserved.
CotE controls the assembly of the outer coat layer and other
coat proteins, designated as CotE-controlled proteins [8, 20].
SafA has been found to interact with SpoVID in the early
stages of coat assembly [8, 20, 22] and is required for CwlJ-
dependent spore germination [95]. Furthermore, previous
studies report that SpoIVA and CotE, SpoVM, and SpoVID
contribute to the formation of a spore coat scaffold during
earlier stages of sporulation [8, 20, 21]. Similarly, CotE-
controlled proteins, such as CotSA [8, 20, 21] are conserved
in all spore-forming species analysed in this study.

The SpoIlVA-dependent proteins CotJA, CotJB, and CotJC
are also ubiquitous among the one hundred sixty-one spore-
forming species analysed in this study. These proteins are
necessary for the assembly of the basement layer of the spore
coat [8, 96, 97]. Spore coat proteins that have a role in germi-
nation (allowing the passage of germinants) [8, 98, 99], such
as the GerPA-GerPF proteins are well preserved in all spore-
forming species addressed here. Another protein involved in
germination and highly conserved is GerQ along with CwlJ
(a cell wall hydrolase). GerQ is cross-linked in the inner
layer of the spore coat and is necessary for the localization of
CwlJ [8, 100, 101]. In Bacillus species, the spore coat protein
Tgl responsible for the GerQ, YeeK, and SafA cross-linking
[8, 100-102], is highly conserved.

We carried out an analysis to estimate the monophyly extent
of different subgroups within the Bacillus genus with the main
purpose of executing a detailed study of selection forces oper-
ating in these groups. The phylogenetic reconstruction allowed
us to distinguish well-known groups inside Bacillus and also
new groups. In a recent study, Patel & Gupta [103] grouped
many known Bacillus species into distinct clades. Although
various clades according to Patel and Gupta [103] coincide
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with the groups found here (Subtilis, Cereus, Simplex, and
Halodurans, which is named Alcalophilus clade), other clades
show discordance (Firmus and Jeotgali clades) or are absent
(Coagulans, Pumilus and Megaterium groups determined in
this study). Under the premise that phylogenetic groups may
reflect ecological fitness, we performed selection analysis to
seek a relationship between the presence/absence of spore
coat protein genes and selection forces operating on these
genes in different phylogenetic groups within the Bacillus
genus.

We have detected evidence of positive selection (episodic
selection and/or balancing selection) in coat genes from all
monophyletic groups of the Bacillus genus. Positively selected
coat genes have an important role in the assembly of coat
layers (e.g. morphogenetic coat genes) at initial and later
stages and germination of the spore. The majority of spore
coat genes reported in Table 2 have individual sites evolving
under positive selection, according to MEME. We hypothesize
that individual selected sites may play a key role in enzymatic
activity or as protein-protein interaction modules during coat
assembly, as suggested previously [91, 104, 105]. For example,
protein-protein interactions necessary for spore assembly
and germination have been described between SafA, CotE,
SpoVID, GerQ, CwlJ, Tgl, YaaH, and SafA [95, 102, 104, 105].
We found that some, if not all, of these coat genes are posi-
tively selected in most monophyletic groups of the Bacillus
genus. This emphasizes the importance of coat protein inter-
actions. Furthermore, we found few spore coat genes under
gene-wide positive selection, and they were different across
Bacillus monophyletic groups analysed here. This different
pattern of positively selected coat genes may suggest that
some spore coat genes play critical roles in specific lineages.

A significant proportion of coat genes in the Subtilis, Metha-
nolicus, Halodurans, and Coagulans have individual posi-
tively selected sites, suggesting that balancing selection may
be working on these genes. The majority of coat genes of the
Methanolicus, Halodurans, and Coagulans groups contained
divergent sequences outside conserved domains. These results
may suggest that high genetic variation is maintained through
balancing selection, which in turn may provide significant
survival advantages to spore survival and germination under
different environmental conditions, as previously suggested
[8, 25, 26, 85, 106, 107].

To reinforce our ideas about the evolutionary role of positively
selected coat genes, we discuss the function and interaction
of some spore coat genes under positive selection reported in
Table 2. For instance, YheC and YheD are positively selected
spore coat proteins that have an ATP binding domain and are
part of the same operon [8]. YheD is located in the basement
layer of the spore coat and is dependent on SpoIVA, whereas
the localization of YheC has not yet been determined [8, 108].
During the initial stages of sporulation, YheD forms two rings
that encircle the forespore [108]. In later stages of sporulation,
the two rings disappear, and YheD is redistributed around
the basement layer of the forespore [8, 108]. These spore coat
proteins are important for the initial stages of sporulation in
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B. subtilis [8, 108] and they would also be key in the Subtilis,
Cereus, Pumilus, and Simplex groups.

YutH and YsxE are bacterial spore kinase proteins located in
the inner layer and are both SpoIVA- and SafA-dependent
[8, 108, 109]. YutH and YsxE provide protection against
lysozyme, hypochlorite, and predation to the spore [109].
Thus, these bacterial spore kinases are evolutionarily impor-
tant for the survival of the spore in different environments
[109]. Our selection pressure analyses revealed that these
spore coat genes show positive selection at specific sites. These
sites may be highly conserved motifs associated with likely
enzymatic activity [109], or may exert an important function
in the final protein product as interaction/binding partners.
More studies are needed to test this hypothesis.

We have found that the spore kinase and morphogenetic coat
gene of the outer layer, cotH shows evidence of positively
selected individual sites in the Subtilis, Pumilus, and Simplex
groups along with cotB, cotG, and/or cotS. It was previ-
ously reported that CotH phosphorylates CotB and CotG
interacts with CotS, CotC, and CotU [91, 92]. The fact that
genes encoding CotH and CotH-dependent proteins both
have individual sites under diversifying selection highlights
the importance of such sites as protein-protein interaction
modules that promote adaptation to diverse environmental
conditions when sporulation occurs [28].

The morphogenetic and crust genes cotV, cotX and cot,
cotZ involved in glycosylation state of the spore have been
shown to share common domains and a functional depend-
ence between them [94]. Moreover, coat genes with domains
involved in glycosylation (e.g. glycosyl transferase), such as
cgeCDE, cgeAB and transferases domains (e.g glycerophos-
photransferase, nucleotidyltransferase), such as spsl, spsB,
and ytdA influence the morphology and properties of the
crust, thus affecting spore surface proteins [89, 94]. Our
results show that in the Subtilis group, crust coat genes are
highly conserved and have positively selected sites. Similarly,
we show that several coat genes involved in the glycosyla-
tion in the outer layer of the spore have positively selected
individual sites in the Simplex, Pumilus, Coagulans, Cereus,
and Halodurans groups. This highlights the possibility that
sequences that are necessary for assembly the crust or that
influence spore surface properties, such as hydrophobicity
and adhesion, are preserved. Furthermore, our selection
results show that there are other coat genes (Table 2) with
positively selected sites that have not been extensively studied
and may exert important functions during coat assembly and
spore germination necessary for spore adaptation to different
environmental conditions.

Regarding the HGT results, we have found evidence of
profuse HGT events of spore coat genes in all Bacillus mono-
phyletic groups, except in the Megaterium, Pumilus, and
Simplex groups. Thus, HGT could be involved in enabling
spores of various species to better survive diverse environ-
mental stresses. Most HGT events occurred at or near the
branch tips of the reconciled gene-species phylogenetic trees,
demonstrating a recent occurrence. This supports the idea
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that the ability to form spores in Firmicutes (in Bacilli and
Clostridia) is an ancestral feature as other researchers have
stated [27, 85, 88]. Moreover, these HGT events are further
confirmed by the presence of IS sequences in genomes of the
recipient species.

Bacterial species that contain spore coat genes associated
with HGT events may reflect a complex evolutionary history
adapted to lineage-specific environmental conditions [26, 88].
This idea must be further explored by future studies on the
evolutionary dynamics of these species. Nevertheless, we
have found some spore coat genes that have undergone HGT
events near the bottom of the reconciled phylogenetic trees.
A previous study proposed that the putative coat genes yraG
and yraF are present in the Subtilis group as part of the same
operon and contain a domain that resemble a significant
moiety of CotE Therefore, the YraG and YraF proteins may be
functionally relevant in the forespore [88]. Indeed, our HGT
analyses confirm that yraF and yraG have been acquired at the
bottom of the Subtilis group. Besides, the Subtilis group, yraG
is present only in the Halodurans group. This may suggest
that some coat genes not present within monophyletic groups
of the Bacillus genus may have been lost at some point, as
previously confirmed [88]. For example, yra genes are not
present in the Pumilus group, the most closely-related group
to Subtilis. Additional experiments beyond the aim of this
study must explore HGT dynamics between monophyletic
groups of the Bacillus genus.

In summary, we have found that the most conserved coat
proteins are the ones with the most important function during
the early and later stages of coat synthesis, assembly, and spore
germination. This suggests that there is a well-conserved
core of coat genes among all Bacillales, whereas other spore
coat genes seem to be taxa-specific. Additionally, we found
eight monophyletic groups within the Bacillus genus with a
significant proportion of coat genes under positive diversi-
fying selection and/or balancing selection, suggesting high
genetic diversity that may confer unique adaptation to ensure
spore survival and efficient germination. The spore coat genes
with individual sites evolving under diversifying selection are
likely to participate in protein-protein interactions during all
stages of coat formation. Although most coat genes have been
subjected to HGT events, they frequently occur near or at the
tips of reconciled phylogenetic trees, thus supporting the idea
of sporulation as an ancestral feature of Bacillus.
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