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Abstract Endospore formation is a specific property
found within bacteria belonging to the Gram-type-posi-
tive low G+C mol% branch (Firmicutes) of a phylo-
genetic tree based on 16S rRNA genes. Within the Gram-
type-positive bacteria, endospore-formers and species
without observed spore formation are widely intermingled.
In the present study, a previously reported experimental
method (PCR and Southern hybridization assays) and
analysis of genome sequences from 52 bacteria and
archaea representing sporulating, non-spore-forming, and
asporogenic species were used to distinguish non-spore-
forming (void of the majority of sporulation-specific
genes) from asporogenic (contain the majority of sporula-
tion-specific genes) bacteria. Several sporulating species
lacked sequences similar to those of Bacillus subtilis
sporulation genes. For some of the genes thought to be
sporulation specific, sequences with weak similarity were
identified in non-spore-forming bacteria outside of the
Gram-type-positive phylogenetic branch and in archaea,
rendering these genes unsuitable for the intended classifi-
cation into sporulating, asporogenic, and non-spore-form-
ing species. The obtained results raise questions regarding
the evolution of sporulation among the Firmicutes.
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Introduction

Endosporulation is known to occur only among the bac-
teria belonging to the phylogenetic branch of Gram-type-
positive bacteria (Wiegel 1981; Wiegel and Quandt 1982),
also called Firmicutes, within the prokaryotic domain Bac-
teria (Gibbons and Murray 1978; Woese 1987). Garrity et
al. (2003) narrowed the term “Firmicutes” to the status of
a phylum, containing only the classes “Clostridia,” Molli-
cutes, and “Bacilli,” whereas other Gram-type-positive bac-
teria, such as Corynebacterium, are in the phylum “Actino-
bacteria,” the second phylum containing Gram-type-posi-
tive bacteria. Being one of the most complex develop-
mental processes in prokaryotes, endosporulation has been
shown to require intricate networks of temporal and com-
partmental regulation in Bacillus subtilis and involves
more than 150 different gene products, of which about 75
must act sequentially (Errington 1993; Gould 1984; Gross-
man 1995; Ireton and Grossman 1994; Nicholson et al.
2000; Paidhungat et al. 2001; Setlow 1995, 2001). This
complexity makes the process of endosporulation vulner-
able to disruptions. For instance, if not all the components
that are required in the sequential process function cor-
rectly, spore formation will not be observed. Subsequent-
ly, an asporogenic phenotype can easily evolve, even though

Fig. 1 Phylogenetic tree constructed from the 16S rRNA gene
with maximum likelihood correction for synonymous changes us-
ing the Fitch algorithm. Strain designations were omitted for sim-
plicity of the tree but are included in “Materials and methods”.
Sporogenic species are indicated in black. Asporogenic species, as
determined by PCR and Southern-hybridization-based assay are
indicated in green. Assignments as asporogenic species based on
genome sequence analysis are indicated in blue. Non-spore-form-
ing species are indicated in red for PCR and Southern-hybridiza-
tion-based assay and in orange for genome analysis. Numbers at
nodes indicate bootstrap support values for 100 replicates. Scale
bar denotes number of nucleotide substitutions per site. Using the
neighbor-joining algorithm (figure not shown), a very similar tree
was obtained, except the relative position of Geobacillus
stearothermophilus and Bacillus brevis were closer to the position
of Bacillus subtilis, whereas Clostridium innocuum was closer to
Mycoplasma pneumoniae
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many functional sporulation genes still will be present.
Most of the processes of endosporulation investigated to
date appear to be highly similar among all endospore-
forming species, and thus it is usually assumed that all
endospore-forming species most likely arose from the same
sporulating ancestor (Errington 1993; Gerhardt and Mar-
quis 1989; Nakamura et al. 1995; Sauer et al. 1994, 1995).

Until recently, the ability to form endospores was used
as a mandatory characteristic to include novel isolates into
the genera Bacillus, Desulfotomaculum, and Clostridium
(Hippe et al. 1992; Slepecky and Hemphill 1992; Sneath
1984). However, according to phylogenetic analyses based
on 16S rRNA genes, Bacillus and Clostridium are not
coherent genera and are interspersed with genera partly or
exclusively consisting of species for which endospore for-
mation has not been observed (Fig.1; Ash et al. 1991;
Collins et al. 1994). Consequently, the genera Bacillus
and Clostridium have been redefined and subdivided into
novel families and genera (P. deVos, Universiteit Gent, in
preparation; Garrity and Holt 2001; J. Wiegel, R. Tanner,
and T. Rainey, 2004 in press). Several of the newly
formed genera contain both endospore-forming species
and species for which no endosporulation has been ob-
served. This has led to the speculation that in a large num-
ber of species that do not form endospores, the ability to
sporulate has been lost due to an interruption of the se-
quential sporulation process.

Brill and Wiegel (1997) attempted to develop a fast
method to separate novel isolates into asporogenic and non-
spore-forming species on the basis of the presence and ab-
sence of sporulation genes, respectively. [The term asporo-
genic has lately been used, including by Brill and Wiegel
(1997), in contrast to the use in the older literature and in
several recent sporulation-related publications. To avoid
further confusion, we have decided to use the term in
agreement with the traditional use: “asporogenic” = bacteria
with an impaired sporulation process but containing the
majority of sporulation genes and “non-spore-forming” =
absence of sporulation specific genes such as in Gram-
type-negative Escherichia coli or Pseudomonas spp.]
Another term for asporogenic bacteria would be cryptic
spore-formers since the restoration of one or two gene
products would presumably lead to spore formation. Brill
and Wiegel (1997) described a PCR and Southern-hybrid-
ization-based assay to distinguish between asporogenic
and non-spore-forming by employing probes directed
against three representative and at the time assumed spe-
cific sporulation genes: spo0A, sspodB-type, and dpaA/B.
We applied this assay but also extended our study to in-
clude analysis of available (up to February 2004) genome
sequences. By searching for sequences with similarity to
66 sporulation related genes from the sporulation model
microorganism B. subtilis (Stragier 2002), we sought to
validate our results that some of the asporogenic members
of the low G+C group of the Firmicutes do not contain
“sporulation specific” genes. In the present study, we ana-
lyzed genes that are similar to B. subtilis sporulation-
related genes using complete genome sequences from a
multitude of prokaryotes.

Materials and methods

Organisms and growth conditions. The tested bacteria and
their source are given in Table 1 and were cultivated as
previously described (Brill and Wiegel 1997).

Genomic DNA isolation, PCR, Southern hybridizations,
and sequencing. Genomic DNA isolation, PCR, Southern
hybridizations, and Sequencing were carried out as previ-
ously described (Brill and Wiegel 1997).

Sequence retrieval and phylogenetic analysis. The follow-
ing B. subtilis sequences served as the query sequences
when searching against the databases of complete genome
sequences.

— Preseptation: minC, spo0A, spoOB, spoOH (sigma fac-
tor), rapA, spoVG, spollAA (anti-sigma factor antago-
nist), spollAB (anti-sigma factor), spolIAC (sigma fac-
tor), spolIB, spolID, spollE, spollGA, spollGB (sigma
factor precursor), spolIM, spollP, spollQ, spolIR;

— Postseptation: gerM, spolllA (A, B, C, D, E, F, G, H),
spolVA, spollID, spoVB, spoVK, cotE;

— Postengulfment: spoVID, gerPA, spolllG (sigma fac-
tor), spolVB, spolVCB (sigma factor precursor), spoVA
(A, B, C, D, E, F), spoVM, dpaA, dpaB, hepl, sspA,
sspE, gerA (A, B, C), gerD, gpr, splB, sleB, cwlD, cwlJ,
cotD, and yqfC, yqfD, yabP, yabQ, spmA, spmB.

These sequences were obtained by screening of the amino
acid sequences of the SwissProt/TrEMBL databases (http://
us.expasy.org/sprot/). Non-redundant GenBank (http://www.
ncbi.nlm.nih.gov/, reference sequences are indicated for
GenBank), SwissProt, and ERGO (ERGO-derived se-
quences are indicated by superscript 1) databases were
used to obtain the gene assignments for the comparisons of
the amino acid sequences. Basic Local Alignment Search
Tool (BLAST) [(http://www.ncbi.nlm.nih.gov/BLAST)]
searches were done on each open reading frame (ORF)
using a basic protein-to-protein blast search of amino acid
similarities to sequences in the GenBank, SwissProt, and
ERGO non-redundant databases in February 2004. The
results of all of these searches were used to provide a pu-
tative identication of probable ORF sequences with simi-
larity to the B. subtilis query sequences. Probable similar-
ity was based on the combination of identity and proba-
bility (p) scores, and e-values from BLAST analyses. Fi-
nal assignments of similarity, as illustrated in Tables 2, 3,
4, 5, were based on comparisons of the e-value of the
query B. subtilis sequence to the similar sequence that
was delivered by the BLAST search. A (++) designation
in the previously mentioned tables indicated a difference
of less than 20-fold of the similar sequence e-value to the
B. subtilis sequence. The (+) designation was a difference
greater than 20-fold but less than or equal to 40-fold. The
(+/-) designation indicated a similar sequence existed but
with an e-value greater than 40-fold different from that of
the B. subtilis query. The (—) designation indicated no
similar sequence was present or that the similar sequence



Table 1 Bacterial species experimentally tested for the presence
of sporulation-specific genes spo0A, ssp, and dpa (A/B). Clusters
are as assigned by Collins et al. (1994) and Farrow et al. (1995).
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Correct lengths of PCR-products are 100 bp for ssp and 300 bp for
spo0A. For sequence of the selected strains see Brill and Wiegel
(1997). ND Not determined

Bacteria Clusters PCR products for ssp PCR-control Universal
and spo0A and positive  eubacterial 16S rRNA
Southern hybridizations gene probe
for all ssp, spo0A,
and dpa probes
Thermobrachium celere DSM 8682 Between II and III + +
16 isolates of Thermobrachium celere +2 ND
Thermoanaerobacter ethanolicus DSM 2246 \'% + ND
Thermobrachium acetoethylicus ATCC 2359 \'% + ND
Thermosyntropha lipolytica DSM 11003 VIII +b +
Megasphaera cerevisiae ATCC 43254 IX + +
Veillonella parvula ATCC 10790 IX + ND
Selenomonas ruminantium ATCC 12561 IX + +
Selenomonas sputigena ATCC 35185 IX + +
Anaerobranca horikoshii DSM 11003 Closest to IX + ND
Desulfitobacterium dehalogenans DSM 9161 Closest to IX + ND
Peptostreptococcus anaerobius ATCC 27337 XI - +
Clostridium thermoalkaliphilum DSM 7309 XI + +
Eubacterium tenue ATCC 25553 X1 + +
Tissierella praeacuta ATCC 25539 XII + +
Peptostreptococcus magnus ATCC 15 X1 — +
Eubacterium limosum ATCC 8486 XV +b +
Leuconstoc mesenteroides ssp. mesenteroides ATCC 8293  Lactobacillales - +
Lactobacillus delbrueckii ssp. delbrueckii ATCC 9649 Lactobacillales - +
Lactococcus lactis ssp. lactis ATCC 19435 794 Lactobacillales - +
Streptococcus agalactiae ATCC 13813 Lactobacillales - +
Streptococcus pyogenes ATCC 12344 Lactobacillales - +
Carnobacterium divergens ATCC 35677 Lactobacillales - +
Gemella haemolysans ATCC 10379 Lactobacillales — +
Enterococcus faecalis ATCC 19433 Bacillales - +
Staphylococcus saprophyticus ATCC 15305 Bacillales - +
Staphylococcus aureus ATCC 12600 Bacillales - +
Listeria monocytogenes ATCC 15313 Bacillales - +
Brochothrix thermosphacta ATCC 11509 Bacillales - +

aSome strains did not yield unequivocal PCR-products for ssp!. Others did not yield positive hybridization bands with the dpa probe but
four out of the five tests were always positive. "No unequivocal PCR product for sspl obtained.

had an e-value greater than or equal to 0.001, which was
used as the cut-off value for this work. The genomes of the
following bacteria and archaea were used in the compari-
son, superscript T indicates it is the type strain: Staphylo-
coccus aureus MSSA strain 476!, Enterocococcus fae-
calis', Enterococcus faecium DOJGI)!, Lactococcus lac-
tis subsp. lactis' and reference sequence: NC_002662T,
Listeria innocua®, Listeria monocytogenes EGD-e! and
NC_003210, Streptococcus agalactiae 2603V/R NC_004116,
Streptococcus equi' and NC_002955, Streptococcus mu-
tans UA159! and NC_004350 Streptococcus pneumoniae
TIGR4!, Streptococcus pyogenes SF 370-M1!, Strepto-
coccus salvarius subsp. thermophilus', Mycoplasma pneu-
moniae M1291, Streptomyces coelicolor A3(2)!, Haemo-
philus actinomycetemcomitans NC_002924 and HK 16511,
Caulobacter crescentus CB15, NC_002696, Escherichia
coli K12, NC_000913 Escherichia coli 0O157:H7,
NC_002695 Helicobacter pylori J99' and NC_000921,
Myxococcus xanthus' and NC_004802, Salmonella enter-
ica subsp. enterica serovar typhi NC 003198, Salmonella
typhimurium LT2! and NC_003197, Borrelia burgdorferi
B31!'T and NC_004971, Synechococcus spp. PCC7002!
and WHS8102 NC_005070, Prochlorococcus marinus

subsp. pastoris str. CCMP 1378 NZ_AAAW00000000,
Anabaena spp. PCC7120', Chloroflexus aurantiacusT,
Fusobacterium nucleatum spp. nucleatum ATCC 255867,
Deinococcus radiodurans R17, Cytophaga hutchinsonii
DSM 43047, Archaeoglobus fulgidus DSM 4304' T and
NC_000917, Halobacterium spp. NRC-1 NC_002607,
Methanocaldococcus jannaschii DSM 26617, Pyrococcus
furiosus DSM 36387, Aeropyrum pernix' and K17, Bacil-
lus anthracis strain Ames NC_003997, Bacillus cereus
ATCC 145797, Bacillus firmus', Bacillus halodurans
C-125" and NC_002570, Bacillus licheniformis', Bacillus
megaterium', Bacillus sphaericus', Geobacillus stearo-
thermophilus 10! and NC_002926, Bacillus subtilis subsp.
subtilis strain 168! and NC_000964, Bacillus thuringien-
sis', Bacillus thuringiensis subsp. israelensis ATCC
35646 1G-59', Clostridium acetobutylicum ATCC824T,
Clostridium botulinum A NC_003223, Clostridium difficile
630! and NC_002933, Clostridium perfringens strain 131247,
Desulfitobacterium hafniense NZ._AAAWO00000000.

Tree Building. The Phylogeny Inference Package (PHYLIP)
and Molecular Evolutionary Genetics Analysis (MEGA?2)
software contained all of the programs used for inferring
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phylogenies. The 16S rRNA gene trees were generated
using different algorithms [Fitch (Fig. 1), neighbor-join-
ing (data not shown), and UPGMA (data not shown)] to
examine differing tree constructions as a factor in deter-
mining the interrelatedness of the representative micro-
organisms and to generate the distance matrixes. The
ClustalX alignment tool Tree Explorer was used for tree
viewing.

Results and discussion

Experimentally analyzed species. Based on the assump-
tion that sporulation evolved only once, and thus all or the
majority of sporulation-specific genes exhibit sequence
similarity, we applied the method of Brill and Wiegel
(1997) to analyze 28 Firmicutes species from 22 genera
and to 16 strains of Thermobrachium celere (Engle et al.
1996; Table 1). These asporogenic species included pairs
of closely related (98% 16S rRNA sequence similarity)
species representing isolates from a great variety of meso-
biotic and thermobiotic environments. The selected and
representative species covered eight different Firmicutes
clusters as defined by Collins et al. (1994) as well as lac-
tic acid bacteria and genera related to Bacillus (Table 1).
Many other species or genera from the same or other clus-
ters, such as clusters 1620 (Engle et al. 1996), could
have been chosen. For most of the tested strains, the
method of Brill and Wiegel (1997) yielded positive re-
sults, i.e., at least three of the five assays indicated the
presence of the representative sporulation genes (Table 1).
The results suggested that this method provides a rela-
tively fast experimental means to differentiate between
non-spore-forming and asporogenic bacteria (Wiegel
1992), especially in species and strains for which no
genome sequences are available. The data also support the
notion that differentiation between some of the “clostri-
dial” species and species of the genera described as lack-
ing sporulation should be reevaluated. As an example, the
separation of Clostridium hastiforme from the Tissierella
species based on sporulation appears to be no longer jus-
tified on the basis of the high 16S rRNA sequence simi-
larity of these bacteria (Fig.1) combined with the pre-
sented data that the type species Tissierella praeacuta is
asporogenic, i.e., contains sequences with similarity to
sporulation genes from B. subtilis and other clostridia (Brill
and Wiegel 1997). Thus, the genus Tissierella should in-
clude sporulating species such as C. hastiforme.
However, a few species did not yield indications for
the presence of sporulation genes (Table 1). These species
would now be regarded as non-spore-forming. As evident
from the phylogenetic tree (Fig. 1), the non-spore-form-
ing, Gram-type-positive bacteria identified here do not
cluster all together, but belong to different sub-branches,
e.g., the Peptostreptococcus species, or the Enterococ-
cus/Carnobacterium/Gemella/Staphylococcus group, pos-
sibly constituting a non-spore-forming sub-branch of the
otherwise spore-forming Bacillales/Lactobacillales.

Genomic analysis among Bacillus spp. Due to some indica-
tions that the experimental test did not give unequivocal re-
sults (E. Stackebrandt, Deutsche Sammlung von Mikro-
organismen und Zellkulturen GmbH-Braunschweig, Ger-
many, personal communication) and the comparison of se-
quences of sporulation genes done by Stragier (2002), we
used available (February 2004) genome sequences to chal-
lenge our findings and to test for the assumed similarities of
sporulation genes. Fifty-two bacteria and archaea, repre-
senting diverse phyla, were selected in order to search for
the occurrence of 65 assumed ‘“‘spore-specific” genes that
were chosen because they are a representative sampling of
the genes required for each stage of sporulation: presepta-
tion, postseptation, and postengulfment (Stragier 2002).
The sequence identity matches were based on identity to
the B. subtilis sequences (as explained in the “Materials and
methods”), which were used as reference sequences. Among
the chosen microorganisms were: 17 sporogenic bacteria
(Firmicutes), 29 bacteria that do not form spores but be-
long to Firmicutes, and as negative controls Proteobacteria
(representing 4 of the 5 classes), spirochetes, cyanobacteria,
green non-sulfur bacteria, Fusobacteria, Deinococcus, Bac-
teroides, and Actinobacteria, and five archaea (see “Mate-
rials and methods”). The choice of microorganisms was
somewhat random but did depend on the availability of at
least greater than 95% complete genome sequence as a pre-
requisite. Unfortunately, no genome sequences were avail-
able (February 2004) for most of the above-described
experimentally tested bacterial species (Table 1).

Occurrence and absence of sporulation specific genes in
completed genome sequences. Based on the similarity of
the predicted protein sequence, the analysis of the com-
plete genome data indicated that, with a high probability,
some “‘spore-specific” genes are in the genomes of addi-
tional Firmicutes that have never been shown to produce
endospores (Table 4). This includes several Streptococcus
species, two Enterococcus species, Lactococcus lactis, and
most numerously in the studied Listeria species. Listeria
monocytogenes and Listeria innocua contain 17 sup-
posedly “spore-specific” genes (Table4), which include
many sigma-factor-related genes. In contrast to the micro-
organisms listed in Table 4, the analysis of several Bacil-
lus spp. clearly demonstrates that the sporulating species
B. licheniformis, B. firmus, B. sphaericus, and B. thuringi-
ensis apparently have quite different or modified sporula-
tion genes, showing no or low levels of similarity with the
genes from B. subtilis (Table 2). This finding is in agree-
ment with unpublished data from E. Stackebrandt (Deut-
sche Sammlung von Mikroorganismen und Zellkulturen
GmbH-Braunschweig, Germany, personal communica-
tion) using the experimental assay of Brill and Wiegel
(1997). One strain of Geobacillus stearothermophilus re-
vealed fewer genes with similarity to the B. subtilis genes
than to the second analyzed strain that contained many
genes with similar sequences [It needs to be pointed out
that for many strains the assignment to G. stearothermo-
philus prior to the use of 16S rRNA sequence analysis is
questionable (Ash et al. 1991)]. Stragier (2002), based on
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the comparison of the few Bacillus spp. and Clostridium
spp. genome sequences available at that time of analysis,
suggested already to some extent that the inferred diver-
sity in the sequences of sporulation genes needs to be
further analyzed and quantified in the future to further
elucidate the phylogeny.

Using Clostridium acetobutylicum sequences as refer-
ence. Due to the limitation of our analysis using B. subtilis
gene sequences as reference, we carried out a separate
analysis using the sporulation-specific genes from C. aceto-
butylicum as a reference (excluding the non-diagnostical
sigma factors and related genes). However, in general, the
clostridial reference sequences did not yield genes with
higher similarities in the other clostridia and Desulfito-
bacterium than the B. subtilis reference sequences (de-
tailed data not shown). As an example, when the se-
quences from C. acetobutylicum were used, spo0A and
spolID from Desulfitobacterium, C. perfringens, C. botu-
linum, and C. difficile still occurred in the (+/-)-category,

Table 4 Gene sequences with similarity to sporulation genes ob-
served in genomes of Gram-type-positive microorganisms that do
not form endospores. (++) Scores identify a sequence as being
similar to the B. subtilis query sequence. (+) Some similarity over
parts of the sequence to the B. subtilis query sequence. (+/—) Score
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except for spolID from C. perfringens which moved from
the (+)-category to the (++)-category (see “Sequence re-
trieval and phylogenetic analysis” section under ‘“Materi-
als and methods”, and Table 3 for explanations).

Reclassifying assumed sporulation-specific genes as diag-
nostically not usable. Initial experiments suggested that
the three chosen representative sporulation-specific genes
could be used to differentiate (novel) species into non-
spore-forming or asporogenic species (Table 1; species in
green in Fig. 1). Subsequent analysis of genome sequences
revealed that some sequences with similarity to assumed
“sporulation-specific” genes could also be identified in
non-spore-forming genera and species (Brill and Wiegel
1997). These taxa include several Streptococcus spp. and
Lactococcus lactis (Table4), and the genes include:
spo0A, spoOH, spollA(A, B, C), spollE, spollGB, spollQ,
spolVA (role at an early stage in the morphogenesis of the
spore-coat outer layers), spoVB, spoVK, spoVID (required
for assembly of the spore coat), spoVG, minC, spolllG,

is too low to allow for a definitive classification of the sequence
relative to the B. subtilis query sequence. The genes that are in
bold represent similar sequences found in species outside the Fir-
micutes (Table5). The genes underlined represent similar se-
quences not found in species outside the Firmicutes (Tables 2, 3, 4)

Gram-type positive

(++) +)

+~)

Staphylococcaceae
Staphylococcus aureus

Mycoplasmatales
Mycoplasma pneumoniae

Lactobacillales
Enterococcus faecalis

Enterococcus faecium
Lactococcus lactis

Listeria innocua spoVG
Listeria monocytogenes spoVG
Streptococcus agalactiae

Streptococcus equi

Streptococcus mutans

Streptococcus pneumoniae

Streptococcus pyogenes SSpA

Streptococcus salvarius subsp. thermophilus

Actinomycetales
Streptomyces coelicolor

spoVG, spoVID

spo0A, spoOH, spollA(A, B, C), spollGB, spolIE,
spollQ, spoVB, spoVK, spolllG, spolVCB, dpaA,
cwlD

spoOH, spollGB, spoVB, spolllG

spo0A, spoOH, spolIA(B, C), spollGB, spollQ,
spoVB, spoVK, spolllG, spolVCB

spo0A, spoOH, spollGB, spollQ, spoVB, cwlD
spo0A, spolIAC, spollGB, spoVB, spoVK, spolllG,
spolVCB

minC, spo0A, spoOH, spollA(A, B, C), spollE,
spollQ, spoVB, spoVK, spolllG, spolVCB, dpaA,
hepl, cwlD

minC, spo0A, spoOH, spollA(A, B, C), spollE,
spolIGB, spollQ, spoVB, spoVK, spollIG,
spolVCB, dpaA, hepl, cwlD

spolIAC, spollGB, spoVB, spoVK, spolllG,
spolVCB

spo0A, spoOH, spolIAC, spollGB, spollQ, spoVB,
spoVK, spollIG

spoOH, spolIAC, spollGB, spoVB, spoVK, spolllG,
spolVCB

spo0A, spoOH, spolIA(B, C), spollGB, spolVA,
spoVB, spoVK, spolllG, spolVCB

spo0A, spoOH, spolIAC, spolIGB, spoVB, spoVB,
spoVK, spolllG, spolVCB

spoVB

spo0A, spoOH, spollA (A, B, C), spollGB,
spolVCB, spl, spollE, spollQ, spoVK, spolllG,
spolVCB, splB
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spolVCB, dpaA, splB (involved in repair of UV-radiation-
induced DNA damage during spore germination), hepl,
sspA (small, acid-soluble spore protein A), and cwlD
(Stragier 2002). However, except for spoVID, hepl,
spolVA, and sspA, sequences similar to these genes were
also found in some genera from other major phylogenetic
branches distant to the Firmicutes and regarded as classi-
cal non-spore-forming bacteria, such as Proteobacteria
(Table 5). Adding to this data was the surprising fact that
some of these “sporulation-specific”” genes were absent in
tested genome sequences of the asporogenic Firmicutes
but present in some non-Firmicutes: spollIAA (a stage 111
sporulation protein), spolID (a hypothetical protein in-
volved in stage II of sporulation), sleB (a spore-cortex-lytic
enzyme precursor), dpaB (dipicolinate synthase, B chain),
spmA (spore maturation protein A), and spmB (spore mat-
uration protein B). Since these bacteria represent diver-
gent branches among prokaryotes, it is proposed that the

Table 5 Gene sequences with similarity to sporulation genes ob-
served in genomes of Gram-type-negative microorganisms that do
not form endospores. (++) Scores identify sequence as similar to
the B. subtilis query sequence. (+) Some similarity over parts of

data suggest the aforementioned sequences should no
longer be regarded as “sporulation-specific” genes. In-
stead, in these bacteria these genes probably function in
other processes.

Phylogenetic ramifications. We failed to detect sequences
similar to those of many sporulation genes of B. subtilis in
genomes of sporulating species, e.g., members of the or-
der Clostridales tested were shown to lack sequences sim-
ilar to sspE. In additon, all of the Clostridales tested, ex-
cept Clostridium difficile and Desulfitobacterium hafniense,
lacked sequences similar to dpaA/B of B. subtilis. Even
members of the order Bacillales were found to lack se-
quences similar to sporulation genes of type species
B. subtilis: All of the Bacillales tested, besides B. halo-
durans, B. megaterium, B. subtilis, and G. stearothermo-
philus, lacked at least one ssp and all, besides B. anthracis,
B. cereus, B. halodurans, G. stearothermophilus 10, B. sub-

the sequence to the B. subtilis query sequence. (+/—) Score is too
low to allow for a definitive classification of the sequence relative
to to the B. subtilis query sequence

Gram-type negative (++) (+) (+/-)
Proteobacteria
Haemophilus actinomycetemcomitans spo0A, spollAC, spollQ, spoVK, spolllG, cwlD
Caulobacter crescentus spollQ, spolVCB, dpaA, sleB, cwlD
Escherichia coli spo0A, spoOH, spollA(B, C), spollGB, spollQ, spolllAA, spoVK, spolllG,
spolVCB, cwID
Escherichia coli O157:H7 spolVCB, cwID, spo0OA, spoOH, spollAB, spollGB, spollQ, cwID
Helicobacter pylori J99 spo0A, spolIAC, spollGB, spollQ, spoVK, spolllG, spolVCB, dpaA, cwID
Myxococcus xanthus spo0A, spoOH, spollA(B,C), spollGB, spolllG, spolVCB, sleB, dpaA, cwlD
Salmonella typhi spo0A, spoOH, spollAC, spollGB, spollQ, spoVK, spolllG, spolVCB, cwlD
Salmonella typhimurium spo0A, spoOH, spollAC, spollGB, spollQ, spoVK, spolllG, spolVCB, cwlD
Spirochaetes
Borrelia burgdorferi spo0A, spoOH, spollAC, spollGB, spoVG, spollQ, spoVK, spolllG, spolVCB
Cyanobacteria
Synechococcus spp. minC, spollD, spollQ, spolllAA, spoVK, spolVCB, cwID
Prochlorococcus marinus spolVCB, cwID, minC, spollD, spollQ, spolllAA, spoVK, spolVCB, cwlD
Anabaena spp. minC, spo0A, spollA(A, C), spollD, spollQ, spolllAA, spoVK, sleB, cwlD
Chloroflexi
Chloroflexus aurantiacus minC, spollAB, spollE, spollIAA, spolVCB
Fusobacteria
Fusobacterium nucleatum spoVG  minC, spoOA, spoOH, spollAA, spolID, spollE, spollQ, spoVK, spolVCB,
splB, cwlD
Deinococcus-Thermus
Deinococcus radiodurans minC, spollAB, spollD, spollQ, spoVK, cwlD
Bacteroidetes
Cytophaga hutchinsonii spollE, spmA, spmB
Archaea
Euryarchaeota
Archaeoglobus fulgidus spoVG spo0A, spoVB, spoVK, dpaB

Halobacterium spp. NRC-1
Methanocaldococcus jannaschii
Pyrococcus furiosus

Crenarchaeota
Aeropyrum pernix

spo0A, spoVK, dpaB
spoVB, spoVK
spoVB

spoVK
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Table 6 Spore-specific genes

observed in Bacillus and Classification

Genes

Clostridium and related species

or Cyanobacteria species

Present in some Bacillus spp. only and absent

from Clostridium spp.

Present in some Bacillus spp. and some
Clostridium spp., but no similar sequences
observed in Gram-type-negative Proteobacteria

rapA, spollGA, spolIM, spolIP, spolIR, spolllA (B,
C,D,E,F,G, H), spolVA, spollID, spolVB, spoVA
(C,D, E,F), sspA, gerA (A, B, C), gpr, cwl], yqfC,
yqfD, yabP, yabQ, spoOB

spolIB, gerM, cotE, spoVID, gerPA, spoVA (A, B),
spoVM, dpaA, hepl, sspE, gerD, cotD

tilis, and B. thuringiensis subsp. israelensis, lacked dpaA/B
(Table 2). The lack of many identifiable similar sequences
in B. firmus and B. licheniformis (besides those found also
in the Gram-type-negative species) was surprising since
these two species are closely related to B. subtilis (Fig. 1).
In contrast, G. stearothermophilus is relatively distantly
related. These findings lead us to several broader issues
related to phylogeny and the presence or absence of
genes, as discussed below.

(1) The phylogenetic differences are relatively small
(e.g., depicted by short branches), so the placement of
the proposed non-spore-forming genera among the
sporogenic taxa could be a product of the tree-build-
ing algorithm and the selection of included species,
which also led to low boot strap values. It is possible
that these taxa branched off from other ancestors of
the Bacillus/Clostridium branches before sporulation
evolved in the orders Bacillales, Clostridales, and
Thermoanaerobacteriales, respectively (Garrity et
al. 2003). However, the different tree-building meth-
ods [e.g., Fitch (Fig.1) and neighbor-joining (data
not shown)] yielded similar tree morphology mak-
ing this less likely. The placement of the non-spore-
forming genera such as Streptococcus, Listeria, and
Enterococcus in the phylogenetic branch of the Firmi-
cutes has recently been confirmed by using DNA-
dependent RNA polymerase phylogeny (Morse et al.
2002)

Heavy horizontal gene transfer or loss of the sporula-
tion genes may have occurred among the early Firmi-
cutes. However, these scenarios are doubtful as an ex-
planation owing to the fact that genes involved in com-
plex developmental processes are typically widely
dispersed over the entire chromosome, as based on
the arrangement of sporulation genes on the B. sub-
tilis chromosome or the large amount and distribution
of genes involved with multicellular developmental
processes and regulation in the Streptomyces coeli-
color genome (Bentley et al. 2002; Stragier 2002;
Stragier and Losick 1996);

Our sequence similarity searches were mainly limited
to using the B. subtilis gene sequences as reference
because it is the model organism for studying endo-
spore formation. Even the sequences from C. aceto-
butylicum, which were used partly as a reference set,
were originally identified by similarities to those from
B. subtilis. Despite this limitation, the data imply that
either sporulation developed more than once or early
sporulation genes underwent major changes during

@

3

the evolution to the genes of present-day species such
as B. subtilis and C. acetobutylicum.

Selection of genes involved solely in sporulation pro-
cesses. In seeking to tabulate those genes that have one
singular involvement in cells, namely sporulation, we ar-
rived at a significantly modified table (Table 6) than the
one presented by Stragier (2002). Due to the much larger
database of available genome sequences, our table is both
drastically more restricted and smaller. It is unclear at this
stage whether the observed division into genes present in
Bacillus and genes present in Clostridum is artificial or
due to phylogenetic differences. The presented analysis
demonstrates clearly that there is a need to obtain a de-
tailed analysis of sets of “sporulation-specific” genes from
aerobic and anaerobic species lacking sequences with un-
equivocal similarities to the B. subtilis genes. It has been
speculated that the anaerobic clostridial lineage is more
ancient than the one of the Bacillales. Thus, the Bacillus
and Clostridium species might have quite differently modi-
fied sporulation genes. Currently, there is not enough knowl-
edge about the sporulation processes in clostridia to attempt
such analysis, which should also include unusual sporula-
tion systems such as the ones from Epulopiscium and
Metabacterium (Angert et al. 1996; Siunov et al. 1999).
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