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Abstract Species belonging to the phylum Synerg-
istetes are poorly characterized. Though the known
species display Gram-negative characteristics and the
ability to ferment amino acids, no single characteristic
is known which can define this group. For eight
Synergistetes species, complete genome sequences or
draft genomes have become available. We have used
these genomes to construct detailed phylogenetic trees
for the Synergistetes species and carried out compre-
hensive analysis to identify molecular markers con-
sisting of conserved signature indels (CSIs) in protein
sequences that are specific for either all Synergistetes
or some of their sub-groups. We report here identifi-
cation of 32 CSIs in widely distributed proteins such as
RpoB, RpoC, UvrD, GyrA, PolA, PolC, MraW, NadD,
PyrE, RpsA, RpsH, FtsA, RadA, etc., including a large
>300 aa insert within the RpoC protein, that are
present in various Synergistetes species, but except for
isolated bacteria, these CSIs are not found in the
protein homologues from any other organisms. These
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CSlIs provide novel molecular markers that distinguish
the species of the phylum Synergistetes from all other
bacteria. The large numbers of other CSIs discovered
in this work provide valuable information that sup-
ports and consolidates evolutionary relationships
amongst the sequenced Synergistetes species. Of these
CSIs, seven are specifically present in Jonquetella,
Pyramidobacter and Dethiosulfovibrio species indi-
cating a cladal relationship among them, which is also
strongly supported by phylogenetic trees. A further 15
CSIs that are only present in Jonquetella and Pyram-
idobacter indicate a close association between these
two species. Additionally, a previously described
phylogenetic relationship between the Aminomonas
and Thermanaerovibrio species was also supported by
9 CSIs. The strong relationships indicated by the indel
analysis provide incentives for the grouping of species
from these clades into higher taxonomic groups such
as families or orders. The identified molecular mark-
ers, due to their specificity for Synergistetes and
presence in highly conserved regions of important
proteins suggest novel targets for evolutionary,
genetic and biochemical studies on these bacteria as
well as for the identification of additional species
belonging to this phylum in different environments.
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Introduction

The Synergistetes group of bacteria is a recently
recognized phylum for which 40 organisms have been
isolated and over three hundred 16S rRNA sequences
are available (Hugenholtz et al. 2009; NCBI Taxon-
omy 2012). The phenotypic characteristics shared by
the species from this phylum include their gram-
negative cell wall, anaerobic existence, and rod/
vibrioid cell shape (Jumas-Bilak et al. 2009).
Although the presence of lipopolysaccharides, which
is an important characteristic of diderm cell envelopes,
in Synergistetes species has not yet been reported, they
do contain genes for various proteins that are involved
in lipopolysaccharide biosynthesis (Sutcliffe 2010).
While a few species have been shown to be asacchar-
olytic, all Synergistetes have the ability to ferment
amino acids (Magot et al. 1997; Baena et al. 1998,
1999a; Surkov et al. 2001; Hongoh et al. 2007;
Downes et al. 2009; Jumas-Bilak et al. 2009). The
Synergistetes inhabit primarily anaerobic environ-
ments including animal gastrointestinal tracts, soil, oil
wells and wastewater treatment plants and they are
also present in sites of human diseases such as cysts,
abscesses and areas of periodontal disease (Godon
et al. 2005; Kumar et al. 2005; de Lillo et al. 2006;
Horz et al. 2006; Jumas-Bilak et al. 2007; Vartoukian
et al. 2007; Zijnge et al. 2010). Due to their presence at
illness related sites, the Synergistetes are suggested to
be opportunistic pathogens but they can also be found
in healthy individuals in the microbiome of the
umbilicus and in normal vaginal flora (Vartoukian
et al. 2007; Marchandin et al. 2010). Other species
from this phylum have been identified as significant
contributors in the degradation of sludge for produc-
tion of biogas in anaerobic digesters and are potential
candidates for use in renewable energy production
through their production of hydrogen gas (McSweeney
et al. 1993; Maune and Tanner 2012; Delbes et al. 2001;
Riviere et al. 2009; Ziganshin et al. 2011).
Synergistetes species were first identified with the
isolation of Synergistes jonesii from which the phylum
name “Synergistetes” is derived. S. jonesii was isolated
from the rumen of a goat in 1992 and described as a
gram-negative staining, anaerobic, rod-shaped, com-
mensal bacteria with the ability to degrade the toxic
compound pyridinediol 3-hydroxy-4-1(H)-pyridone
(Allison et al. 1992; McSweeney et al. 1993). S. jonesii
16S rRNA was not closely related to that of any bacteria
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characterized at the time but the species was later
misclassified as a member of the Deferribacteres group
(Garrity et al. 2004). Around the same time, the species
Thermoanaerovibrio acidaminovorans was isolated
from methanogenic sludge and indicated to be a member
of the Selenomonas genus within the Firmicutes phylum
(Guangsheng et al. 1992; Baena et al. 1999b). These
misclassifications of Synergistetes continued, as species
from the genera Aminobacterium and Dethiosulfovibrio
were described as forming a deep-branching clade
beside cluster V within Clostridia, consisting of a group
composed of Thermoanaerobacter species (Magot et al.
1997; Baena et al. 1998). Several other organisms now
considered Synergistetes were also placed among the
Syntrophomonadaceae family of the Firmicutes (Gar-
rity et al. 2004; Dahle and Birkeland 2006; Diaz et al.
2007). Eventually, efforts based on 16S rRNA
sequences by Jumas-Bilak et al. (2009), identified the
monophyletic nature of the Synergistetes within the
bacterial domain and proposed that these “Synergistia
Jjonesii-like” species form a distinct phylum, now
named the Synergistetes (Jumas-Bilak et al. 2009). All
characterized Synergistetes species are currently placed
under the class Synergistia, the order Synergistiales and
the family Synergistaceae (Jumas-Bilak et al. 2009).
This family until recently was comprised of 11 genera,
namely: Aminiphilus, Aminobacterium, Aminomonas,
Anaerobaculum, Cloacibacillus, Dethiosulfovibrio,
Jonquetella, Pyramidobacter, Synergistes, Thermo-
anaerovibrio and Thermovirga (Hugenholtz et al.
2009; Jumas-Bilak et al. 2009; NCBI Taxonomy
2012). Recently, a new genus Fretibacterium has also
been described, which contains a single species Freti-
bacterium fastidiosum that was previously known as
Synergistes bacterium SGP1. A candidate genus Tamm-
ella, composed of a group of related and uncultured
species found within termite guts, has also been
suggested to belong to the phylum Synergistetes
(Hongoh et al. 2007; Hugenholtz et al. 2009).

While the Synergistetes are currently classified as
belonging to a separate phylum based on their 16S
rRNA sequences, no characteristic of these bacteria is
known that can easily differentiate a Synergistetes
species from other bacteria. Though all cultured
Synergistetes can ferment amino acids, various spe-
cies from other taxa also share this ability (Hou et al.
2004; Fonknechten et al. 2010). The availability of
genome sequences has allowed for the employment of
comparative genome approaches for the identification
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of molecular markers that are specific for different
bacterial groups at various taxonomic levels (Gupta
1998; Griffiths et al. 2005; Gupta and Bhandari 2011;
Gupta and Shami 2011). Using genomic sequences,
our lab has pioneered the discovery of conserved
signature insertions/deletions (i.e. indels, CSIs) pres-
ent in protein sequences that are specific for particular
groups of organisms (Gupta 1998, 2009; Gao and
Gupta 2005; Griffiths and Gupta 2006; Gupta and
Bhandari 2011). The group specific presence of CSIs
can be parsimoniously explained through rare genetic
changes occurring in a common ancestor to the
particular groups of species and then being passed
down through vertical descent (Gupta 1998, 2000,
2009). Such CSIs, which are present in a related group
of species and absent in other organisms, are useful as
molecular markers for the identification of species
belonging to a taxonomic group and the demarcation
of the group’s boundaries. Additionally, through
comparison of sequences and based on the presence
or absence of the indicated CSIs in outgroup species, a
rooted phylogenetic relationship can be inferred
among the species (Rivera and Lake 1992; Baldauf
and Palmer 1993; Gupta 1998, 2001).

From the species identified as Synergistetes, com-
plete or annotated draft genomes are now available for
nine species (described below). In the present work, we
have carried out detailed comparative analyses on
protein sequences from these genomes to identify
molecular markers (CSIs) that are specific for the
phylum Synergistetes and some of its subgroups, as well
as those that provide information regarding its relation-
ship to other bacterial phyla. Our work has identified
numerous CSIs that provide highly specific markers for
all sequenced members of the Synergistetes phylum as
well as a number of its sub-groups. Additionally, several
CSIs that are commonly shared by Synergistetes and
some species from other bacterial phyla suggest
potential cases of lateral gene transfers. These CSIs
provide novel and powerful means for the identification/
circumscription of species from the phylum Synergiste-
tes and for different types of studies on them.

Phylogenetic analysis of the genome sequenced
Synergistetes

The complete genomes for Aminobacterium (Amb.)
colombiense (Chertkov et al. 2010), T. acidaminovorans

(Chovatia et al. 2009) and Thermovirga (Tv.) lienii
(Dahle and Birkeland 2006) have been published while
annotated draft genomes were accessible for Dethio-
sulfovibrio peptidovorans (Labutti et al. 2010), Amino-
monas (Amm.) paucivorans (Pitluck et al. 2010),
Anaerobaculum (An.) hydrogeniformans, Jonquetella
anthropi and  Pyramidobacter piscolens (NCBI
genomic database 2012). Limited sequence data for
F. fastidiosum, which is currently referred to as
Synergistetes bacterium SGPI in the NCBI database,
was also available (Vartoukian et al. 2012). These
species represent nine of twelve characterized genera
from the phylum. Some characteristics of these organ-
isms and their genomes are provided in Table 1.

The relationships of the species in the Synergistetes
phylum have thus far been primarily analyzed through
16S rRNA sequence data. However, it is now recog-
nized that trees based on a larger dataset of genes or
proteins representing diverse functional categories are
more reliable in resolving phylogenetic relationships
than a single gene such as the 16S rRNA or a single
protein (Rokas et al. 2003; Ciccarelli et al. 2006; Wu
and Eisen 2008). Therefore, in order to visualize the
relationship among the sequenced Synergistetes spe-
cies, phylogenetic trees based upon concatenated
sequences of ten housekeeping proteins were con-
structed. The 10 proteins that were used for phyloge-
netic analysis (viz. ArgRS, GyrB, Hsp70, ribosomal
proteins L1 and LS5, RpoB, RpoC, TrxB, UvrD and
ValRS) are found in most bacteria and they have been
extensively used for other phylogenetic studies (Bo-
cchetta et al. 2000; Ciccarelli et al. 2006; Soria-
Carrasco et al. 2007; Zhaxybayeva et al. 2009;
Naushad and Gupta 2012). In addition to the Synerg-
istetes species, the dataset that was employed for
phylogenetic analyses also contained information for
species from several other bacterial phyla including
those in whose proximity the Synergistetes species
were observed to branch in earlier studies (Guangsh-
eng et al. 1992; Magot et al. 1997; Baena et al. 1998;
Garrity et al. 2004; Diaz et al. 2007; Herlemann et al.
2009). The results for the multi-protein concatenated
phylogenetic analysis are presented in Fig. la. In
parallel, a 16S rRNA tree was also created to
investigate the congruence with the protein tree
(Fig. 1b).

In both the protein tree and the 16S rRNA tree, the
Synergistetes species formed a monophyletic clade
that was distinct from all other bacterial groups,
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Table 1 Characteristics of the Synergistetes species with sequenced genomes

Synergistetes species GC Isolation source Asaccharolytic  Optimum Size Reference
(%) temperature  (Mb)
°C)
Aminobacterium colombiense 453  Anaerobic lagoon of dairy Yes 37 1.98 DOE-JGI*
wastewater treatment plant
Aminomonas paucivorans 43 Anaerobic lagoon of dairy Yes 35 2.6 DOE-JGI*
wastewater treatment plant
Anaerobaculum 46.6 Oil-well production water No 55 23 GSC-WashU®
hydrogeniformans
Dethiosulfovibrio 544 Oil well Yes 42 2.6 DOE-JGI*
peptidovorans
Jonquetella anthropi 59.4 Peritoneal fluid, Breast Yes 37 1.7 DOE-JGI*
and pelvic abscess, sebaceous
cyst and wounds
Pyramidobacter piscolens 59 Human oral cavity Yes 37 2.6 JCcve
Thermanaerovibrio 63.8  Granular methanogenic sludge  No 55 1.85 DOE-JGI*
acidaminovorans
Thermovirga lienii 46.6 Oil-well production water Yes 58 2.06 DOE-JGI*
Fretibacterium fastidiosum 63 Subgingival plaque Yes 37 Unknown Vartoukian
et al. (2010)

% DOE-JGI—these genomes have been sequenced by the United States Department of Energy Joint Genomic Institute
® GSC-WashU—Genome Sequencing Center (GSC) at Washington University (WashU) School of Medicine

¢ JCV—I. Craig Venter Institute

supporting their assignment into a separate phylum.
The species such as Syntrophomonas wolfei or Sele-
nomonas sputigena in whose proximity some of the
Synergistetes species were indicated to branch in
earlier studies, branched distinctly from them.
Although the relationships among other bacterial
species/phyla differed within the two trees and they
were mostly unresolved, within the Synergistetes
clade both the concatenated protein tree and the rRNA
tree displayed a similar branching order. In both trees,
the Synergistetes species showed a split into two
clades at the highest level. One clade is comprised of
Thermanaerovibrio and Aminomonas sharing a distant
relationship with the Thermovirga and Anaerobacu-
lum species while the other clade is comprised of the
five species from the genera Aminobacterium, Jon-
quetella, Pyramidobacter, Dethiosulfovibrio and Fre-
tibacterium. The concatenated protein tree shows,
with high statistical support, that the J. anthropi and
P. piscolens species branch together and that
D. peptidovorans is the closest relative of these two
species. The trees also show a well-supported, close
relationship between T. acidaminovorans and Amm.
paucivorans. The species Amb. colombiense and F.
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fastidiosum are observed to robustly branch together,
though their relationship to the Dethiosulfovibrio—
Pyramidobacter—Jonquetella clade was strongly sup-
ported only by the NJ concatenated protein tree. The
ML analysis and the rRNA tree weakly supported this
relationship. The position of An. hydrogeniformans
and Tv. lienii species within the phylum was poorly
resolved in both the concatenated protein and the
rRNA trees. In both the trees, short branches connect
these species to the Thermoanaerovibrio—Aminomon-
as clade and their grouping in this clade was weakly
supported by the ML tree and the rRNA tree.

Identification of CSIs that are specific
for the Synergistetes species

For the identification of CSIs, BlastP searches against
the non-redundant protein sequence (nr) database were
carried out on all proteins from the genome of
the species Amb. colombiense DSM 12261 and
T. acidaminovorans DSM 6589 from the Synergistetes
phylum (Altschul et al. 1997, 2005). Using the
ClustalX program, multiple sequence alignments were
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Fig. 1 Phylogenetic tree for sequenced Synergistetes species
and representative species from some closely related bacterial
phyla. a A neighbour joining (NJ) distance tree based upon
concatenated sequences for 10 highly conserved and widely
distributed proteins (ArgRS, GyrB, Hsp70, ribosomal proteins
L1 and LS, RpoB, RpoC, TrxB, UvrD and ValRS). The numbers
on the node indicate the % bootstrap score (or statistical support)

created for all proteins for which high scoring
homologues were available from most Synergistetes
species as well as several other groups of organisms.
The aligned proteins were visually inspected to
identify insertions or deletions that were flanked by
conserved amino acids on both sides. Insertions and
deletions that were not flanked by at least 4-5
conserved residues within the neighbouring 3040
residues were not further considered as they do not
provide useful molecular markers (Gupta 1998, 2001;
Gupta and Bhandari 2011). More detailed BlastP
searches (searching for 250 of the closest sequence
matches) were then carried out on 50-80 aa long
segments (longer in some cases) containing the indels
and its flanking conserved regions to determine the
species distribution for the identified indels. Indels
predominantly found in Synergistetes species or those
that were found in Synergistetes along with some other
taxonomic group of organisms were retained and
compiled into signature files. The signature files
shown here contain sequence alignments of various

for each node in the NJ and maximum-likelihood analyses,
respectively. The dashes (-) at nodes indicate that the statistical
support for this particular branching relationship was <50 % in
the NJ or ML analysis. b A NJ tree for the same species as shown
in (a) based upon 16S rRNA sequences. The trees were
constructed as described in our earlier work (Gupta and
Bhandari 2011)

detected indels along with the flanking conserved
regions for all Synergistetes and representative
species from other taxonomic groups for which
information was detected in the Blast searches.
However, due to spatial considerations sequence
information for only limited numbers of species
from other groups are shown here. In a few cases,
where more than one homologue of a protein was
detected for the same species, sequence information
for different homologues was included only if they
showed differing characteristics (viz. one homologue
contained the indel while the other(s) did not). All
of the indels reported in this work are independent
of each other and they are not part of indels for
other larger clades.

CSIs that are specific for the Synergistetes phylum

CSIs in proteins brought about by rare genomic
changes that are restricted to phylogenetically well-
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defined groups are useful as molecular markers that
provide means for evaluating evolutionary relation-
ships (Gupta 1998; Rokas and Holland 2000). Our
analyses of genome sequences from Synergistetes
species have identified 32 CSIs that help define and
demarcate the species of this phylum. Some charac-
teristics for these Synergistetes specific CSIs are listed
in Table 2 and two examples are provided in Fig. 2.
Figure 2a depicts two inserts that are present in close
proximity within the 8’ subunit of the RNA polymer-
ase enzyme (RpoC), an essential enzyme responsible
for transcription of genes in all organisms. The region
of the protein shown is highly conserved among all
organisms and it contains a 2 aa insert that is
specifically present in all homologues of the RpoC
enzyme from species of the phylum Synergistetes.
Another example of a conserved indel that is specific
for all Synergistetes species is shown in Fig. 2b. In this
case, the a-subunit of DNA polymerase III contains a 1
aa insert that is specifically present in all Synergistetes
species (Fig. 2b) but not in any other bacteria. The
absence of amino acid residue both the CSIs shown in
Fig. 2 in all other organisms except Synergistetes
indicates that these CSIs constitute inserts rather than
deletions. Within the RpoC protein, in the neighbor-
hood of the conserved insert that is shown in Fig. 2a,
another very large insert consisting of between 311
and 316 aa is also uniquely present in all sequenced
Synergistetes species. The sequence region corre-
sponding to this large insert is shown in Fig. 3. BlastP
searches with this insert show no significant hits for
any proteins from organisms outside of other Synerg-
istetes, indicating that this insert is a distinctive
characteristic of the species of this phylum. Because
of its large size, this large insert likely forms a unique
domain of the RpoC protein that is only found in the
Synergistetes species.

Other indels present in all genome sequenced
Synergistetes, and absent in species from other
taxonomic groups, are depicted in Supplementary
Figs. 1-12 and some characteristics of them are
summarized in Table 2 . These indels are present in
proteins involved in important cellular processes such
as DNA replication (e.g. DNA polymerase I), protein
translation (30S ribosomal protein S1) and cell
metabolism (2-oxoglutarate synthase). For some of
these Synergistetes specific CSIs, protein homologues
for one or more Synergistetes species were not
detected (Supplementary Figs. 7-13). A 3 aa insert

@ Springer

in 2-oxoglutarate synthase (Supplementary Fig. 7) is
an example of such an indel. The insert is present in all
detected Synergistetes but in this case the homologue
for F. fastidiosum was not found in BlastP searches. It
is possible that the gene coding for this protein has
been lost from this species due to genetic, environ-
mental or physiological factors. However, as fully
published genome sequences among the Synergistetes
species are available for only 7. acidaminovorans, Tv.
lienii and Amb. colombiense, the lack of a protein
homologue for some of these species could also be due
to the fact that their entire genomes have not yet been
sequenced and/or annotated. Nevertheless, since these
CSlIs are only found in the Synergistetes species and
not in any other bacteria (0/250; top 250 blast hits),
they also provide reliable molecular markers for this
group.

The indels identified above are completely specific
for the Synergistetes species. However, for a small
number of other CSIs discovered in this work, along
with their presence in all Synergistetes, these CSIs
were also found in a small number (usually 1-2) of
species belonging to other taxonomic groups. Two
such examples are shown in Fig. 4. The first of these is
another 2 aa long insert in the RpoC protein (Fig. 4a).
This CSI is found in all Synergistetes in a highly
conserved region of the protein, however it is also
present in the species Eubacterium yurii from the
Clostridia class of the phylum Firmicutes. The CSI is
not present in any other organisms, including other
Firmicutes species. Different possibilities exist for the
presence of the CSI in a single species outside of the
phylum. The shared presence of the CSI in E. yurii, a
species not considered to be directly related to the
Synergistetes (see Fig. 1), might be the result of a
lateral gene transfer event wherein the Synergistetes
gene containing the indel might have been introduced
into E. yurii. Alternatively, it is possible that two
separate genetic events led to the presence of similar
CSlIs in Synergistetes and E. yurii. A second example
of such an indel is shown in Fig. 4b. Here a 2 aa insert
is present within the 30S ribosomal protein S8 of
Synergistetes species and an uncultured Termite group
1 phylotype RS-DI17 considered to belong to the
phylum Elusimicrobia. As shown, Elusimicrobium
minutum itself contains a 1 aa insert in a similar
position in the protein. It is possible that the Elusimi-
crobia are a sister taxon of the Synergistetes and the
indel has been passed on to both phyla through a
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1203 1241

(A) ,Aminobacterium colombiense 294101621 QGVSINNKHIEVILRKVA [PV]NRIRVVEEGDTSFVAGDLY

Thermovirga lienii 357419479  ------------------ il EEEEEE LR E LR R

Aminomonas paucivorans 312880379  ------ D----T------ V- SP--S-E--

Anaerobaculum hydrogeniformans 289523376  ------------------ --|-KV-IAD----- Y-V-EI-

Synergistetes{ Jonquetella anthropi 260655389  ------------------ -I|--VKITD--------- EFA

9/9 Fretibacterium fastidiosum 295112262  ------------------ -L§--V--L----------- M-

Pyramidobacter piscolens 282857670  ------------------ -If--L--ID----- L------

Dethiosulfovibrio peptidovorans 288574655 @ ------------------ --§--L---D----A-------

\Thermanavib. acidaminovorans 269792801  ------ D-------nn-- |- -1--V--1----8----- E--

ictyoglomus thermophilum 206900872 --AE--D------ V-QMT --V-IEDP--SN-LF-Q--

Slackia exigua 269216200 ---D--D------ A-QML RKVL - -SA--SMLLP-RQ-

Bacillus sp. B14905 126654239 ---E-GD----- MV -QML RKV--I-A---DLLP-S-L

Lysinibacillus fusiformis 299541920 ---E-GD----- MV -QML RKV--I-A---ELLP-S-L

Denitrovibrio acetiphilus 291286306 ---H--D------ A-QML KK-1I-EDP--SN-MPNEE -

Eubacterium hallii 225026545 ---D--D----I-V-QML KKV-IE-A--SRYLP-A-I

Prochlorococcus marinus 124026589 ---A-DD------ V-QMT SKV-IEDA---T-LP-E-I

Deferribacter desulfuricans 291280154 ---N--D----I-V-QMM RKVIIEDP - - SDYMPNEE -

Clostridium leptum 160935067 ---D--D------ V-QMM KKV--DD- - - -LLMPNS- -

. Burkholderia oklahomensis 167564423 ---K--D------ V-QML R-VQI-DN---R-IP-EQ-

Other spec1es< Ruminococcus torques 291549813 ---E--D------ V-QML KK--IE-K---E-LP-TM-

0/250 Oxalobacter formigenes 237749510  ---K--D------ V-QML  R-VN--DA----YIT-EQ-

Thermosinus carboxydivorans 121534752 ---E--D----- MV -QML HKVK-EDP- - -DLLP-EYI

Ralstonia solanacearum 300702766 ---K--D------ V-QML R-VQI-DV---K-IP-EQ-

Rothia mucilaginosa 283457533 ---E-HD--V---V-QML R-VT-I-S---DLLP-E--

Nocardioides sp. JS614 119714959  ----- HD----I-V-QML R--T-I-S---NLLPS---

Acidothermus cellulolyticus 117927509 ---P-HD----I-V-QML K-VNIL-S---E-LP-E--

Marchantia polymorpha 11466681 ---Q-8----- I-V-QMT SKVITL-D-M-NVFLPGEL

\Eggerthella lenta 257790478 ---D--D------ A-QML RKVA-MDA-ESD-LP-RQ-

yphomonas neptunium 114798314 ---P--D------ V-QML QKVEITDG---V-IT-EHI
B 762 _ 807
( ) ADethiosulfovibrio peptidovorans 288574785 TAYLKAHYDREFMAAYLTS | Q| IGSKKDVMAAYVREVRKSGIPVLPPD
Thermovirga lienii 357419591 ------- FPV----- F-SS|H|VH--L-IL-KH--A--D---H-S---
Aminobacterium colombiense 294101731 ------ NFQP--------- Ll EEEEE R R-I----N---E-----
Jonquetella anthropi 260655562 --W--T--PK--------- K|--A------ $--K---8---D--A--
SynergisteteS< Pyramidobacter piscolens 282856832 --W--V--PK------- S-|K|--A--E---E------ A---D--A--
9/9 Anaerobaculum hydrogeniformans 289523190  -------- PV--L--F-S-|H|--A--EIL-R------ SD--E-----
Aminomonas paucivorans 312880004 -------- GA--L----S-|M|V-ARM-ILGR-I-G--DL-F------
Thermanaerovibrio acidaminovorans 269792442 @ -------- GP--L-S--S-|I|V--RM-ILGR-IK---NL-YS-----
“retibacterium fastidiosum 295112106 ------ N-KA----8--S- L |MK----- LGH- - - --- Q---S-----
fTher‘mosinus carboxydivorans 121534258 -------- PQ----- L--- VMGANEKVGL - IE-C-RL--------
Selenomonas sputigena 260887140 -------- PQ----- M--- -MDTN-KVGV-IELC-RM- -KI----
Actinomyces urogenitalis 227497604 ----- T--PT-Y---L--- QKDN- -KL-L-LG-C-HM- -K---- -
Mycobacterium tuberculosis 215403402 ------ N-PA-Y--GL--- V-DD- -KA-V-LADG--L--T-----
Nocardia farcinica 54023768 ------ N-PA-Y--GL---  V-DD--KA-V-LSDC-RL--T-----
Streptomyces hygroscopicus 302544658 ------ NFPA-Y---L--- VRDD- -KS-V-LN-C--M- -K-----
Clostridium thermocellum 125973779 --W--CY-PV--I--L-N- FMGSS -KISQ- -H-C--L--E-----
Syntrophomonas wolfei 114567554 -------- PV-YLC-F-S- VIDNQ-KVVS-IK-C-RL--K-----
Other species< Desulfobacterium autotrophicum 224369575 2 -------- PL-Y---LM-- DM-NI-SVVKFID-C-NHE-N-----
0/250 Geobacter lovleyi 189425779 -------- PV----- L-SC DMDST -KVLKSISDC-EQ--E-----
Streptomyces coelicolor 21234220 ------ N-PA-Y---L--- V-DD- -KAGI-LADA--L-VT-----
Syntrophus aciditrophicus 85859457 @ -------- PV----- L--- EKDNR -KIIK-IHVCKEM- -AI----
Thermus aquaticus 14194701 ---V----PV----- L-8V ERHDS-KV-E-I-DA-AL--------
Spirochaeta thermophila 307718499 -------- PA----- N--N EIGNP-KL-Q-IG-T-AM--E-----
Bacteroides capillosus 154499865 ---F-C--T--Y---L--- VLDSSEKV-E-IA-CKEC--SL----
Deferribacter desulfuricans 291280374 -------- PV-Y---L-SN  ELE-G-KVVGFID-CK-M--K--K--
\Neisser‘ia meningitidis 325204784 --W----- PA----- TMS- ELDNT -QLKHFYDDC -AN- -EF - - - -

Fig. 2 Partial sequence alignments of conserved region within
the a RNA polymerase ' subunit (RpoC) and b DNA
polymerase III o subunit showing two CSIs (boxed) that are
uniquely present in species from the Synergistetes phylum, but
not in any other bacteria. The dashes (-) in this and all other
alignments indicate identity with the corresponding amino acid
on the top line. The numbers in the second column are the
GenBank identifier numbers of the particular proteins. The
numbers below the taxon identifiers indicate the number of

species detected with the indel and the total species of the
respective taxon which were detected. Only representative
species are shown in the alignments, however, no other species
in the indicated number of blast hits contained the indel (0/250).
Information for 12 other CSIs in widely distributed proteins that
are specifically present in all sequenced species from the
Synergistetes phylum is provided in Supplemental Figs. 1-11
and summarized in Table 2

@ Springer
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Aminobac. colombiense
Jonquetella anthropi
Therm. acidaminovorans
Bacillus sp. B14905
Prochlorococcus marinus
Pseudomonas fluorescens

Aminobac. colombiense
Jonquetella anthropi
Therm. acidaminovorans
Bacillus sp. B14905
Prochlorococcus marinus
Pseudomonas fluorescens

Aminobac. colombiense
Jonquetella anthropi
Therm. acidaminovorans
Bacillus sp. B14905
Prochlorococcus marinus
Pseudomonas fluorescens

Aminobac. colombiense
Jonquetella anthropi
Therm. acidaminovorans
Bacillus sp. B14905
Prochlorococcus marinus
Pseudomonas fluorescens

Aminobac. colombiense
Jonquetella anthropi
Therm. acidaminovorans
Bacillus sp. B14905
Prochlorococcus marinus
Pseudomonas fluorescens

Aminobac. colombiense
Jonquetella anthropi
Therm. acidaminovorans
Bacillus sp. B14905
Prochlorococcus marinus
Pseudomonas fluorescens

1197

QGVYRSQGVSINNKHIEVILRKVAPVNRIRVVEEGDTSFVAGDLVWTDE IEDENEATRRENEKNIMEATRIFS
QEVYESQGVSINNKHIEVILRKVAPINRVKITDEGDTSFVAGEFAWTSDVEKE IEEIKASNEKNLTEAVESLK
QDVYRSQGVSINDKHIEVILRKVAPVNRVRVIEEGDSSFVAGELVWKEDLEAESRRISEQN - ARFLEEASFLC
QKVYRMQGVEIGDKHIEVMVRQML - -RKVRVIEAGDTDLLPGSLL - ----------ccccmmmmmmnann
QNVYKSQGVAIDDKHIEVIVRQMT - - SKVRIEDAGDTTFLPGELI - - ---------------mmmmmme oo oo
QDVYRLQGVKINDKHIETILRQML - -RKVEIAESGDSSFIKGDAM- - - - - = - - - === - - - oo mm oo m oo oo

* k% KAk KX chkhkk ek . e e = kke = %

GRVVKSIAASRLTDTILQYGNMPLTEEAIRTLLRPGYLISQMVLEGDEGSDLILVIGEAAFRKRMEGLELIET
GKKLSDRGGALKGLLPDGAFDKPVTEDVLRKVLAPGGAVTELYFTDEEGP - LRVVVGEAAFRKEMRGMELVEA
GAVVKDAVG - - SLDGTGITRDEELTMDKLGRLLSPGVGASELICQDREGL - LRVIVGEASFKRELEGLELLSD

FKSEDGKE - IAAGTILTPGQLGIVTSGDPVSICVRDHETIEKLVDSSYLAEDIVVDNEVMAEKDHIFTQAMAA
VTKGD - KVVPADEP - LTVAQLSVITQGAPVPHMFRSVEKLRKQQDEGYVAEAVIAESGVLAKADQLLTEDLIE
LPVADGCVISAGSR - LTASDASRIVAMGPQPLLVKDLKAMEDMVGEVYLAEDVTVDGRVLSLKDRLFDLEVFQ

ICFEHNIQAVKIWHSVERISVLDALQERLMNNIWGRHLTQAVDSEGNGL TDVSGMVDARIIRGLVDDEISAVD
QIRRSSAPSVKIWKTVDTISVRDLLQERL INRIWGRQLKLAIGADGQAL SGSVHMVDGSVVKGIVEGQIQGLYV
ELRSLPVESVRIWRNPERLDLCKDVYEYLIGNYLSQRVLRVITRDGAVTEPLDNRISME IAEGIRSGEVEAIE

LEG-EILTREKALIELLNTLIYGKVLLEPVVDEKGQILVDSGQEINRAMIDLLVRSQAGEFVVRPLSARHDEK
FADDSNTSRETEL TEALSSVVSGKVLLEDVKNSDGTVALQAGQEIGKKQLAKIVAADPTILTVRPVLDQTETV
LDGNNVVSRERVLKALLTEKVYGKVLLEPVRDVDGNVVVPSGREVSHQVMDQIVAACPGEMVVRPILAQGEHR

1617
TLIWDVTFVRKLREGPKCRPFVHGITKAALATESFLSAASFQQTAQVLAGAAVKGEMD
QLISRVSFVRRLRLGPQWRPFIHGVTKAALATDSFLSAASFQQTAQILAGAAVRNQVD
RLIQRISFVRRLRELPTWKPVLHGI TKAALATDSFLSAASFQQTAQVLASAAVRGEVD
FAEANADAVMNGKNPATCRPVILGI TKASLETESFLSAASFQETTRVLTDAAIKGKRD
VEDTNQAISITGGAPSEFTPVLLGITKASLNTDSFISAASFQETTRVLTEAAIEGKSD
VLVENERLSTEDKFVAKFTRVLLGI TKASLSTESFISAASFQETTRVLTEAAVTGKRD

= kekkdkek KokkokAkhkAhkKkoks sk Kk - %

Fig. 3 Partial amino acid sequence alignment of the RpoC
protein showing a large insert that is specifically present in all
sequenced Synergistetes species. Partial sequence for the neigh-
bouring regions is also shown in the alignment. The dashes in
this particular alignment represent sequence gaps. The identical
and conserved residues in this alignment are indicated by * and

common ancestor. However, this postulation is not
supported by the phylogenetic trees (Fig. 1) and it is
possible that the CSI in these two taxa occurred
independently or by means of LGT. The information
for other CSIs where indels found in Synergistetes are
also present in one or two species from other taxa is
summarized in Table2 and the sequence

@ Springer

semicolons (:), respectively. Blastp searches with the insert
sequence (without the flanking region) show no significant hit
for any protein except for the RpoC homologs from the
Synergistetes species. Sequence information is shown for only a
few Synergistetes, but this insert is present in all sequenced
species

alignments for these are presented in Supplemen-
tary Figs. 13-20.

A further seven CSIs, specific for species of the
Synergistetes phylum, were discovered where one
species from the phylum was detected to lack the
indel. A 3 aa insert in the 3-4-dihydroxy-2-butanone
4-phosphate synthase (Supplementary Fig. 21) is an
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44 _ o3
(A) sDethiosulfovibrio peptidovorans 288574655 GLFCERIFGPTKSFECACGKYKKS |GP| KFKGV ICDRCGVEVTDNRVRRERM
Thermovirga lienii 357419479
Pyramidobacter piscolens 282857670
Aminobacterium colombiense 294101621
Synergistetes< Aminomonas paucivorans 312880379
9/9 Thermanaerovibrio acidaminovorans 269792801
Anaerobaculum hydrogeniformans 289523376
Jonquetella anthropi 260655389
“Fretibacterium fastidiosum 295112262
ubacterium yurii 306821196
Anaerococcus lactolyticus 227486351
Cryptobacterium curtum 256826829
Slackia exigua 269216200
Corynebacterium diphtheriae 38233061
Micrococcus luteus 289705072
Brevibacterium linens 260905736
Slackia heliotrinireducens 257064681
Olsenella uli 302336390
Other species< Acidothermus cellulolyticus 117927509
1/250 Collinsella intestinalis 229815794
Brochothrix thermosphacta 1495299
Staphylococcus epidermidis 242372761
Leuconostoc citreum 170017896
Bacillus subtilis 221307920
Enterococcus faecalis 29377681
Pediococcus pentosaceus 116493169
\éactobacillus brevis 116334276
atenibacterium mitsuokai 224542339
(B)
,Aminobacterium colombiense 294101642 PY
Thermovirga lienii 357419500 --
Fretibacterium fastidiosum 295111409 -
Dethiosulfovibrio peptidovorans 288574676 --
Synergistetes< Pyramidobacter piscolens 282857349 -A
9/9 Jonquetella anthropi 260655369 N-
Thermanaerovibrio acidaminovorans 269792780 SF
Anaerobaculum hydrogeniformans 289523355 --
Mminomonas paucivorans 312880358 -V
ermite group 1 Rs-D17 189485099 -------- S--EIKGIENQ |TQ
Elusimicrobium minutum 187251808 V------ IA---AVHNET- E
Ammonifex degensii 260893358 @ ------ F-KD-E--E-G-Q
Caldicellulosiruptor bescii 222529716 --L---F-KD-EI-D-G-N
Clostridium difficile 126697654 --L---F--G-D--E-G-Q
Desulfotomaculum acetoxidans 258513654 ------ FV-DVEY-E-G-Q
Halothermothrix orenii 220980979 @ -------- KD- - - -EKKPQ
Moorella thermoacetica 83591262 ---N----K--EY-E-N-Q
Ruminococcaceae bacterium 307694138 --LD----K-FQL-D-GTQ G-I-IT-K--AG--K--S----V----
. Syntrophomonas wolfei 114567827 -MQ----- KD-EFVE-G-Q GII-IY-K---D-KK--T-IK------
Other specles< Thermosediminibacter oceani 302388726 T----- F-QD-E--E-G-Q GIIKIH-K------ K--T-IK------
1/250 Bacillus halodurans 15612711 ---R--F--D-EY-E-S-Q G-I-I--K--8SN----T--K------
Brevibacillus brevis 226309822 @ ------ F--DAEFVE-N-Q GII----K--AGN----T--K------
Enterococcus faecalis 29374865 ---R--F--DVEY-E-D-Q G-I----K--K-E----TN-K------
Geobacillus kaustophilus 56418655 ---R--F--D-EY-E-N-Q GIL-I--K----N----T--K------
Lactobacillus brevis 227509945 ---R--FV-DVEY-E-D-Q G-I----K--KD-Q---T--K------
Streptococcus equi 195977222 ---R--F-K-VE--E-G-Q GII----K--Q-G----TN-K-V----
Weissella paramesenteroides 241895174 ---8--FV-DVEY-E-D-Q G-I----K-SAD-T---T--K------
Thermosinus carboxydivorans 121534648 ------ F-KD-E--D-G-Q GIL--S-K--A-R-K--T-IK------
Ilyobacter polytropus 310779582 -------- S$-F---T-GN- KNI--Y-R-S G---I-K-IK------
Fusobacterium ulcerans 257470840 @ -------- A----VT-GN- KSI--Y-K-D G-D-I-K-IK------

Fig. 4 Partial sequence alignments of RpoC and RpsH proteins
showing two CSIs, which in addition to the Synergistetes
species are also present in isolated other bacterial species.
a Excerpt from RpoC sequence alignment depicting a 2 aa
conserved insert which in addition to the Synergistetes is also
present in Eubacterium yurii. b Sequence alignment of the
ribosomal protein S8 (RpsH) showing a 2 aa insert which in

example of such a CSI. The insert is present in all
detected species of the Synergistetes except for
P. piscolens. No species outside of the phylum contain
the insert. The information for other such CSIs is

addition to the Synergistetes is also found in an Uncultured
Termite group 1 bacterium phylotype Rs-D17. A 1 aa insert in
this position is also present in Elusimicrobia minutum. Sequence
information for 8 other CSIs in different protein containing an
isolated exception is provided in Supplementary Figs. 13-20
and Table 2

summarized in Table 2 and sequence alignments for
them are presented in Supplementary Figs. 21-27. Itis
possible that these CSIs were also originally intro-
duced in a common ancestor of the Synergistetes

@ Springer



528

Antonie van Leeuwenhoek (2012) 102:517-540

phylum but they were lost in some species over time
due to ecological/physiological pressures or by mech-
anisms such as LGT followed by gene loss. In some of
the CSIs described above, in addition to the CSIs that
were specific for the Synergistetes, indels of different
lengths were also present in species from other
taxonomic groups. Due to their different lengths,
these CSIs have likely originated from independent
genetic events.

CSIs that are specific for subgroups
of the Synergistetes phylum

All Synergistetes species are currently classified as
part of a single class (Synergistia), order (Synergis-
tales) and family (Synergistaceae) (Jumas-Bilak et al.
2009; www.bacterio.cict.fr). The relationships among
the species/genera of this phylum are not well under-
stood. In the phylogenetic trees based upon concate-
nated protein sequences and the 16S rRNA a number
of strongly supported relationships among the species
within this phylum are observed (Fig. 1). Importantly,
in the present work, our analyses of protein sequences
from Synergistetes have led to discovery of several
CSIs that are commonly shared only by species from
this phylum and that are absent in all others. These
CSIs independently support a specific evolutionary
relationship among these species and they, in

conjunction with the results from phylogenetic anal-
yses, can be used for determination of the relationships
among the members of the phylum Synergistetes.

In the phylogenetic trees shown in Fig. 1, a clade
consisting of D. peptidovorans, J. anthropi and P.
piscolens is supported with high statistical support in
both the concatenated protein tree and the rRNA tree. In
our analysis, we have identified seven indels (Table 3)
that are uniquely present in these three species support-
ing independently that these three species are closely
related and form a distinct clade within the Synergistetes
phylum. The first of these is a 4 aa deletion in the
penicillin-binding protein 1A family protein which is
involved in cell wall construction (Fig. 5). This deletion
is found only in homologues of the protein from D.
peptidovorans, P. piscolens and J. anthropi and all other
Synergistetes, as well as non-Synergistetes species, lack
this deletion. An additional 6 CSIs specific to these three
organisms were discovered in the proteins tRNA
modification enzyme TrmE, ribonucleoside diphos-
phate reductase, putative DEAD/DEAH box helicase,
RpoB and the PIsC proteins. Information for these CSIs
is summarized in Table 3 and their sequence alignments
are presented in Supplementary Figs. 28-33. Among
the three organisms which are part of this clade, J.
anthropi and P. piscolens were observed as being more
closely related to each other than either is to D.
peptidovorans. This close association is underscored
by atotal of 15 CSIs, including an example that is shown

Table 3 Characteristics of the CSIs that are Specific for a Clade Consisting of J. anthropi, P. piscolens and D. peptidovorans

Protein name Gene GenBank  Figure no. Indel Indel Other species containing
name identifier size position®  indel”
Penicillin binding protein, 1A family - 288574813 Fig. 5 4 aadel 102-140 -
Ribonucleoside diphosphate reductase ~ nrdA 260654687 Suppl. Fig. 28 1l aains 193-225 -
Putative DEAD/DEAH box helicase - 260655128 Suppl. Fig. 29 1 aadel 398457 -
Putative DEAD/DEAH box helicase - 260655128 Suppl. Fig. 30  6-8 aa 437496 -
ins
DNA directed RNA polymerase, rpoB 282857671 Suppl. Fig. 31 13 aa 358-407 -
p subunit ins
1-Acyl-sn-glycerol-3-phosphate plsC 282855432 Suppl. Fig. 32 laains 57-84  P. staleyi, T. mathranii
acyltransferase
tRNA modification GTPase TrmE trmE 260655716 Suppl. Fig. 33 1 aains 263-299 E. minutum, Termite

group 1 Rs-DI17

? The indel position provided indicates the region of the protein containing the CSI

® BLAST searches were carried out for the top 250 hits. Organisms, other than J. anthropi, P. piscolens and D. peptidovorans, which
were observed to contain the CSI are indicated. Species containing a larger or a shorter CSI than indicated were not included in the

total

@ Springer
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102 140
Dethiosulfovibrio peptidovorans 288574813  EDSSFYSHHGIRPLAILRSIFS GDGGHGASTITQQLARN
Pyramidobacter piscolens 282855808 -~ -Q----K----o--o-- L--
Jonquetella anthropi 260655043 - --D----K------- F--LAT
Synergistetes< Thermovirga lienii 357419625  ---E--K-K-VDFS--I-AFWK
Aminomonas paucivorans 312880037  ---E--E-A-L--A----ALWI
3/8 Thermanavib. acidaminovorans 269792666  ---D--E-Q-VS-T----AVLV
Aminobacterium colombiense 294101764  ------ Q-G- - -VT--G-ALMV
\Anaerobaculum hydrogeniformans 289523163 - -DN--N-R- -DIKG- I - AAWY
eillonella dispar 238019116  ---R------- D-VG- - - AVWY
Alteromonas macleodii 230006582  ---R--E----D-1G-M-AAV-
Enterobacter cloacae 311277669  ---R--E---VD-VG-F-AASV
Escherichia coli 200756604  ---R--E---VD-AG-F-AASY
Haemophilus influenzae 16272388 ---R--D---LD-IG-A-AL-V
Klebsiella pneumoniae 206577457  ---R--E---VD-VG-F-AASV
Pasteurella dagmatis 260912704  --AR--H---VD-IG-A-A-KV
salmonella enterica 160867288  ---R--E---VD-VG- F-AASV
Shewanella amazonensis 119776506  --AR--E-Q--D-I1G-I-AA-V
./ sodalis glossinidius 229258577  ---R--E---VD-VG- - - AASI
()thel'speCJes< Vvibrio cholerae 121727599  ---RY-E-Y-FD-IG-T-AA-A SSASQ- - ameene
0/250 Xenorhabdus bovienii 290473153  ---R--E---VD-IGVI-AVSV “HASQ- - -~ -
Yersinia pestis 262364265  ---R--D---VD-VG- - -AVSI CRASQ- - n e
Hydrogenobacter thermophilus 288817433  --RN----F--D-I-V--ALIA REITQ------------
veillonella atypica 303228365  ---R------- D-1G---A-WV SGVSE-G- -~ -~ -~~~
Cylindrospermopsis raciborskii 282899343  ---RY-W-F-VD--G---AV-1I -VQQ- - - Ve e s
Raphidiopsis brookii 282896024  ---RY-W-F-VD--GV--AV-1I -VQQ- - - Ve e s
Bacillus subtilis 321311701  --AR--E--- -D-VR-GGALVA “F-AE-G------ VVK-
\Listeria monocytogenes 254852796  --AR--E-D- -D- IRLGGAVIA “F-AE----LS--IIKM
Fusobacterium gonidiaformans 257466898 - -KR--E----D-RGL--AV-V “HARQ- - -S- - -- - K-

Fig. 5 Partial sequence alignment of a family 1A penicillin-
binding protein containing a 4 aa deletion that is specific for D.

peptidovorans, P. piscolens and J. anthropi. Sequence Figs. 28-33
Jongquetella-
Iju1nnhiobac1er yramidobacter piscolens 282857671
onquetella anthropi 260655390
22 Aminobacterium colombiense 294101620
Dethiosulfovibrio peptidovorans 288574654
Anaerobaculum hydrogeniformans 289523377
Other Synergistetes < Thermovirga lienii 357419478
0/7 Aminomonas paucivorans 312880380
Thermanaerovibrio acidaminovorans 269792802
retibacterium fastidiosum 295112261
(Actinomyces coleocanis 227494537
Corynebacterium diphtheriae 38233060
Cryptobacterium curtum 256826828
Gordonia neofelifaecis 326382974
Mycobacterium tuberculosis 167967486
Nocardia farcinica 54026619
Alkalilimnicola ehrlichii 114319612
Coxiella burnetii 224493307
Nitrococcus mobilis 88812764
. Pseudomonas mendocina 330505214
()thel'spec1es< Vibrio vulnificus 302347128
0/250 Desulfovibrio aespoeensis 317153964
Geobacter sulfurreducens 39997954
Myxococcus xanthus 89142894
Pelobacter carbinolicus 77918308
Thermomicrobium roseum 221632985
Natranaerobius thermophilus 188584828
Burkholderiales bacterium 303256441
\;lexistipes sinusarabici 336322745
eorickettsia risticii 41017780

Fig. 6 Excerpts from sequence alignment for RNA polymerase
S subunit (RpoB) showing a 1 aa deletion that is specifically
present in J. anthropi and P. piscolens. The region contains a 1

169
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information for five other CSIs that are specific for this clade
of species is presented in Table 3 and Supplementary

208

MAGDSLSVNIDSRRKLPATLLLKAFG

---------- L--- -T--K-M--VenoKemmmmoemnnes
----- D----L--S[LJSP--V--cmcoN-K-eoeoTonnee
----- D----L--A|M|GS--A-Y----N-K---G--------
----- D----L--D|L|TP--V-ocmc NV A en e
<-V--D--V-L--D|L [TP-EV----V-NKK---L-M----Y-
<-V--D----L--D|L fTP--L---K--N-K-I-V-M------
<-L--D----L--D|L [TPSEF---K--N-K-I-V-MF---L-
<-L--D----LD-S|M|AS--TIV----- N----- [
----- S----L--E|1|DKR--VG-R--RK--Q-V-HF---L-
V-V--§----L--D|V |DKR-TVG-R--RK-RQ-V-V- - - -L-
--V--S----L--E|T[DKR-I---R--RK--Q------R-L-
V-V--G----L--D|V |DKR-TVG-R--RK-RQ-V-TI----L-
V-V--$----L--D|V |DKR-TVG-R--RK-RQ-V-V----L-
-RV--S----L--D|V [DKR-T-G-R--RK-RQ-V-V----L-
-RV--Y--S-LD-E |F [DPK-NIY-R--R-------I--R-L-
-RV--Y--S-LD-E|F [DPK-C-F-R--R------- VI-R-L-
-RV--Y--S-LD-E |F [DPK-AIF-R--R-------I--R-L-
-R---Y--$-LD-E|F |[DPK-AVF-R--R------ SV--R-L-
-R---Y--$-LD-E|F |DPK-N-Y-R--R----- $-1I-R-L-
SR---M--8-LD-D|F [DHK-I-Y-R--R---M---I----H-
-RV--Y--$-LD-E|F [DHK-I-F-R--R---M---V----L-
-R---Y--8-1D-E|F [DHK-L-Y-R--R------- V-IR-L-
-RV--Y--$-LD-D|F [DHK-L-Y-R--R------- Veoo-L-
<-L--T----L--E|T|SNR-V---K--RK--I-V-V--R-V-
GT---N----L--E|M|N-QNVI--RV-RT----V-V-IR-L-
-R---Y--$-LD-E|F |D-K-I-HFR--R---M-G-IM---L-
-R---Y--S-ID-E|F |D-KNVMY -R- -KK--I-V-V----L-
-R---Y--$-LD-E [EJD-K-V-YFR--KK----V----R-L-

aa deletion specific for the three species. Sequence information
for 14 other CSIs that are specific for these two species is

presented in Table 4 and Supplementary Figs. 34-47

@ Springer
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Table 4 Characteristics of CSIs that are specific for J. anthropi and P. piscolens

Protein name Gene GenBank  Figure no. Indel Indel Other species
name identifier size position®  containing indel®

DNA-directed RNA polymerase, rpoB 282857671 Fig. 6 1 aa del 169-190 -

S subunit
Chlorohydrolase family protein - 260654152  Suppl. Fig. 34 1 aa ins 241272 -
Phospho-N-acetylmuramoyl- mraY 260655416 Suppl. Fig. 35 1 aains 218-266 -

pentapeptide-transferase
Recombination protein RecR recR 260654559 Suppl. Fig. 36 1 aa ins 63-122 -
Transcriptional regulator NrdR nrdR 260655521 Suppl. Fig. 37 1 aa del 84-133 -
Lipid A biosynthesis acyltransferase - 282855413 Suppl. Fig. 38 1 aa ins 262-284 -
Glutamate synthase gltB 282858093 Suppl. Fig. 39 6 aa ins 334-383 -
Acetate kinase ackA 282856654 Suppl. Fig. 40 2 aa del 238-279 -
AcrB/D/F family transporter - 260654486 Suppl. Fig. 41 1 aa del 111-154 -
Transcriptional regulator IcIR iclR 282857025 Suppl. Fig. 42 10-13 aa  139-202 -

ins

Ribose phosphate pyrophosphokinase kprS 282858157 Suppl. Fig. 43 1 aa ins 204-246 Dichelobacter nodosus
Phosphoribosyl-formylglycinamidine purL 260655584 Suppl. Fig. 44 4 aa del 102-150 Hydrogenobaculum sp.

synthase II Y04AAS1
MazG family protein - 282858161 Suppl. Fig. 45 3-4aains 33-75  Clostridium

phytofermentans

Glutamate synthase gltB 282858093 Suppl. Fig. 46 8 aa ins 84-130 Desulfovibrio africanus
S-adenosylmethyltransferase MraW* mraW 289522914 Suppl. Fig. 47 1 aa ins 153-196 -

? The indel position provided indicates the region of the protein containing the CSI

® BLAST searches were carried out for the top 250 hits. Organisms, other than J. anthropi or P. piscolens, which were observed to
contain the CSI are indicated. Species containing a larger or a shorter CSI than indicated were not included in the total

¢ All Synergistetes species were observed to contain the indel except J. anthropi and P. piscolens, thus, differentiating these two

species from the rest of the phylum

in Fig. 6, a 1 aa deletion in a conserved region of the
enzyme RNA polymerase § subunit. Other indels that
provide similar molecular evidence for the observed
close relationships between these two genera are
presented in Supplementary Figs. 34—47 and informa-
tion for them is summarized in Table 4. The fidelity of
these molecular markers can be tested on cultured but
unsequenced members of the phylum Synergistetes and
as more species belonging to these genera are
sequenced, the identified CSIs should provide molecular
markers for their induction into the clade formed by this
sub-group of the phylum.

The phylogenetic trees also support a cladal rela-
tionship among two other species, Amm. paucivorans
and T. acidaminovorans, which branch as sister organ-
isms with high statistical support (Fig. 1). The clade
harbouring these genera has been proposed to form a
higher-level taxon within the phylum (Jumas-Bilak et al.
2009). In the present work, we have identified 7 CSIs
that differentiate the species representing these two

@ Springer

genera from all other species and support a specific
grouping of the genera Thermanaerovibrio and Amino-
monas (Table 5). Among these CSls is a 2 aa insert in
enzyme S-adenosyl-methionine isomerase (Fig. 7). The
information for 6 other CSIs supporting a specific
relationship among these two species is provided in
Table 5 and their sequence alignments are depicted in
Supplementary Figs. 48-53. Two other CSIs identified
in the present work, which include a 1-2 aa deletion in
the ribosomal protein L13 (Supplementary Fig. 54) and
2 aadeletion in DNA gyrase B (Supplementary Fig. 55),
are present in all detected Synergistetes species except
Thermanaerovibrio and Aminomonas. The absence of
these CSIs in the two species suggests that this clade
may have diverged from the common Synergistetes
ancestor before the other species of the phylum and the
two indels may have been introduced after the diver-
gence of this clade from the common Synergistetes
ancestor. A loss of this signature from this clade after its
divergence from other Synergistetes can also explain the
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Table 5 Characteristics of the CSIs that are specific for a clade consisting of T. acidaminovorans and Amm. paucivorans

Protein name Gene GenBank  Figure no. Indel Indel Other species containing the indel”
name identifier size  position®
S-adenosylmethionine/tRNA- queA 269792529 Fig. 7 2aa 156-194 -
ribosyltransferase-isomerase ins
RecA protein recA 269793250 Suppl. Fig. 48 1 aa 143-184 -
ins
Glu/Leu/Phe/Val dehydrogenase - 269791934 Suppl. Fig. 499 1aa 318-361 -
del
Uracil phosphoribosyltransferase® upp 312880140 Suppl. Fig. 50 4-5  133-184 -
aa
ins
Methyltransferase GidB gidB 269791772 Suppl. Fig. 51 2 aa 75-123  Sorghum bicolor
ins
Xanthine/uracil/vitamin C permease — 269792033 Suppl. Fig. 52 5aa 390443 Mesembryanthemum crystallinum
ins
Electron transport complex, - 312880739 Suppl. Fig. 53 1 aa 166-213 Saccharophagus degradans,
RnfABCDGE type, C subunit ins marine gamma proteobacterium,
Eubacterium cellulosolvens
Ribosomal protein L13¢ rpIM 294101309 Suppl. Fig. 54  1-2  108-138 -
aa
del
DNA gyrase subunit B¢ gyrB 294102629 Suppl. Fig. 55 2 aa 191-234 Acidaminococcus fermentans,
del Acetonema longum, Seinonella
peptonophila
Hypothetical protein Taci_0455° - 269792069 Suppl. Fig. 56 2 aa 205-256 -

ins

? The indel position provided indicates the region of the protein containing the CSI

® BLAST searches were carried out for the top 250 hits. The number of non-Synergistetes organisms, which were observed to contain
the CSI, is indicated. Species containing a larger or a shorter CSI than indicated were not included in the total

¢ BLAST searches were carried out for the top 250 hits. However, in the indicated case, no species outside of the Synergistetes
phylum contained the protein homolog or the conserved region corresponding to the sequences flanking the indel

4 All Synergistetes species were observed to contain the indel except Amm. paucivorans and T. acidaminovorans, thus,

differentiating these two species from the rest of the phylum

¢ The CSI is also present in Thermovirga lienii species from the Synergistetes phylum

observation. These indels also support a close relation-
ship among the genera Thermanaerovibrio—Aminomon-
as and information for them is also summarized in
Table 5. These two species were observed to branch
in a weakly supported clade with the Tv. lienii and
An. hydrogeniformans (Fig. 1). However, only 1 CSI
supporting the three-species-clade with Tv. lienii was
identified in a protein of unknown function (Supple-
mentary Fig. 56) and no CSI specific for all four
organisms was discovered.

In the phylogenetic trees (Fig. 1), the species
Amb. colombiense and F. fastidiosum were observed
to branch with J. anthropi, P. piscolens and D.

peptidovorans. A specific relationship among these
species is also supported by two of the identified CSIs.
The first of these CSIs consists of a 1 aa del in GyrB
that is uniquely present in all five of these species
(Fig. 8a). Another CSI in orotidine 5’-phosphate
decarboxylase, also consisting of a 1 aa deletion, is
commonly shared by Amb. Colombiense, J. anthropi,
P. piscolens and D. peptidovorans (Fig. 8b).
A homologue for this protein was not detected for
F. fastidiosum, whose genome has not been fully
sequenced. Thus, it is likely that this CSI will also be
present in this species and could provide an additional
molecular marker for this clade.
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Aminomonas-

oy e -Thermanaerovibrio acidaminovorans
Thermanaemwbrm-& X .
minomonas paucivorans

2/2 yramidobacter piscolens

Jonquetella anthropi
Dethiosulfovibrio peptidovorans
Thermovirga lienii

0/6 Anaerobaculum hydrogeniformans
minobacterium colombiense
lkaliphilus oremlandii

Anaerococcus hydrogenalis
Clostridium botulinum
Finegoldia magna

Ruminococcus obeum
Thermoanaerobacter ethanolicus
Bacillus subtilis

Enterococcus faecalis

Listeria monocytogenes

< Staphylococcus aureus

Other Synergistetes

Other species
0/250

Streptococcus pneumoniae
Bulleidia extructa
Erysipelothrix rhusiopathiae
Selenomonas sputigena
Mitsuokella multacida
Acidaminococcus fermentans
Thermosipho africanus
Microcoleus vaginatus
Leptotrichia hofstadii
\aebaldella termitidis
aloplasma contractile

Fig. 7 Partial sequence alignment of S-adenosylmethionine/
tRNA-ribosyltransferase-isomerase protein showing a 2 aa
insert in a conserved region that is specific for T.

CSIs that are commonly shared by species
of the Synergistetes phylum with other taxonomic
groups

The Synergistetes is a taxonomic group that has only
recently been identified as a separate phylum within
the bacterial domain. Though it branches distinctly in
the 16S rRNA trees with long branches separating it
from other bacterial groups (Fig. 1; Jumas-Bilak et al.
2009), species from the phylum had previously been
classified as part of Syntrophomonadaceae family in
the Firmicutes (Baena et al. 1998, 1999a; Diaz et al.
2007), grouped with Deferribacteres (Garrity et al.
2004) and misclassified as Selenomonas (Guangsheng
et al. 1992). The presence or absence of CSIs that
associate these groups with the Synergistetes should
prove helpful in determining whether any link exists
between the Synergistetes and these other groups of
bacteria.

In our analysis we have identified some CSIs that,
along with being present in some or all the Synerg-
istetes species, were present in other groups of
organisms. Two examples of such indels are presented
in Fig. 9. Figure 9a shows a 1 aa insert in the MiaB-
family RNA modification enzyme that is uniquely

@ Springer

156 194
269792529 PLPPYIENRQVDGERYQTVYSD [PS] KELSVASPTAGLHFT
312880164 ------ TRSVAPA- - - --- - - R|-D|R-G-A-A--------
282855627  ------ HE - SSRP-D- - - - - AK  DPR-A-A--------
260654964 ------ TS-ESKNDD- - - - - AK  DAN-A-A--------
288574883  ------ TDSNASP-A----FAN  -VG-A-A--------
357419866 ~ ------ RSTDAEPD----IFAE  RLG-A-A--------
289523146 ------ RGNGRAS-Y- - - - - AR VDG---A----F---
204101858 -F----KSTTATALD----FAK  RNG-S-A---§----
158320752  ------ TEKLE-K-------- K NOG-A-A--------
212696227  ------ KEKLK-K- -« ----- K NPG---A--------
148381020 ------ KEKLD-K-M------K  E-G-A-A--------
169824511  ------ KEKLN-K--=-=--- K HNG-A-A--------
205109865 ~  ------ THKLK-KN- - - - - - AK  NDG-A-A--------
326390116 V- - -KKKLK-K- - - - - - - AK  Y-G-A-A----n---
206331683 ------ KEQLD-R-------- K EIG-A-A--------
257081115  ------ KE-LD-PD------ AE ENG-A-A--------
313608657 ------ KEQLA-QD- - - - - - AK  ENG-A-A--------
258424065 ~  ------ KE-LD-PD------ AK  ESG-A-A--------
15903316 ~  ------ HEKLD-R----- - - AK  ESG-A-A--------
283769037  ------ KKKLD-S- - - - - - - AK  IDG-A-A--------
323343219 ------ HE-LE-K-------- R V-G-A-A-----n--
260887834  ------ HE-LE-K------- CR  E-G-A-A--------
255658191  ------ HEKLE-K----- -~ NR  E-G-A-A--------
284048860  ------ HEKLE-K- - - - - - NR  ERG-A-A--------
217076403 ------ K-QK-PF------- K ETG---A--------
334118005 ~  -------- §-ASA-Q-----A-  RLGA--A--------
260890428  ------ VEKLE-KN-- - - - - AK  EGE---A--------
269121052 ------ TEQLK-KN- - - - - - AK  EGE---A--------
335428870 ------ TEKLD-Q------- - K NVG-A-A--------

acidaminovorans and Amm. paucivorans species. Nine other
CSIs that are specific for these two species have also been
identified (Table 4 and Supplementary Figs. 34-47)

present in all detected Synergistetes as well as various
species from the phylum Chloroflexi. All other bacte-
ria lack this insert. Similarly, in the DNA polymerase
IIT o-subunit, a 1 aa insert is present in all detected
Synergistetes and also in various Fusobacteria, an
Opitutaceae species as well as in Thermomicrobium
(Fig. 9b). In phylogenetic trees constructed from these
protein sequences, the Synergistetes species do not
branch with species from these taxa (unpublished
results) indicating that the shared presence of these
CSlIs is not due to their being sister taxa of Synerg-
istetes or LGTs. The CSIs in these groups have thus
likely originated independently. Other CSIs that the
Synergistetes share with species from other taxonomic
groups are listed in Table 6 and sequence information
for them is provided in Supplementary Figs. 57-74.
These other taxa include the Fusobacteria (Supple-
mentary Figs. 57-61), Elusimicrobia (Supplementary
Figs. 61, 62), class Negativicutes (Supplementary
Figs. 63-66), Acidobacteria (Supplementary Fig. 67),
Proteobacteria (Supplementary Figs. 68-70), Aquifi-
cae (Supplementary Fig. 71), Erysipelotrichi (Supple-
mentary Fig. 72), Actinobacteria (Supplementary
Fig. 73) and order Lactobacillales (Supplementary
Fig. 74). The Synergistetes share the greatest number
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(A) 384 413
rDethiosulfovibrio peptidovorans 288574018 AREAAKKARELVR KTAMTGLNLPGKLADCS
Jonquetella anthropi 260655480 @ ------------- -§--8--8---------
Aminobacterium colombiense 294102629 =-D----cceeee meeeo- M--ccoennen-
Pyramidobacter piscolens 282855958 @ ------------- -8-LS--8---------
Synergistetes< Fretibacterium fastidiosum 295111747  -------- e
5/9 Thermovirga lienii 357419158 - ------------ R]---LA--D---------
Thermanaerovibrio acidaminovorans 269791748 --------- D---|R|-S--S-MD---------
Aminomonas paucivorans 312878944  --------- D---|R]-S--S--D---------
\Anaerobaculum hydrogeniformans 289523899 --D---------- R]-S-FG--D---------
lostridium difficile 109675347 ----------- T-|R]-SVLESTS-------- A
Syntrophomonas wolfei 114565581 ----------- T-|R]-N-LESTA---------
Thermocrinis albus 289549166 @ -------- K----|R|RSPLEDTT---------
Aquifex aeolicus 15606321 = -------- K----|R|-SPLEEGV---------
Bacteroides intestinalis 189464548 --V--R----S-Q|R]-SP-S-GGM--------
Flexibacter litoralis 9971369 --M--R----M-Q|R}---LS-TG---------
Rhodothermus marinus 268318257 --V--R------ Q|R|-N-LN-8S8-------- A
Staphylococcus aureus 293497972 B VT-|R]-S-LDVAS---------
Leptospira biflexa 183219432 - ---- RR--D-T-|R]--VLE-GG---------
Other species< Ilyobacter polytropus 310777811 -------- - M|R]-S-LEVGS---------
0/250 Fusobacterium ulcerans 257470425 ----- Q------ L|R| -SVLEVGS---------
Erysipelothrix rhusiopathiae 323342250 --V--R----- T-]R]-G-LEVSS---------
Chlamydophila pneumoniae 15618195 ----------- TL|R]-S-LDSAR----- I--L
Leptospirillum ferriphilum 209863973 ----- R--KD-AK|R] -NVLE-S--------- Q
Chlorobium phaeobacteroides 189499015 S-D--R--KD-T-|R]-S-LESSG---------
Brachyspira murdochii 296127762 ----- R---D-A-]R]-N-LESDS---------
Microcystis aeruginosa 159028965 -A---RR--D---|R|-SVLESSP---------
Trichodesmium erythraeum 113477398 -A---RR--D---|R|-SVLESSP---------
cidobacterium sp. MP5ACTX8 299136177 ----- R---D-T-|R}-G-LD-GG---------
B) 180 206
Aminobacterium colombiense 294102579 PGIRPSATG DDQARTATPKGAIIAGAD
Jonquetella anthropi 260654639 --V-LA-A- ---T-V----D-------
Dethiosulfovibrio peptidovorans 288575022 --V-LTSL- ---T-I---CQ--KN---
. Pyramidobacter piscolens 282856738 --V-LV-G- __ ---S-V---AD-FRN---
Synergistetes anaerobaculum hydrogeniformans 289523224 --v--gG-sfk ] ----- IM- -GQ- KKK- - -
4/8 Aminomonas paucivorans 312879980 ----LPGD- |T | Q----VD--AA-MGR- - -
Thermanaerovib. acidaminovorans 269792698 ----FQGGE [V | H----VMG-RE-VAS- -8
\Thermovirga lienii 357419930 ----- KDFV INK] - - -K-V---AE-ARS- - -
seudomonas brassicacearum 330811055 ----- AGSA|Q | ---R-IL--RQ-LD----
Haemophilus parasuis 167855101 ----- EGSD |F | G--R-VM---Q--EI-S-
Actinobacillus minor 240949272 ----- EGSD |F | G--R-VM---Q--ET-S-
Dickeya dadantii 242239141 ----- AGSE |A | G--R-IM--EQ-RQ--V-
Pseudoalteromonas haloplanktis 332534575 2 ----- EGSD |A | G- -K-IM---Q--DS-S-
Shewanella amazonensis 119774875 ----- EGSE |JA | G--H-IM--AQ-LQ--S-
Lactobacillus gasseri 238853382 @@ ----- AGNAK | ---S-V---AQ-KEW-ST
Staphylococcus epidermidis 330685500 @ ----- EGSA|Q | N--K-IT--EQ-KQL-ST
Streptococcus pneumoniae 149005807 ----- AGAA |V | G- -K-VM- -AD-YQI-S-
Salmonella enterica 161503187 ----- AGSE |JA | ---R-IM--EQ-LS--V-
()ther'species< Desulfovibrio desulfuricans 220904675  ----- AGSV |A | ---R-VM- -AQ-VA----
0/250 Geobacter lovleyi 189424925 --V---FAAV | ---K-IM--AE-VK----
Brachyspira murdochii 296127421 --V--KWAS|T | ---E-IM---E--EN-C-
Acetobacter pomorum 329114068 ----- AGAA K | G- -K-VM- -AE-RA- - - -
Magnetospirillum gryphiswalden 144899231 ------ WAE |A | G- -K-VM- --E-RER- - -
Nostoc punctiforme 186683999 --V--TWAD N | A--K-SL--AQ-MK- - --
Acaryochloris marina 158337488 --V--PGSV T | G- -K-AM--TA-MQ---N
Fusobacterium gonidiaformans 257466503 --V--KWSA|T | N--E-IM---E-VQH-C-
Erysipelothrix rhusiopathiae 323342222 @ ----- N-SE |K | G- -K-VT- -AQ-KAN-SS
\Eyntrophomonas wolfeil 114566804 ----- AWSE [K | N--K-IT--GQ-LQM- --
ubacterium yurii 306820700 ----FTDEK|T ] ---T-IT--SD-KRI-S-
Fig. 8 Partial sequence alignments of a DNA Gyrase subunit D. peptidovorans, J. anthropi, Amb. colombiense, P. piscolens,
B and b orotidine 5’-phosphate decarboxylase showing two F. fastidiosum, which form or define a higher clade within the
CSIs in conserved regions that are specific for the species Synergistetes group of species

@ Springer
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(five) of these CSIs with the Fusobacteria and they
share only 1-2 indels with most other taxonomic
groups. In many cases where the Synergistetes share
CSIs with other taxa, only some species from the
Synergistetes or the other taxa contain the indel. The
CSlIs in these other groups may have arisen indepen-
dently through separate genetic events or it is also
plausible that their shared presence in some of these
cases is due to LGTs.

Discussion and concluding remarks

The Synergistetes are a relatively unknown group of
species living ubiquitously in anaerobic environments.
Though characteristics for the isolated Synergistetes
are known, such as their gram-negative morphology
and their ability to ferment amino acids, no single
molecular, morphological or physiological character-
istic is known that distinguishes them as a group from
other bacterial organisms. Utilizing the available
genomic data for this group of organisms, we report
here identification of over 60 novel CSIs specific for
the species of the Synergistetes phylum. Of the various
discovered CSIs, 32 were identified to be specific for
all or most Synergistetes species (maximum of three
exceptions unrelated to each other). These CSIs are
present in widely distributed proteins with important
cellular functions and they are rarely present in protein
homologues of species outside of the phylum. As they
are present in most or all Synergistetes and absent in
bacteria from all other taxonomic groups, they provide
strong evidence that species of the Synergistetes
phylum constitute a monophyletic group that is
distinct from all other prokaryotic taxa. These CSIs
also provide novel molecular means for identification
and circumscription of species from this phylum.
The bacteria belonging to the Synergistetes have
been classified into 12 different genera (and a candi-
date genus) within the phylum. Despite the recognition
of numerous species and genera, due to the lack of
reliable biological characteristics that can identify the
interrelationships among these bacteria, all genera are
presently grouped into a single class, order and family.
Numerous CSIs were discovered during the course of
the study that were present in only certain clades of
species within the Synergistetes phylum and absent
from others. The group specificities of these CSIs are
summarized in Fig. 10. Explicitly, 7 CSI were

detected to be specifically found in only the J.
anthropi, P. piscolens and D. peptidovorans species;
15 CSIs were identified that are specific for the J.
anthropi and P. piscolens species (or differentiate
them from other Synergistetes) and 9 other CSIs
differentiated the 7. acidaminovorans and Amm.
paucivorans from other members of the phyla. In
addition, two of the discovered CSIs also supported a
grouping together of the J. anthropi, P. piscolens, D.
peptidovorans, Amb. colombiense and F. fastidiosum
species. These relationships are also consistently
observed in phylogenetic trees created for the Syn-
ergistetes group and the identified CSIs provide
valuable markers that consolidate these relationships.
Furthermore, it should be noted that in contrast to the
CSlIs supporting these relationships, very few, if any,
CSIs that supported alternative relationships among
these species were detected. Thus, the identified CSIs
provide independent evidence for the existence of
these clades and provide molecular means to demar-
cate and circumscribe these clades. The evidence
based upon identified CSIs supports the division of the
phylum Synergistetes into a number of distinct
families (or other higher taxonomic groupings) and a
formal proposal in this regard will be made in future
work. Though the branching and interrelationships of
several species within the phylum is well supported by
multiple CSIs, the relationships of 7Tv. lienii and An.
hydrogeniformans, and also to some extent Amb.
colombiense and F. fastidiosum to other Synergistetes
species were not resolved by the identified CSIs. This
problem may be addressed as genome sequences for
additional Synergistetes species become available.
As previously mentioned, the Synergistetes have
often been misclassified as a lower ranked taxonomic
group with bacteria belonging to other phylogenetic
divisions. In our analysis, some CSIs were also
discovered that were shared by Synergistetes species
along with species from other taxonomic groups.
Some of the organisms sharing such indels included
species from the Fusobacteria, Chloroflexi, Proteo-
bacteria, Acidobacteria, Aquificae and Firmicutes
phyla. Most of these groups shared no more than 1-3
CSIs and in many cases only a few species within the
groups contained the indels. Geissinger et al. (2009)
presented a study suggesting a shared common
ancestor for Elusimicrobium and Synergistetes and a
recent study by Gupta (2011) also suggested that
the Negativicutes, Fusobacteria, Elusimicrobia and
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Fig. 9 Examples of CSIs that are commonly shared by
Synergistetes species and other groups of bacteria. a A CSI
consisting of 1 aa insert in the MiaB-family of RNA
modification enzyme that is commonly shared by different
Synergistetes and Chloroflexi. b A 1 aa insert in a conserved
region of DNA polymerase III, « subunit shared by all
Synergistetes and Fusobacteria as well as two other bacteria
belonging to the Chloroflexi and Verrucomicrobia phyla

Synergistetes phyla might be closely related to each
other based on their cell membrane structure and
shared indels in their DnaK and GroEL proteins
(Geissinger et al. 2009; Gupta 2011). Though the
Elusimicrobia and Fusobacteria share some CSIs with
the Synergistetes species, no CSI was found that was

specifically shared by all detected Synergistetes and
species from these taxa. Furthermore, the branching of
these phyla in the protein trees (Fig. 1) does not
support their close relationship with the Synergistetes.
Hence, based upon these results, at present no clear
relationship of the Synergistetes species to other
bacteria phyla can be inferred. These results provide
further evidence supporting the placement of Synerg-
istetes species into a distinct phylum.

Due to their specificity, Synergistetes-specific CSIs
provide interesting prospects for future research. Since
these CSIs are present in conserved regions of various
proteins, degenerate primers utilizing the conserved
regions can be designed for use as a means for

7 CSls which include 4 aa del in
Penicillin binding protein, 1 aa ins

TrmE, 1 aains in RNR, a1 aa and a 6-

in

15 CSlIs comprising 1 aa ins in MraY, 1 aa ins
in RecR, 1 aa del in NrdR, 1 aains in Lipid A
biosynthesis transferase, 6 aa ins in GItB, 2
aains in AckA, 1 aa del in AcrB/D/F family
transporter, 10-13 aains in IcIR, 1 aa ins in
RPPK, 4 aa del in FGAM synthase Il, 3-4 aa
ins in MazG family protein, 8 aa ins in GIitB

8 aains in the putative DEAD/DEAH

and 1 aa ins in MraW (See table 4)

box helicase, 13 aa ins in RpoB and a
1 aains in AGPAT (See table 3)

|1 aa del in GyrB (Fig. 8a) |

13 CSls including 2 aa ins in RpoC, 313
aains in RpoC, 1 aains in PolC, 1 aa del
in RpsA, 1 aains in MraW, 5 aa ins in
RppK, 2-3 aainsin UvrD 11-13 aa ins in
TypA, another 2 aains in RpoC, 2 aa ins
in RpsH, 3-4 aains in UvrD, 3-4 aains in
PolA and 6-9 aa ins in RpoB (See Table 2)

2 aains in Hypothetical protein
Taci 0455 (Sup. Fig. 56)

N

9 CSls including 2 aains in QueA, 1 aainsin
RecA, 1 aa del in Glu/Leu/Phe/Val

\ —  Pyramidobacter piscolens

Jonquetella anthropi

Dethiosulfovibrio peptidovorans

Aminobacterium colombiense

Fretibacterium fastidiosum

Aminomonas paucivorans

Thermanaerovibrio acidaminovorans

Thermovirga lienii

dehydrogenase, 4-5 aa ins in UPRTase, 2 aa ins|
in GidB, 5 aa ins in xanthine/uracil/vitamin C

Anaerobaculum hydrogeniformans

permease, 1 aains in Electron transport
complex C subunit, 1-2 aa del in RpIM and 2
aa del in GyrB (See Table 5)

Fig. 10 A summary diagram portraying the species distribution of various identified Synergistetes-specific CSIs and the evolutionary

stages where the genetic changes responsible for them have occurred
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identification of various species of the phylum in
different environments (Gao and Gupta 2005). This
might prove to be especially useful, as it is surmised
that universal primers utilized in detection of organ-
isms is metagenomic studies may not efficiently
identify some Synergistetes species (Hamady and
Knight 2009). As molecular markers, the phylum-
specific CSIs can be useful as identification tool for
detection of known and unknown species in metage-
nomics experiments. These CSI can also assist in the
classification of newly discovered bacteria into the
phylum Synergistetes and its sub-groups.

Finally, some species of Synergistetes have also
been notoriously difficult to culture/isolate (Vartoukian
et al. 2010) and, for others, their biological nuances
have just begun to be understood. It has been suggested
that Synergistetes act in concert with other oral bacteria
to degrade proteinaceous compounds in periodontitis
lesions (Homer and Beighton 1992; Wei et al. 1999;
Vartoukian et al. 2007). Prior functional studies on
taxa-specific CSIs have shown that such indels are
usually present in peripheral regions of proteins and
they tend to be essential for the function of the proteins
in the organisms where the CSIs occur (Itzhaki et al.
2006; Akiva et al. 2008; Hormozdiari et al. 2009; Singh
and Gupta 2009). Hence, agents that bind to these CSIs
and inhibit their cellular functions could provide novel
therapeutics, which are specifically directed against this
group of bacteria. Lastly, the molecular markers
discovered in this study, due to their specificity for
Synergistetes species provide novel and valuable means
for understanding the contribution of this group of
bacteria to the environment and to the microbial
communities that they inhabit. Thus, analyses devoted
to the understanding of the function of these CSIs
should provide important insights into the biochemical
and physiological properties that define the Synergiste-
tes and their roles in different environments.
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