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Abstract

Porphyromonas gingivalis is one of the major bacteria that causes periodontitis. Chronic
periodontitis is a severe form of periodontal disease that occurs due to prolong inflammatory
conditions. If left untreated, deterioration of the supporting structures such as gingiva, bone, and
ligament can ultimately lead to tooth loss. Virulence factors produce by P. gingivalis that are
responsible for the pathophysiology of periodontitis are secreted by Type IX Secretion System
(T9SS). T9SS-acquiring bacteria have been linked to several systemic diseases such as
atherosclerosis, aspiration pneumonia, cancer, rheumatoid arthritis, and diabetes mellitus. This
study aims to investigate the phylogenetic relationship and taxonomic distribution between
putative members of T9SS component protein families. There are 20 protein components of
T9SS being investigated in this study. We have constructed multiple sequence alignments for
each component using homologs of those components. Then we proceed to phylogenetic analysis
by constructing the maximum-likelihood (ML) trees. ML trees for 19 protein components of
T9SS exhibit clustering of terminal nodes based on their respective classes under Bacteroidetes
phylum. The ML tree of PorR, which is an aminotransferase that involved in Wbp pathway that
produces structural sugar of A-LPS, exhibits different clustering pattern of terminal nodes where
the nodes do not cluster based on their respective classes. Hence, PorR might evolve
independently from the other T9SS protein components which might suggest that PorR is
acquired by T9SS-acquiring bacteria through horizontal gene transfer. The part of P. gingivalis
strain ATCC 33277 genome that contains porR gene has been extracted to support the possibility
that porR gene has been horizontally transferred. Through homology searching using NCBI
blastx, we found that seven genes (including porR) that involved in the biosynthesis of A-LPS
that anchored the virulence factor secreted by T9SS to bacterial cell surface are flanked by
insertion sequences (ISs) that encode IS5 family transposase. The IS5 transposons contain a
single open reading frame that encodes for the transposase that will cleave the 12 bp inverted
repeats that flanked the transposons. Consequently, this can mobilise the intervening DNA
segment that contains porR gene and subsequently contributes to the possibility that porR gene is
subjected to conjugative transfer. The taxonomic distribution of T9SS protein components
revealed that they can be found across all classes under Bacteroidetes phylum. Additionally, we
have identified species under Chitinophagia, Saprospiria, and unclassified that acquired
homologs of T9SS protein components that, to our knowledge, have not been reported. In
conclusion, this study can provide a better understanding about the phylogeny and taxonomic
distribution of T9SS protein components.

Introduction

Periodontitis is a form of periodontal disease that is driven by the inflammatory conditions that
have deteriorating effects on the structures that support the teeth that include gingiva (gum),
alveolar bone, and periodontal ligament. Prolonged inflammatory conditions in chronic
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periodontitis can cause the destruction of those supporting structures that ultimately lead to tooth
loss and might contribute to the systemic inflammation (Kinane, Stathopoulou & Papapanou,
2017; Escobar et al., 2018). This is evidenced by its implications in systemic diseases such as
atherosclerosis (Gotsman et al., 2007), aspiration pneumonia (Benedyk et al., 2016), cancer (Gao
et al., 2016), rheumatoid arthritis (Laugisch et al., 2016), and diabetes mellitus (Khader et al.,
2006). Porphyromonas gingivalis is an oral pathogen that is frequently associated with
periodontitis and it is found to acquire Type IX Secretion System (T9SS); a bacterial secretion
system that is unique to Bacteroidetes phylum (Sato et al., 2010).

T9SS exhibits diverse roles among species of bacteria under Bacteroidetes phylum. Other
than transporting virulence factors such as gingipains and peptidylarginine deiminase in P.
gingivalis that can cause human oral diseases (Potempa, Pike & Travis, 1995; Maresz et al.,
2013), T9SS also transporting virulence factors such as chondroitin sulfate lyases that are
associated with fish diseases such as columnaris disease. Flavobacterium columnare, a fish
pathogen that contributes to the epidemic that occurred among wild and cultured fishes, is found
to acquire T9SS. This epidemic poses a problem to the aquaculture industry as columnaris
disease caused by the fish pathogen can significantly increase the mortality rate among cultured
fishes and thus threatened the industry output (Li et al., 2017). T9SS also involved in the
transport of non-virulence factors such as cargo proteins that formed the bacterial gliding
motility apparatus in Flavobacterium johnsoniae that aids in its motility (Nakane et al., 2013)
and enzymes that are importance for lignocellulose digestion in the rumen of ruminants that
become the hosts for the Candidatus Paraporphyromonas polyenzymogenes (Naas et al., 2018).

Similar to other types of secretion system in bacteria, T9SS is consisted of many different
protein components that perform coordinated roles to ensure proper translocation and
modification of its cargo proteins. These roles can be categorised into four major functions:
translocation, modification, energetic, and regulation (Sato et al., 2010; Lasica et al., 2017).
There are six protein components that performed the translocation function. Four of them (PorL,
PorM, PorK, and PorN) formed the trans-envelope complex (PorK>L.:3M>N>) that acts as the main
translocation channel that transports cargo proteins from the periplasm to extracellular milieu
(Vincent et al., 2017) (Fig. 1). Despite having a translocation channel that spanned both OM and
IM, the presence of N-terminal signal peptide in cargo proteins indicates that T9SS depends on
SecYEG to translocate its cargo proteins from the cytoplasm to periplasm which is similar to
Type II Secretion System (T2SS) (Overbye, Sandkvist & Bagdasarian, 1993; Costa et al., 2015).
During translocation across IM, the signal peptide of cargo proteins is cleaved by type I signal
peptidase before they are released into the periplasm (Rahman et al., 2003) (Fig. 1). The cargo
proteins of T9SS also acquired C-terminal domain (CTD) that will interact sequentially with the
D2, D3, and D4 domains of PorM and then PorN of the trans-envelope complex to be directed to
the T9SS secretion pore in OM (Vincent, Chabalier & Cascales, 2018) (Fig. 1). It is also
suggested that PG1058 aids the transport of cargo proteins across the periplasm (Heath et al.,
2016) (Fig. 1). Recently, it is proposed that SprA (ortholog of Sov in F. johnsoniae) is the
secretion pore that translocates cargo proteins across OM. SprA is a 36-stranded transmembrane
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[-barrel that has a bottom opening that faced the periplasm and a lateral opening that faced the
cell surface and it is large enough to transport folded proteins (Lauber et al., 2018) (Fig. 1). SprA
is found to interact with PorV, Plug, and peptidyl-prolyl cis-trans isomerase (PPI) proteins.
When the pore of SprA is vacant, PorV that acts an outer membrane shuttle protein that delivers
the cargo proteins to the attachment complex (Glew et al., 2017) is found to interact with SprA at
its lateral opening. As a cargo protein moves into the pore, the CTD of cargo protein will interact
with PorV and the cargo protein-PorV complex will leave the SprA while Plug immediately
interacts with the bottom opening of SprA (Lauber et al., 2018) (Fig. 1). This alternating
interactions of PorV and Plug with SprA will ensure that only cargo proteins of T9SS can pass
through the SprA pore. The specific function of interaction between SprA and PPI has not been
found. However, it is found that deletion of both PPI and Plug does not affect the cargo proteins
transport thus they are not crucial for T9SS function (Lauber et al., 2018). There are four protein
components (PorU, PorV, PorZ, and PorQ) that performed the modification function. Those
proteins formed a complex in OM called the attachment complex (Fig. 1). As the cargo protein-
PorV complex binds attachment complex, PorU will cleave the CTD of cargo protein (Glew et
al., 2012, 2017). Then, the cargo protein will be glycosylated with anionic lipopolysaccharide
(A-LPS) delivered by PorZ at the cleaved site. After both post-translational modifications (CTD
cleavage and A-LPS glycosylation), the cargo protein will be anchored to bacterial cell surface
by A-LPS (Lasica et al., 2016; Glew et al., 2017) (Fig. 1).

The translocation of cargo proteins by T9SS might be energised by PorL and PorM that
formed an energy transducer complex (Vincent et al., 2017). It is suggested that the energy
transducer complex converts proton-motive force into mechanical energy that can provide the
energy for cargo proteins translocation across T9SS. It has been reported that PorL and PorM
bear signatures typical of an energy transducer employing proton-motive force (Vincent et al.,
2017). The processes by T9SS are also regulated by its six protein components that is probably
to ensure the virulence factors are secreted by bacteria when it is in a favourable environment.
PorX and PorY formed a two-component system (TCS) that can regulate the operon of por genes
(porP, porK, porL, porM, and porN) (Vincent et al., 2017). However, PorX that acts as a
response regulator protein in TCS cannot directly bind the promoter of por genes but depends on
PGO0162 to form a complex that can bind the promoter (Kadowaki et al., 2016) (Fig. 1). PorX is
also found to interact with PorL in which this interaction might serve a regulatory purpose
(Vincent, Durand & Cascales, 2016). PorR is an aminotransferase that involves in the Wbp
pathway that contributes to biosynthesis of the structural sugar of A-LPS (Shoji et al., 2014,
2018) (Fig. 1). PGNO0300 can influence the present of PorU on cell surface however the exact
mechanisms behind it remained vague (Taguchi et al., 2016).

Despite that, there are experimentally identified T9SS protein components without
known functions that are illustrated as white coloured components in Fig. 1 (Nguyen et al., 2009;
Saiki & Konishi, 2010; Sato et al., 2010; Gorasia et al., 2016). However, three out of five protein
components (PorW, PorP, and PorT) have their functions predicted through motif identification
and comparison with protein motifs from Pfam (Emrizal & Muhammad, 2018). Thus, we
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performed phylogenetic analysis on those 20 protein components to investigate the phylogenetic
relationship and taxonomic distribution among the putative members of T9SS component protein
families. We found maximum-likelihood (ML) trees for 19 protein components exhibit clustering
of terminal nodes based on their respective classes under Bacteroidetes phylum. Majority of
those ML trees exhibit the phylogenetic relationship that is consistent with phylogeny of bacteria
under Bacteroidetes phylum based on 16S rRNA sequence (Karlsson et al., 2011). The ML tree
of PorR exhibits different clustering pattern of terminal nodes where the nodes do not cluster
based on their respective classes. Hence, PorR might evolve independently from the other T9SS
protein components which suggest that PorR might be acquired by T9SS-acquiring bacteria
through horizontal gene transfer (Plyro et al., 2012). We found that seven genes (including porR)
that involved in the biosynthesis of A-LPS are flanked by insertion sequences (ISs) that encode
IS5 family transposase (Naito et al., 2008). This might suggest the possibility that the intervening
DNA segment that contains porR gene can be mobilised and possibly subjected to conjugative
transfer (Thomas & Nielsen, 2005; Brochet et al., 2009). The taxonomic distribution of T9SS
protein components revealed that they can be found across all classes under Bacteroidetes
phylum. We also identified additional species under Chitinophagia, Saprospiria, and unclassified
that acquired homologs of T9SS protein components (McBride & Zhu, 2013).

Materials & Methods

Construction of multiple sequence alignments for protein components of T9SS

The multiple sequence alignments for the phylogeny reconstruction for each Type IX Secretion
System (T9SS) protein component were built using the putative members of T9SS component
protein families. The pipeline that was used to select those members has been reported (Emrizal
& Muhammad, 2018). The pipeline was used to filter out false positives among the homologs of
TISS protein components that have been identified through homology searching using BLASTP
where the protein sequences of T9SS components retrieved from NCBI protein database were
searched against the local BLAST database constructed from completely sequenced bacterial
proteomes from Genbank. The selection criteria used in the pipeline: e-value < 0.001, query
coverage > 60%, and homolog with the lowest e-value for bacterial strains with multiple hits; can
minimise the possibility of false positives inclusion (Emrizal & Muhammad, 2018).

The list of protein homologs, which are the selected putative members for each T9SS
component protein family, used to build the multiple sequence alignments for each T9SS protein
component was provided as a Supplemental Information (Data S1). The multiple sequence
alignments were constructed using T-Coffee version (11.00) (Notredame, Higgins & Heringa,
2000). The multiple sequence alignments in clustal format constructed by T-Coffee were
converted into phylip relaxed (interleaved) format using online Format Converter
(https://www.hiv.lanl.gov/content/sequence/ FORMAT CONVERSION/form.html). The
multiple sequence alignments in phylip relaxed (interleaved) format were manually formatted by
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removing the ‘1’ symbol in the first line and deleting the second line of the multiple sequence
alignments to make them suitable to be used with PhyML (Data S2).

Phylogeny reconstruction for protein components of T9SS

Maximum-likelihood (ML) analysis was performed using those multiple sequence alignments to
construct the phylogenetic trees for each T9SS protein component using PhyML version (3.3)
under selected amino acid substitution models (Guindon et al., 2010). The node reliability was
assessed using the bootstrap algorithm with 100 replicates (Pattengale et al., 2010). Prior to the
ML analysis, the amino acid substitution models to be used were determined using ProtTest
version (3.4.2) (Abascal, Zardoya & Posada, 2005) under the Bayesian Information Criterion
(BIC) using default parameters (Schwarz, 1978). The constructed phylogenetic trees were
visualised and annotated using online iTOL (Letunic & Bork, 2016).

Identification of porR and its neighbouring genes arrangement in P. gingivalis ATCC 33277
genome

The sequence of P. gingivalis ATCC 33277 genome and annotation files of the genome were
retrieved from Genbank (Naito et al., 2008). The P. gingivalis ATCC 33277 genome sequence
and its annotation files were provided in the Supplemental Information (Data S3). The part of P.
gingivalis ATCC 33277 genome sequence that contains the porR and its neighbouring genes was
extracted. Then, it was searched against the non-redundant protein sequences (nr) database using
online blastx. The search was narrowed down to the proteome of P. gingivalis ATCC 33277 only.
The maximum target sequences was set at highest value available which is 20,000. Other
parameters were left at its default values (Altschul et al., 1990). Only the matches with 100%
percentage identity and O e-value were used to annotate the part of P. gingivalis ATCC 33277
genome sequence that contains porR gene.

Results

Phylogenetic trees of protein components of T9SS
The maximum-likelihood (ML) phylogenetic trees are constructed for each T9SS protein
component using the putative members of T9SS component protein families (Emrizal &
Muhammad, 2018). The constructed ML trees are rooted using midpoint rooting method (Hess &
De Moraes Russo, 2007). The outgroup rooting method is not chosen as no distant homolog,
which is homolog from bacterium outside Bacteroidetes phylum, is identified through BLASTP
for protein component PorN (Singh et al., 2017; Emrizal & Muhammad, 2018) while unroot
method is not chosen because the method is more suitable to establish conservancy and diversity
among a set of sequences rather than phylogenetic relationship between them (Du et al., 2018).
We found that the terminal nodes of ML trees for 19 protein components are clustered
based on their classes under Bacteroidetes phylum. Three distinct phylogenetic relationships
between the three major classes under Bacteroidetes phylum are observed. Major classes are
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236  those with more than five families under them (Bacteroidia, Cytophagia, and Flavobacteriia)
237  while minor classes are those with less than or equal to five families under them (Chitinophagia,
238  Sphingobacteriia, Saprospiria, and unclassified). The phylogenetic relationship between three
239  major classes for 10 protein components is consistently recovered as (Bacteroidia +

240  Flavobacteriia) + Cytophagia. This relationship implied that Bacteroidia is genetically closer to
241 Flavobacteriia than either of them to Cytophagia. The ML trees for 10 protein components that
242  exhibit this relationship are shown in Fig. 2 and Fig. 3. The phylogenetic relationship between
243  three major classes for five protein components is consistently recovered as (Cytophagia +

244  Flavobacteriia) + Bacteroidia. This relationship implied that Cytophagia is genetically closer to
245  Flavobacteriia than either of them to Bacteroidia. The ML trees for five protein components that
246  exhibit this relationship are shown in Fig. 4. The phylogenetic relationship between three major
247  classes for four protein components is consistently recovered as (Bacteroidia + Cytophagia) +
248  Flavobacteriia. This relationship implied that Bacteroidia is genetically closer to Cytophagia than
249  either of them to Flavobacteriia. The ML trees for four protein components that exhibit this

250  relationship are shown in Fig. 5.

251 However, only the terminal nodes of ML tree of PorR are not clustered based on their
252  classes as shown in Fig. 6. Seven classes under Bacteroidetes phylum (Bacteroidia, Cytophagia,
253  Flavobacteriia, Chitinophagia, Sphingobacteriia, Saprospiria, and unclassified which is for

254  bacterial strains that do not exhibit morphological or sequence similarities with existing classes
255  under Bacteroidetes) are identified to acquire PorR. These classes are clustered into three

256  monophyletic groups. We found that terminal nodes of Flavobacteriia, Saprospiria, and

257  Chitinophagia are clustered into monophyletic group three while terminal nodes of Bacteroidia,
258  Cytophagia, Sphingobacteriia, and unclassified spread out between different monophyletic

259  groups. Thus, unlike other protein components, the ML tree of PorR exhibits a different

260  clustering pattern as its terminal nodes do not cluster based on their classes.

261

262  Arrangement of porR and its neighbouring genes in P. gingivalis ATCC 33277 genome

263  Asshown in Fig. 7, porR and its neighbouring genes are flanked by IS5 transposons. Both of the
264 IS5 transposons encode for IS5 family transposase that will cleave the flanking 12 bp inverted
265  repeats. This might suggest the possibility that the intervening DNA segment that contains seven
266  genes that involved in A-LPS biosynthesis that are represented by yellow coloured rectangles in
267  Fig. 7 can be mobilised and possibly subjected to conjugative transfer (Thomas & Nielsen, 2005;
268  Brochet et al., 2009). porR (PGN _1236) and ugdA4 (PGN _1243) genes have been reported to be
269 involved in Wbp pathway that is important for the biosynthesis of structural sugar (di-acetylated
270  glucuronic acid) of A-LPS (Shoji et al., 2014). porS O-antigen flippase and wzy O-antigen

271  polymerase genes have been reported to participate in the assembly of A-LPS in bacterial inner
272  membrane (Shoji et al., 2013). g¢/B and gtfE glycosyltransferases genes are important for A-LPS
273  biosynthesis while rfa glycosyltransferase gene is important for biosynthesis of lipid A-core

274  portion of A-LPS (Shoji et al., 2018).

275
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Taxonomic distributions of protein components of T9SS

As shown in the ML trees of T9SS protein components (Figs. 2-6), only bacteria under
Bacteroidia, Flavobacteriia, and Chitinophagia classes acquired the 20 protein components
investigated. The bacteria under Cytophagia class acquired only 19 protein components except
for PorN. The bacteria under Saprospiria class acquired only 18 protein components except for
PorL and PG0189. The bacteria under unclassified acquired only 18 protein components except
for PorN and PG0189. The bacteria under Sphingobacteriia class acquired only 17 protein
components except for PorQ, PorU, and PorZ.

Our finding is consistent with the taxonomic distribution of T9SS protein components
among bacteria under Bacteroidetes phylum where it has been reported that Bacteroidia,
Flavobacteriia, Cytophagia, Sphingobacteriia, and Incertae sedis classes acquired those
homologs (McBride & Zhu, 2013). It is important to note that the bacterial strains under Incertae
sedis (Rhodothermus marinus DSM 4252 and Salinibacter ruber DSM 13855) reported by the
literature to acquire homologs of T9SS protein components (McBride & Zhu, 2013) are under
unclassified in our research as we follow the classification based on NCBI taxonomy database as
of March 2017. However, comparing the reported taxonomic distribution of T9SS protein
components to ours, we have identified additional species under Chitinophagia, Saprospiria, and
unclassified that acquired homologs of T9SS protein components. Those additional species and
the homologs of T9SS protein components they acquired are illustrated in Fig. 8.

Discussion

The maximum-likelihood (ML) phylogenetic trees of 19 protein components of T9SS exhibit the
clustering of terminal nodes based on their classes (Figs. 2-5). To identify the similarities in
phylogenetic relationships between those 19 ML trees, we have decided to exclude the minor
classes (Chitinophagia, Sphingobacteriia, Saprospiria, and unclassified). The reason behind this
is because terminal nodes that represented the minor classes tend to be inconsistent in its
positions in those ML trees. Thus, it causes difficulty to draw out similarities between them. This
might arise due to insufficient taxa from these classes are provided to construct the phylogenetic
trees. Thus, less information is provided which is insufficient to properly resolved the phylogeny
of these classes. As more T9SS-acquiring bacterial strains from these classes are sequenced,
probably the phylogenies of T9SS protein components will be more resolved (Alvizu et al.,
2018).

Three distinct phylogenetic relationships between the three major classes (Bacteroidia,
Cytophagia, and Flavobacteriia) are identified: (Bacteroidia + Flavobacteriia) + Cytophagia,
(Cytophagia + Flavobacteriia) + Bacteroidia, and (Bacteroidia + Cytophagia) + Flavobacteriia.
The ML trees of 10 protein components (PorK, PorM, PorT, PorN, PorZ, PG1058, PorU, Sov,
PorX, and PorV) exhibit the phylogenetic relationship (Bacteroidia + Flavobacteriia) +
Cytophagia (Figs. 2 and 3) that is consistent with the phylogeny of bacteria under Bacteroidetes
phylum based on 16S rRNA sequence that has been reported (Karlsson et al., 2011). The
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phylogenetic relationship that is recovered by the reported study is (Bacteroidia + Flavobacteriia)
+ (Rhodothermaceae + (Chitinophagia + (Sphingobacteriia + Cytophagia))) (Karlsson et al.,
2011). This relationship suggests that Bacteroidia is genetically close to Flavobacteria than either
of them to Cytophagia which is similar to the relationship exhibited by the ML trees of those 10
protein components. The ML trees of five protein components (PorL, PorQ, PG0162, PG0534,
and PGN0300) exhibit the phylogenetic relationship (Cytophagia + Flavobacteriia) + Bacteroidia
(Fig. 4) while the ML trees of four protein components (PorP, PorW, PorY, and PG1058) exhibit
the phylogenetic relationship (Bacteroidia + Cytophagia) + Flavobacteriia (Fig. 5). In those nine
ML trees, there are low bootstrap support values (less than 70) at the nodes leading to the
clusters of major classes that are pointed by the black arrows in (Figs. 4 and 5). Hence, there is a
low support for the phylogenetic relationship exhibited by those nine ML trees deviates from the
phylogeny of bacteria under Bacteroidetes phylum based on 16S rRNA sequence that has been
reported (Karlsson et al., 2011).

Only the ML tree of PorR has terminal nodes that are not clustered based on their classes
as shown in Fig. 6. It has been shown before that the phylogeny based on a single gene or protein
might deviate from the phylogeny based on 16S rRNA sequence (Jeffroy et al., 2006). However,
the presence of high bootstrap support values at nodes that are pointed by black arrows in Fig. 6
leading to clusters of terminal nodes that are not grouped based on their classes might suggest
there is a strong support for the phylogenetic relationship exhibited by ML tree of PorR deviates
from the phylogeny based on 16S rRNA sequence (Karlsson et al., 2011). Thus, there is a
possibility that porR gene is subjected to horizontal transfer among those bacteria hence causing
deviation from the expected phylogeny (Pylro et al., 2012). Hirt, Schlievert & Dunny have
demonstrated that virulence factor and antibiotic resistance genes could be horizontally
transferred (Hirt, Schlievert & Dunny, 2002). This adds up to the possibility that porR gene that
encodes one of the virulence factors produced by P. gingivalis can be horizontally transferred
(Shoji et al., 2014).

We have looked at the sequence of P. gingivalis strain ATCC 33277 genome. P.
gingivalis strain ATCC 33277 genome is chosen because many gene orthologs that involved in
A-LPS biosynthesis have been identified in this genome (Shoji et al., 2018). We found that porR
and its neighbouring genes are flanked by IS5 transposons. The IS5 transposons contain a single
open reading frame that encodes for IS5 family transposase that will cleave the 12 bp inverted
repeats that flanked the transposons (Fig. 7). The 12 bp inverted repeats that are represented by
purple coloured triangles in Fig. 7 show imperfect homology to each other with the consensus
sequence: GAGACCTTTG[CA]A. Both of the IS5 transposons are ~ 1300 bp in length. These
features are typical of IS5 family transposons (Mahillon & Chandler, 1998; Naito et al., 2008).
The intervening DNA segment and both IS5 transposons that flanked it might form a composite
transposon where the cleaving action of IS5 transposases on inverted repeats can mobilise the
invervening DNA segment that contains porR gene and possibly subjected it to conjugative
transfer (Thomas & Nielsen, 2005; Brochet et al., 2009). The length of the composite transposon
is ~ 70 kbp. However, it is also possible for IS5 transposase to cleave the inverted repeat directly
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downstream of PGN 1255 (Fig. 7) which will reduce the length of composite transposon to ~ 47
kbp. Brochet et al. have reported a transposon of ~ 47 kbp in length that performed both
transposition and conjugative transfer processes (Brochet et al., 2009). Hence, it might be
possible for composite transposon of such length to undergo transposition and subsequently
being horizontally transferred via bacterial conjugation.

The intervening DNA segment contains seven genes that involved in the biosynthesis of
A-LPS (Fig. 7). Both porR and ugdA genes are involved in Wbp pathway that is important for
biosynthesis of di-acetylated glucuronic acid that is the structural sugar of A-LPS (Shoji et al.,
2014). porS, which is an O-antigen flippase similar to wzx, and wzy, which is an O-antigen
polymerase, genes are involved in the assembly of A-LPS at the periplasmic side of bacterial
inner membrane (Shoji et al., 2013). gtfB and gtfE glycosyltransferases genes are involved in the
biosynthesis of sugar moiety of A-LPS. rfa glycosyltransferase gene is involved in the
biosynthesis of lipid A-core moiety of A-LPS (Shoji et al., 2018). However, there are many other
genes that involved in the biosynthesis of A-LPS and they are spread out throughout the genome
(Shoji et al., 2018). This raise a question of why these genes are not clustered in a single operon
which is usually the case for genes that involved in a similar pathway. It might be possible that
only those seven genes identified in this study are horizontally transferred while the others are
not. Thus, explaining why only those seven genes clustered in a composite transposon. Perhaps,
those other genes also are flanked by mobile elements that aid in their transposition and
conjugative transfer. Further analyses such as comparing the molecular phylogeny of all genes
involved in the biosynthesis of A-LPS and comparing the arrangement of those genes in the
bacterial genomes that synthesis A-LPS might be able to answer those questions.

T9SS is made up of various protein components that formed the regulation, translocation,
energetic, and modification components. Currently, the secretion system is primarily found in
bacteria under Bacteroidetes phylum (Abby et al., 2016). We found bacteria from Bacteroidia,
Flavobacteriia, Cytophagia, Chitinophagia, Sphingobacteriia, Saprospiria, and unclassified under
Bacteroidetes phylum that might acquire T9SS protein components. However, not all bacterial
strains that we have identified acquired all 20 protein components reported by literatures (Sato et
al., 2010; Lasica et al., 2017).

As shown in the ML trees of T9SS protein components (Figs. 2-6), only bacteria under
Bacteroidia, Flavobacteriia, and Chitinophagia classes acquired the 20 protein components
investigated. The bacteria under Cytophagia class only acquired 19 protein components
excluding PorN. The bacteria under Saprospiria class only acquired 18 protein components
excluding PorL and PGO0189. The bacteria under unclassified only acquired 18 protein
components with the exception of PorN and PG0189. The bacteria under Sphingobacteriia class
only acquired 17 protein components with the exception of PorQ, PorU, and PorZ. It is
interesting to note that PorU, PorZ, and PorQQ formed the modification components of T9SS.
Thus, Sphingobacteriia does not acquire the protein components that performed modifications
such as cleavage of C-terminal domain (CTD) and A-LPS glycosylation on T9SS cargo proteins.
Perhaps, the T9SS acquired by Sphingobacteriia does not cleave the CTD of cargo protein and

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27700v1 | CC BY 4.0 Open Access | rec: 2 May 2019, publ: 2 May 2019




396
397
398
399
400
401
402
403
404
405
406
407
408
409

410

411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431

432
433

glycosylate it with A-LPS but leave the cargo protein bounded to PorV after it is translocated to
bacterial cell surface by Sov. Other possible explanation is that Sphingobacteriia does have
proteins that performed the functions of missing protein components, but those proteins
exhibited limited sequence similarity with any currently known T9SS protein component thus
they could not be detected by homology searching method. This explanation could also be the
case for the other classes or strains of bacteria that do not acquire the homologs of 20 protein
components of T9SS.

We have found additional species under Chitinophagia, Saprospiria, and unclassified that
acquired homologs of T9SS protein components that, to our knowledge, might not have been
reported (McBride & Zhu, 2013). Those additional species and the homologs of T9SS protein
components they acquired are illustrated in Fig. 8. This identification might be due to our
analysis covered larger bacterial species because of more bacterial genomes have been
completely sequenced in the past few years.

Conclusions

We found that the maximum-likelihood (ML) phylogenetic trees for 19 protein components of
TISS exhibit clustering of terminal nodes based on their respective classes under Bacteroidetes
phylum. Majority of the ML trees of those protein components exhibit the phylogenetic
relationship that is consistent with phylogeny of bacteria under Bacteroidetes phylum based on
16S rRNA sequence (Karlsson et al., 2011). The ML tree of PorR, which is an aminotransferase
that involved in the Wbp pathway that produces structural sugar of A-LPS, exhibits different
clustering pattern of terminal nodes where the nodes do not cluster based on their respective
classes. Hence, PorR might evolve independently from the other protein components that might
suggest PorR is acquired by bacteria with T9SS through horizontal gene transfer. We found that
seven genes (including porR) that involved in the biosynthesis of A-LPS that anchored the
virulence factor secreted by T9SS to bacterial cell surface are flanked by insertion sequences
(ISs) that encode IS5 family transposase. This might suggest that the intervening DNA segment
that contains porR gene can be mobilized and subsequently contributes to the possibility that
porR gene is subjected to conjugative transfer.

We found that the 20 protein components of T9SS investigated in this study are not
necessarily present in all T9SS-acquiring bacteria under Bacteroidetes phylum. We have
identified species under Chitinophagia, Saprospiria, and unclassified that acquired homologs of
TISS protein components that, to our knowledge, might not have been reported (McBride &
Zhu, 2013).
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Figure 1 (on next page)

The TISS protein components on the bacterial cell double membranes.

The protein components with known functions are coloured while those with unknown functions
are coloured in white. The pathway for cargo protein lysine gingipain (Kgp) translocation and

modifications is illustrated. How those processes performed by T9SS are regulated by its protein
components are also exhibited.
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Figure 2 (on next page)

The maximum-likelihood (ML) phylogenetic trees of six protein components of T9SS that
exhibit phylogenetic relationship: (Bacteroidia + Flavobacteriia) + Cytophagia.

(A) ML tree of PorK. (B) ML tree of PorM. (C) ML tree of PorT. (D) ML tree of PorN. (E) ML
tree of PorZ. (F) ML tree of PG0189. The terminal nodes are labelled with the bacterial strains
that the homologs belong to and the colours denote the classes for each bacterial strain. A
terminal node can represent multiple bacterial strains in the case where their homologs are
completely identical and this terminal node can be identified by the present of commas
separating the bacterial strain names. Bootstrap support values are indicated on each node. The
outer strips and its corresponding numbers denote the monophyletic groups identified.
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Figure 3 (on next page)

The maximum-likelihood (ML) phylogenetic trees of four protein components of T9SS that
exhibit phylogenetic relationship: (Bacteroidia + Flavobacteriia) + Cytophagia.

(A) ML tree of Sov. (B) ML tree of PorX. (C) ML tree of PorV. (D) ML tree of PorU.
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Figure 4 (on next page)

The maximum-likelihood (ML) phylogenetic trees of five protein components of T9SS that
exhibit phylogenetic relationship: (Cytophagia + Flavobacteriia) + Bacteroidia.

(A) ML tree of PG0534. (B) ML tree of PorL. (C) ML tree of PorQ. (D) ML tree of PG0162. (E)

ML tree of PGN0300. The nodes leading to clusters of major classes with low bootstrap support
values (less than 70) are pointed by the black arrows.
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Figure 5 (on next page)

The maximum-likelihood (ML) phylogenetic trees of four protein components of T9SS that
exhibit phylogenetic relationship: (Bacteroidia + Cytophagia) + Flavobacteriia.

(A) ML tree of PorP. (B) ML tree of PorW. (C) ML tree of PG1058. (D) ML tree of PorY. The

nodes leading to clusters of major classes with low bootstrap support values (less than 70) are
pointed by the black arrows.
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Figure 6 (on next page)
The maximume-likelihood (ML) phylogenetic tree of PorR. The terminal nodes of ML tree
of PorR do not cluster based on their classes under Bacteroidetes phylum unlike the other

19 protein components of T9SS.

The nodes leading to clusters of major classes with high bootstrap support values (higher or
equal 70) are pointed by the black arrows.
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Figure 7 (on next page)
The arrangement of porR and its neighbouring genes in P. gingivalis ATCC 33277 genome.

porR (PGN_1236) and its neighbouring genes are flanked by IS5 transposons that formed a
composite transposon of 70 kbp in length. The genes that involved in biosynthesis of A-LPS are
represented by yellow coloured rectangles while the gene that does not involve is represented by
grey coloured rectangle. The genes for hypothetical proteins are represented by white coloured
rectangles. The genes for IS5 family transposases are represented by cyan coloured rectangles.
The purple triangles represented 12 bp inverted repeats that flanked the genes for IS5 family
transposases. Putatives proteins encoded by the genes are shown under rectangles that
represented the genes. The slashes indicated gaps in the genome.
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Figure 8 (on next page)

The additional species from Chitinophagia, Saprospiria, and unclassified under
Bacteroidetes phylum that acquired homologs of T9SS protein components.

The colours denote the classes those bacterial species belong to. Coloured squares indicate the
homologs of T9SS protein components acquired by the bacterial species where the different
colours denote different functions those components performed. White squares indicate the
homologs of T9SS protein components absent in the bacterial species.
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