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ABSTRACT: Type 9 secretion system (T9SS) is one of the least
characterized secretion systems exclusively found in the Bacter-
oidetes phylum, which comprises various environmental and
economically relevant bacteria. While T9SS plays a central role
in bacterial movement termed gliding motility, survival, and
pathogenicity, there is an unmet need for a comprehensive tool
that predicts T9SS, gliding motility, and proteins secreted via
T9SS. In this study, we develop such a computational tool, Type 9
secretion system and Gliding motility Prediction (T9GPred). To
build this tool, we manually curated published experimental
evidence and identified mandatory components for T9SS and
gliding motility prediction. We also compiled experimentally
characterized proteins secreted via T9SS and determined the
presence of three unique types of C-terminal domain signals, and these insights were leveraged to predict proteins secreted via T9SS.
Notably, using recently published experimental evidence, we show that T9GPred has high predictive power. Thus, we used T9GPred
to predict the presence of T9SS, gliding motility, and associated secreted proteins across 693 completely sequenced Bacteroidetes
strains. T9GPred predicted 402 strains to have T9SS, of which 327 strains are also predicted to exhibit gliding motility. Further,
T9GPred also predicted putative secreted proteins for the 402 strains. In a nutshell, T9GPred is a novel computational tool for
systems-level prediction of T9SS and streamlining future experimentation. The source code of the computational tool is available in
our GitHub repository: https://github.com/asamallab/T9GPred. The tool and its predicted results are compiled in a web server
available at: https://cb.imsc.res.in/t9gpred/.

■ INTRODUCTION
Type 9 secretion system (T9SS) is one of the recently
characterized secretion systems found particularly in members
of the Bacteroidetes phylum.1−4 Bacteroidetes is a diverse
phylum of bacteria found in different environmental niches,
including animal gut microbiota, where they are either
beneficial or pathogenic based on their secretory factors.5,6

In some of these Bacteroidetes strains, T9SS has been
experimentally identified to play a central role in movement
of the bacteria,1,7−9 assimilation of ions,10 and secretion of
various polysaccharide degrading enzymes,10,11 adhesins,12 and
virulent proteins.2,13 Additionally, T9SS is found to be essential
for the growth and survival of some species.13−15 Thus,
identification of T9SS is imperative to understand the
underlying microbial activity. The identification of T9SS is
also of industrial relevance as it can aid in an efficient high-
throughput production of recombinant proteins.16

T9SS was initially characterized in two different Bacteroidetes
species, Porphyromonas gingivalis (human periodontal patho-
gen)1,17 and Flavobacterium johnsoniae.1 In particular, McBride

and colleagues had extensively characterized the protein
components associated with gliding motility of F. johnso-
niae18,19 and later found a large overlap with the T9SS
components.3 Additional experiments proved that the gliding
motility is facilitated by the secretion of adhesins through
T9SS.20,21 Further, several groups have identified function-
alities of the core protein components of T9SS, namely, GldK,
GldL, GldM, GldN, and SprA.22−25 James et al.26 have shown
that the GldLM complex is conserved across members of the
Bacteroidetes phylum and is mediated through proton flow to
drive the secretion via T9SS.23,27 There are other such
independent studies focused on T9SS or gliding motility in
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members of the Bacteroidetes phylum,7,8,28 but there is a scarce
attempt toward systems-level understanding of the compo-
nents associated with T9SS or gliding motility.

Secretion via T9SS is a two-step process: (i) transport of
protein from cytoplasm to periplasm via the Sec export
pathway mediated by N-terminal domain and (ii) transport of
protein from periplasm to extracellular space via T9SS
mediated by C-terminal domain (CTD).13,29 Kulkarni et al.30

have experimentally proved that the N-terminal domain and
the CTD signal are necessary and sufficient for the secretion of
a protein via T9SS. Additionally, they have identified different
types of CTDs. While efforts have been made to characterize
the secreted proteins, there have been limited attempts to
identify the CTD types and predict such secreted proteins.

Earlier, Abby et al.4,31 had developed a computational tool,
TXSScan, to identify different secretion systems, including
T9SS across bacteria. However, TXSScan is neither specific to
T9SS nor does it predict the associated gliding motility or
secreted proteins. Therefore, in this study, we built a
prediction tool, which is dedicated to T9SS, gliding motility,
and the proteins secreted via T9SS. Initially, we compiled the
proteins associated with T9SS or gliding motility from the
published literature and generated hidden Markov model
(HMM) profiles for each protein. By leveraging the compiled
experimental knowledge, we identified the key protein
components and built a computational tool for prediction of
T9SS or gliding motility across members of the Bacteroidetes
phylum. Note that, we have included gliding motility
prediction along with that of T9SS as some Bacteroidetes
strains having T9SS do not exhibit gliding motility.1,13

Previously, Veith et al.32 have used HMM-based approaches
to predict proteins secreted via T9SS. However, their
prediction model did not account for different types of
CTD. Here, we leveraged the different CTD types and their
motifs from the published literature to generate HMM profiles
and built a computational pipeline for the prediction of
proteins secreted via T9SS. Finally, we developed a computa-
tional tool, Type 9 secretion system and Gliding motility
Prediction (T9GPred), which is accessible at: https://github.
com/asamallab/T9GPred. We also compiled the tool and its
predictions into a web server, namely, T9GPred, which is
accessible at: https://cb.imsc.res.in/t9gpred/.

■ RESULTS AND DISCUSSION
Compilation of 28 Protein Components Associated

with T9SS or Gliding Motility among Members of the
Bacteroidetes Phylum. We compiled 23 protein components
associated with T9SS (Table S1), 22 protein components
associated with gliding motility (Table S2), and 102 proteins
secreted via T9SS (secreted proteins) (Table S3) in
Bacteroidetes strains from the published literature (see Methods
Section; Figure 1). We observed that there is a large overlap of
17 proteins between the proteins associated with T9SS and
gliding motility, which is in line with the previous studies
reporting conclusive evidence of a link between T9SS and
gliding motility in Bacteroidetes strains.1,3 In total, we identified
28 proteins associated with either T9SS or gliding motility
among members of the Bacteroidetes phylum.

Key Protein Components of T9SS and Gliding
Motility. During the compilation of associated protein
components (Figure 1), we observed that not all of the
components are present in every bacterium of the Bacteroidetes
phylum that has experimental evidence for T9SS or gliding

motility (Figure 2). Therefore, we were interested in
identifying the key components, which are mandatory for a
functional T9SS or exhibiting gliding motility. Hidden Markov
model (HMM) profiles of protein sequences have been
previously used in TXSScan,4,31 SecReT6,34 SecReT4,35 and
T346Hunter36 to make robust predictions of the presence of
protein components associated with different secretion
systems. Therefore, we generated HMM profiles for the 28
identified protein components (see Methods Section; Support-
ing Information, Section 1.1) and checked their presence in 30
Bacteroidetes strains that have experimental evidence for the
presence of T9SS or gliding motility (Table S4) to infer a
minimal set of key protein components that are necessary for
their functionality.36 We observed that proteins GldL, GldM,
GldK, GldN, SprE, SprA, SprT, PorV, PorP (with one
exception), FtsX, and Omp17 are always present in
Bacteroidetes strains with experimental evidence on the
presence of T9SS or gliding motility (Figure 2). The proteins
GldL and GldM form an inner membrane proton-driven motor
that drives protein secretion via T9SS (Figure 3).23,27 The
GldK−GldN ring and SprE facilitate energy transduction from
the inner membrane GldLM motor to the outer membrane
translocon SprA for the secretion of proteins to the
extracellular space (Figure 3).22,23,25,37 SprT aids in the
maturation of the secreted protein but its role in the secretion
mechanism is not yet known.17 PorV and PorP aid in the
delivery of certain secreted substrates and are not necessary for
all secreted proteins.38 FtsX and Omp17 are found to be
ubiquitous among all 30 Bacteroidetes strains, and their
function in T9SS is not known. Therefore, we designated the
minimal set of GldK, GldL, GldM, GldN, SprA, and SprE (6
proteins) as mandatory protein components to predict the
presence of T9SS. Notably, we observed that these T9SS
mandatory components are always present in Bacteroidetes
strains that lack experimental evidence of the presence of T9SS
but have experimentally characterized T9SS-associated gliding
motility (Figure 2).

Figure 1. Workflow to identify published research articles containing
experimental evidence on the proteins associated with T9SS or gliding
motility or proteins secreted via T9SS. This workflow is presented
according to the PRISMA statement.33
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In addition to the 6 T9SS mandatory components, we
observed that proteins GldB, GldD, GldH, GldJ, and SprT are
present in the Bacteroidetes strains exhibiting gliding motility in
comparison with those which lack gliding motility (Figure 2).
Importantly, McBride and Zhu3 had earlier characterized the
presence of these proteins in Bacteroidetes strains exhibiting
gliding motility. Therefore, we designated the 6 T9SS
mandatory components along with GldB, GldD, GldH, GldJ,
and SprT (a total of 11 proteins) as mandatory protein
components to predict the presence of gliding motility. We
designated the remaining 17 proteins as accessory components.

Computational Tool for Prediction of T9SS or Gliding
Motility across Bacteroidetes Strains. We leveraged the
generated HMM profiles to check for the presence of the 28
proteins associated with T9SS or gliding motility in the
proteome of 693 completely sequenced Bacteroidetes strains
(see Methods Section; Table S5). As discussed in the
preceding section, if a bacterium contains all 6 T9SS
mandatory components in its proteome, we classify it as
having T9SS. In addition, if a bacterium contains all 11 gliding
motility mandatory components, we classify it as having gliding
motility. Using these criteria, we developed a tool in python

programming language that employs the generated HMM
profiles for 28 proteins to predict the presence of T9SS or
gliding motility across 693 Bacteroidetes strains. Our tool
identified 402 Bacteroidetes strains to have T9SS, of which 327
were found to also have gliding motility. Typically, we
observed that 19 of the 28 proteins are present in the 402
Bacteroidetes strains predicted to have T9SS (Figure S1a),
while 22 of the 28 proteins are present in the 327 Bacteroidetes
strains predicted to have gliding motility (Figure S1b). In
summary, we developed a computational tool that can predict
the presence of both T9SS and gliding motility in members of
the Bacteroidetes phylum, including mandatory and accessory
protein components.

Validation of T9GPred Predictions of T9SS and
Gliding Motility. We validated the T9GPred predictions of
T9SS and gliding motility using the recently published
experimental evidence (after August 2020) on T9SS and
gliding motility that had not been considered while building
T9GPred (Supporting Information, Figure S2). Note that we
identified only 6 experimentally characterized Bacteroidetes
strains to have T9SS (Table S4), and therefore, we could not
split the compiled evidence into train and test sets for cross-

Figure 2. Occurrence of 28 identified protein components associated with T9SS or gliding motility checked across 30 experimentally characterized
Bacteroidetes strains using the generated HMM profiles. The presence of T9SS mandatory components is denoted by a light brown colored box,
gliding motility mandatory components are denoted by a cyan colored box, and T9SS or gliding motility accessory components are denoted by a
dark brown colored box. The experimental evidence (presence, absence, or no evidence) for T9SS or gliding motility is denoted alongside each
Bacteroidetes strain.
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validation of T9GPred. In the published literature subsequent
to August 2020, we identified 4 new Bacteroidetes strains to
have T9SS (Table S6), in which all of the strains are predicted
to have T9SS by T9GPred. Moreover, 2 of the 4 new strains
are new species that were not part of compiled evidence used
to build T9GPred. Similarly, we also identified 7 new
Bacteroidetes strains to have gliding motility (Table S7) of
which all of the strains are predicted to have gliding motility by
T9GPred. Four of 7 new strains having gliding motility are new
species, which were not considered while building the tool for
gliding motility prediction. We noted that though the majority
of the new evidence contained draft sequences, it did not limit
T9GPred’s ability for the prediction of T9SS or gliding motility
(Tables S6 and S7). Further, we did not find any recently
characterized protein components associated with T9SS or
gliding motility in the published literature after August 2020.

Comparison of Predictions between T9GPred and
TXSScan. We compared the features, predictions, and
performance of T9GPred with an already existing computa-
tional tool TXSScan.4,31 TXSScan predicts the presence of
different secretion systems (T1SS−T9SS), including T9SS,
whereas T9GPred is a tool specific to T9SS, which not only
predicts the presence of T9SS but also predicts the associated
gliding motility and secreted proteins. TXSScan’s prediction of
T9SS is based on the identification of mandatory protein
components, such as GldK, GldL, GldM, GldN, SprE, SprA,
SprT, and PorV (any 7 of 8 designated mandatory proteins)
and their relative gene location on the genome. Comparatively,
T9GPred has a simpler rule, which only considers the presence
of 6 mandatory proteins (GldK, GldL, GldM, GldN, SprE, and
SprA) for the prediction of T9SS. Note that SprT and PorV
have not been considered as mandatory proteins for the
prediction of T9SS by T9GPred as their function is not clearly

elucidated or they are not essential for the secretion of all
proteins.

We checked the TXSScan’s prediction against the compiled
list of 30 experimentally characterized Bacteroidetes strains used
to build T9GPred (Table S8). In gliding Bacteroidetes strains,
such as Pedobacter heparinus DSM 2366 and Pedobacter saltans
DSM 12145, TXSScan predicted the presence of mandatory
protein components but failed to report the presence of T9SS
due to the gene location constraints. In the gliding Bacteroidetes
strain Fluviicola taffensis DSM 16823, TXSScan failed to
predict the presence of T9SS due to its inability to predict the
presence of mandatory proteins. Though TXSScan predicts P.
gingivalis ATCC 33277 to have T9SS, it fails to predict the
presence of GldK, which has been experimentally charac-
terized.1,25 Based on these observations, we conclude that the
T9SS prediction rule in TXSScan is more restrictive in
comparison to T9GPred, and the incorporated HMM profiles
in TXSScan seem to be missing known protein sequences.

Finally, we compared the performance of T9GPred and
TXSScan on the validation set consisting of new exper-
imentally characterized Bacteroidetes strains having T9SS or
associated gliding motility. TXSScan predicted the presence of
T9SS in 8 of the 10 identified strains (sensitivity is 0.8),
whereas T9GPred predicted the presence of T9SS in all 10
strains (sensitivity is 1). Overall, T9GPred is more efficient and
provides better predictions than TXSScan (Table 1).

Classification of the Secreted Proteins into Three C-
Terminal Domain (CTD) Types. To classify the proteins
secreted via T9SS, we relied on the CTD of the compiled list
of 102 secreted proteins with published experimental evidence
(see Methods Section). Earlier studies on T9SS have reported
the motif sequences for the CTD of the secreted proteins,32,39

while some have additionally reported the motif classifica-

Figure 3. Schematic diagram encapsulating the available information on localization of 28 protein components on the bacterial membrane based on
the published literature.
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tion.8,30 We compiled a list of 18 CTD sequence motifs (see
Methods Section; Table S9) from the published literature and
generated a motif similarity network (MSN) (Figure S3).
From the MSN, we observed that the unclassified motifs
clustered with the motifs classified as type A, whereas the
motifs classified as type B are distinct (Figure S3). In addition,
Kharade and McBride11 reported a third type of CTD motif
(type C) for the secreted proteins. Therefore, we accessed the
HMM profiles from TIGRFAM40 and NCBI protein family
models41 for all three types of CTD (type A, type B, and type
C) to classify the compiled list of 102 secreted proteins. We
observed that the HMM profiles and the motif-based
classification of the 102 secreted proteins yielded similar
results with 68 proteins as type A, 18 proteins as type B, 1
protein as type C, and 15 proteins as unclassified (Figure 4).
From the classified CTD sequences, we generated HMM
profiles (Supporting Information, Section 1.2). Additionally,
we report CTD motif sequences specific to the classified
proteins (Table 2). Importantly, these motif sequences are
better at classifying the different types of CTD in comparison
to the existing sequence motifs (Figure 4).

Computational Pipeline to Predict Proteins Secreted
via T9SS. We present the first computational pipeline to
predict proteins secreted via T9SS across members of the
Bacteroidetes phylum (Figure 5). The pipeline integrates several
tools that predict important features in protein sequences. We
used SignalP-5.046 and Phobius47 to detect the N-terminal Sec
signal, SignalP-5.0 to detect N-terminal Tat signal, Phobius
and TMHMM 2.048 to detect the transmembrane (TM)
domain and used the generated CTD HMM profiles to detect
the CTD types in protein sequences. We used “OR rule” in the
cases, where the feature is predicted by multiple tools. Based
on the features of 102 experimentally identified proteins

Table 1. Comparative Analysis of the Predictive Tools
T9GPred and TXSScan

T9GPred TXSScan

prediction of
T9SS √ √
gliding
motility

√ ×

secreted
proteins

√ ×

protein
components

total
number of
proteins

28 11

mandatory
proteins

6 for T9SS, 11 for
gliding motility
prediction

8 for T9SS prediction

accessory
proteins

17 3

prediction rule
for T9SS presence of all 6

mandatory proteins
presence of at least 7 mandatory

proteins with gene location
constraints

for gliding
motility

presence of all 11
mandatory proteins

×

for secreted
proteins

presence of 3 CTD
types

×

performance
predicted
strains

10 of 10 strains are
predicted to have
T9SS

8 of 10 strains are predicted to
have T9SS

sensitivity 1 0.8

Figure 4. Identification and classification of the C-terminal domain
(CTD; last 120 aa) of 102 experimentally characterized secreted
proteins into three CTD types, namely, type A (red), type B (cyan),
and type C (yellow), based on HMM profiles and sequence motifs
from the published literature. The CTD sequences that could not be
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secreted via T9SS (Table S3), we designate a protein as
secreted protein if (i) it has Sec signal in the N-terminal
region; (ii) it has no Tat signal in the N-terminal region; (iii) it
has no TM domain; and (iv) it has at least one of the three
CTDs, namely, type A, type B, or type C in its C-terminal
region. We developed a computational tool implementing the

above pipeline (Figure 5) to predict secreted proteins from an
input proteome. Note that, we relied only on the 3 classified
CTD types to get high-confidence predictions. However, the
pipeline can be easily augmented to incorporate more such
CTD types in the future. Finally, we used this tool to predict
the secreted proteins for the 402 Bacteroidetes strains (Table
S5) predicted to have T9SS. The predictions are available
under the ‘Secreted protein prediction’ section of respective
Bacteroidetes strain at: https://cb.imsc.res.in/t9gpred/.

Validation of T9GPred Predictions of Secreted
Proteins. We validated the secreted protein prediction from
T9GPred using recently published experimental evidence
(after August 2020) on secreted proteins (Supporting
Information, Figure S2). We identified 22 new secreted
proteins that were experimentally characterized from 4
different strains (Table S10). T9GPred predicted 14 of these
22 sequences to be secreted via T9SS. Among the 8 sequences
that were not predicted by T9GPred, 2 lacked Sec signal
sequences but contained type A CTD signal, while the other 6
sequences did not have any of 3 CTD signals. Additionally, we
estimated the precision of our CTD HMM prediction using 2
strategies (see Methods Section). When checked against a total
of 16,886 secreted proteins predicted by T9GPred, the first
strategy always resulted in zero hits, while the second strategy
resulted in 972, 970, and 948 hits (average of 963 hits),
yielding the precision of 100% and 94.29%, respectively (see
Methods Section).

Comparative Analysis of the Secreted Proteins from
Gliding and Nongliding Bacteroidetes Strains. Using our
computational tool, we predicted 327 Bacteroidetes strains to
have gliding motility (gliding Bacteroidetes) and 75 Bacter-
oidetes strains to lack gliding motility (nongliding Bacteroidetes)
(see Methods Section). Further, we also predicted the secreted
proteins for both gliding and nongliding Bacteroidetes using our
computational tool. From our predictions, we noted that
gliding Bacteroidetes secretes more proteins than the nongliding
Bacteroidetes. To check for the statistical significance of this

Figure 4. continued

classified are designated as unclassified and shown in black. The
motifs from Seers et al.39 and Veith et al.32 are classified as type A
CTD based on the motif similarity network (Figure S3). The CTDs
of the secreted proteins are clustered using ClustalW42 and the
colored dots represent the presence of the CTD types. Based on the
classification of the secreted proteins, we generated 4 motifs for type
A and 3 motifs for type B. The figure was generated using
Evolview43,44 web server.

Table 2. Table Lists Four Type A and Three Type B CTD
Motifs Generated from the Input List of Experimentally
Characterized Secreted Proteins Using “Discriminative
Mode” in MEME Tool45

motif
identifier motif E-value

type
A_1

KIYPNPVSEILNIALQE[GN]LQL[EQ]
KVNFYNTLGQLIKTTNHSE[IT]N[VI]SSFAKG

7.3e-
454

type
A_2

VF[GR][ND]V[TN][QK]SNCALNVP[AT]GT[EQ]
A[AV]YQAAAVW[KR][DN]FSPISG[SN]
LLSNHSFAIES[NA]L

2.6e-
398

type
A_3

VK[VI]YPN[PQ]GKGT[LK][TN]I[SI] 1.3e-
158

type
A_4

[LV]SNLA[KS]G[VI]Y[IFL][VL]K[IV]XX 7.4e-
115

type
B_1

F[TS]PNGDGYNDT[WF]Y[IP]E[NG][IL]EXYP 2.5e-
091

type
B_2

ELP[SA]G[DT]Y[WY][YF][VI][LVI]K[YF]N[DE]
N[KN][NT]XK

6.4e-
067

type
B_3

[VI]EI[FY][DN]R[YWF]G[KRV]L[IV][KY]
ELDG[NYG]DNG[WD]

6.1e-
070

Figure 5. Computational pipeline to predict proteins secreted via T9SS. Computational tools used in this pipeline to predict features in the input
protein sequence are mentioned in the top right panel of the figure.
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difference, we first normalized the number of secreted proteins
with the total number of proteins (coding sequences) in the
respective Bacteroidetes strains. We observed that gliding
Bacteroidetes significantly secretes more proteins than non-
gliding Bacteroidetes (p < 0.0001; corrected using the
Bonferroni method; Figure 6a). We also observed that the
genome of gliding Bacteroidetes is significantly larger than
nongliding Bacteroidetes (p < 0.01; corrected using the
Bonferroni method; Figure 6b). A similar trend is observed
between nongliding and gliding strains predicted from
∼34,000 completely sequenced bacteria (Figure S4).

T9GPred Web Server. We have designed a Findable,
Accessible, Interoperable, and Reusable (FAIR)51 compliant
user-friendly web server, Type 9 secretion system and Gliding
motility Prediction (T9GPred) that compiles the predictions
and the computational tool developed in this study. The web
server is available at: https://cb.imsc.res.in/t9gpred/.
T9GPred is an organized web server with a simple navigation
that enables easy access to users (Figure S5a).

Users can interactively browse for the 693 Bacteroidetes
strains in the “Browse” section of the navigation bar. Users can
hover over the heatmap to see information on the name of the
bacteria, the predicted protein components, and the number of
predicted sequences of the protein component in the proteome
of the bacteria (Figure S5b). Users can click on the name of
the bacteria to see further details. The “Bacteroidetes details”
section gives the information on the organism name, genome
identifier from NCBI52 or BV-BRC,53 isolation source of the
bacteria, sequencing center information, predictions on T9SS,
gliding motility and the number of secreted proteins,
taxonomic information, and proteome of the bacteria as a
downloadable file (Figure S5c). Users can view the predicted
protein components associated with T9SS on the “T9SS
prediction” page (Figure S5d) and the predicted protein
components associated with gliding motility on the ‘Gliding
motility prediction’ page (Figure S5e). For bacteria predicted

to have T9SS, the predicted components can be visualized on
the genome of the bacteria on the “Gene cluster visualization”
page (Figure S5f). Finally, the “Secreted protein prediction”
page lists the predicted secreted proteins and their annotations
including the protein identifier from BV-BRC53 or NCBI,54

UniProt55 identifier, AlphaFold DB56,57 identifier, type of
evidence, type of CTD, and the presence of Carbohydrate-
Active enZYmes (CAZy) domain predicted using dbCAN2
tool58 (Figure S5g).

Users can access the prediction tools in the “Prediction”
section of the navigation bar. The ‘Prediction of T9SS and
gliding motility’ page contains the tool for the prediction of
T9SS or gliding motility in the input proteome (Figure S6a).
Users can upload the proteome in a fasta file format or paste
the sequence in the provided text box to run the prediction
tool. The tool returns the predicted protein components along
with the decision for the presence of T9SS or gliding motility
(Figure S6a). The “Prediction of protein secreted via T9SS”
page allows users to predict whether the input protein can be
secreted via T9SS (Figure S6b). Users can paste the sequence
in the provided text box to run the prediction tool. The tool
returns the prediction of different features, including the
classification of CTD types, and mentions whether the protein
can be secreted via T9SS (Figure S6b).

■ CONCLUSIONS
T9SS is one of the least characterized secretion systems in
Gram-negative bacteria (Supporting Information, Section 3;
Figure S7). In this study, we leveraged the existing
experimental evidence to develop the first comprehensive
computational tool, T9GPred, which predicts the presence of
T9SS, associated gliding motility, and secreted proteins from
bacterial proteome. In particular, we designated 6 key proteins
(GldK, GldL, GldM, GldN, SprA, and SprE) as mandatory for
a functional T9SS and observed that they are sufficient for
T9SS prediction when checked against the proteome of

Figure 6. Comparative analysis of the secreted proteins and genome size between gliding and nongliding Bacteroidetes strains predicted in this
study. (a) Comparison of the predicted secreted proteins normalized with the total number of coding sequences of respective bacteria (ratio)
between gliding and nongliding Bacteroidetes strains (significantly different at p < 0.0001). (b) Comparison of the genome sizes (bp) between
gliding and nongliding Bacteroidetes strains (significantly different at p < 0.01). In each case, the significant difference between two samples is
calculated using Bonferroni correction in the rstatix package49 available in R version 4.2.1. Both plots are made using the ggplot250 package in R
version 4.2.1.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05155
ACS Omega 2023, 8, 34091−34102

34097

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05155/suppl_file/ao3c05155_si_001.pdf
https://cb.imsc.res.in/t9gpred/
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05155/suppl_file/ao3c05155_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05155/suppl_file/ao3c05155_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05155/suppl_file/ao3c05155_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05155/suppl_file/ao3c05155_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05155/suppl_file/ao3c05155_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05155/suppl_file/ao3c05155_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05155/suppl_file/ao3c05155_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05155/suppl_file/ao3c05155_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05155/suppl_file/ao3c05155_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05155/suppl_file/ao3c05155_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05155/suppl_file/ao3c05155_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05155/suppl_file/ao3c05155_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05155?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05155?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05155?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05155?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


recently characterized Bacteroidetes strains having T9SS (Table
S6). Using these 6 T9SS mandatory proteins, we predicted 402
of the 693 completely sequenced Bacteroidetes strains to have
T9SS. Additionally, we also observed that our tool T9GPred
predicted the presence of T9SS only in the Bacteroidetes
phylum (Supporting Information, Section 4; Table S11),
which is in line with the findings by McBride and colleagues.1,3

Further, we also observed that the T9SS mandatory protein
components are clustered in the bacterial genome (Supporting
Information, Section 5; Figure S8), suggesting that GldK,
GldL, GldM, and GldN form an operon in members of the
Bacteroidetes phylum having T9SS.12,25

In some Bacteroidetes strains, T9SS also aids in the
movement of the species, which is termed as gliding motility.1,3

In addition to the 6 T9SS mandatory proteins, we designated 5
key proteins (GldB, GldD, GldH, GldJ, and SprT) as
mandatory for exhibiting gliding motility and observed that
they are sufficient for gliding motility prediction when checked
against the proteome of recently characterized Bacteroidetes
strains exhibiting gliding motility (Table S7). Using these 11
gliding motility mandatory proteins, we predicted 327 of 402
Bacteroidetes strains with T9SS to also have gliding motility.
Moreover, we observed that 44 of these 327 strains were
predicted to have type IVa pili, and none of them had flagellar
motor or type IVb pili (Supporting Information, Section 6).
We also noted that there is no overlap between the protein
components associated with gliding motility and flagellar
motor or type IV pili (Supporting Information, Section 6).
Thus, our analysis suggests that gliding motility associated with
T9SS provides a unique machinery that is different from other
types of bacterial motility.

The proteins secreted via T9SS are involved in multiple
processes, including the survival and pathogenicity of the
bacteria.13,29 We identified 3 types of C-terminal domain
(CTD) signals (type A, type B, or type C) by leveraging the
reported signal sequences8,30,32,39 in conjunction with pub-
lished evidence. We leveraged this CTD classification to build
a computational pipeline for secreted protein prediction and
found that its predictions are highly precise and agree well with
recently published experimental evidence (Table S10). A
comparative analysis with the proteins secreted via other
Bacteroidetes-specific secretion systems highlighted the unique-
ness of the CTD signal in the proteins secreted via T9SS
(Supporting Information, Section 7). We found that members
of the Bacteroidetes phylum exhibiting gliding motility have
significantly larger genome sizes and secrete more proteins in
comparison with the members that do not have gliding motility
(Figures 6 and S4). This suggests that members of the
Bacteroidetes phylum exhibiting gliding motility have a larger
genome probably encoding more specialized proteins to aid in
gliding motility.

T9GPred has its fair share of limitations like most
computational tools. T9GPred does not mention the accuracy
of the predictions, as it lacks information on negative control.
It relies on protein profiles trained on a small set of
experimentally characterized Bacteroidetes strains to date,
which limits its ability to exhaustively capture all variations.
Moreover, T9GPred does not comment on the maturation of
the secreted proteins, as it does not include the information on
the functional characterization of accessory protein compo-
nents. The secreted protein prediction by T9GPred is limited
by the choice of 3 CTD types considered in this study, which is
not indicative of all possible secreted proteins.8 Moreover,

T9GPred does not include the structural conservation of the
CTD59 but considers only the protein sequence for the
prediction of the secreted proteins. T9GPred predicts putative
secreted proteins but does not comment on the variation in the
levels of secreted proteins in different environments.

Nevertheless, T9GPred aids in streamlining experiments by
providing quick predictions. For pathogens, the predicted
T9SS protein components and secreted proteins could be
targeted for drug discovery. For nonpathogens, T9GPred
predicts secreted proteins that could be the putative subjects
for genetic enhancements. Additionally, the secreted protein
pipeline in T9GPred can aid in the design of industrially
relevant recombinant proteins. Importantly, T9GPred has the
potential to provide robust predictions in draft genome
sequences. T9GPred has the ability to identify a new
uncharacterized bacterium as belonging to the Bacteroidetes
phylum. In conclusion, we developed T9GPred, a computa-
tional tool that not only predicts T9SS but also predicts T9SS-
based gliding motility and the proteins secreted via T9SS. We
have made the predictions and the tool available on our web
server, which is accessible at: https://cb.imsc.res.in/t9gpred/.
The source code of the computational tool is available at:
https://github.com/asamallab/T9GPred.

■ METHODS
Workflow to Identify Proteins Associated with T9SS

or Gliding Motility among Members of the Bacter-
oidetes Phylum. We mined PubMed60 to compile an
exhaustive list of experimentally characterized proteins
associated with T9SS or gliding motility in members of the
Bacteroidetes phylum from the published literature. We queried
PubMed using the following keywords:

(“type 9 secretion system”[Title/Abstract] OR “type 9
secretion systems”[Title/Abstract] OR “type IX secretion
system”[Title/Abstract] OR “type IX secretion systems”[Ti-
tle/Abstract] OR “type 9 secretion system”[Title/Abstract]
OR “type 9 secretion systems”[Title/Abstract] OR “type IX
secretion system”[Title/Abstract] OR “type IX secretion
systems”[Title/Abstract] OR “t9ss”[Title/Abstract] OR
“T9SS”[Title/Abstract] OR “PoRSS”[Title/Abstract] OR
“PoR secretion system”[Title/Abstract] OR “Type 9 secre-
tion”[Title/Abstract] OR “Type IX secretion”[Title/Ab-
stract])

and retrieved 107 published articles on August 26, 2020
(Figure 1). We noted that our PubMed query was unable to
retrieve some previous studies focusing on gliding motility and
the type 9 based secretion, as such studies were published prior
to the use of T9SS nomenclature. Therefore, we manually
compiled 22 additional published articles on gliding motility or
type 9 based secretion (Figure 1). Thereafter, we excluded the
articles that are computational studies or reviews or which did
not contain mutation-based experiments. Finally, we short-
listed 47 published articles from which we identified 23
proteins associated with T9SS (Table S1), 22 proteins
associated with gliding motility (Table S2), and 102 proteins
secreted via T9SS (secreted proteins) in members of the
Bacteroidetes phylum (Table S3). Figure 1 summarizes the
workflow according to the PRISMA statement.33

Compilation of Completely Sequenced Bacteroidetes
Strains. The aim of our study is to predict the presence of
T9SS or gliding motility across the Bacteroidetes phylum. Thus,
we considered Bacteroidetes strains for which the complete
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genome is available. We queried NCBI assembly52 using the
following keywords:

(“Bacteroidetes”[Organism] or “Bacteroidia”[Organism] or
Bacteroidetes[All Fields]) and (bacteria[filter] and “latest
refseq”[filter] and “complete genome”[filter] and all[filter] not
anomalous[filter])

and identified 693 completely sequenced Bacteroidetes
strains on December 21, 2020 (Table S5). For these 693
Bacteroidetes strains, we accessed the corresponding proteome
from BV-BRC53,61 or NCBI assembly.52 Note that if the
proteome for a bacterium was available in both BV-BRC and
NCBI assembly, we preferred the proteome from BV-BRC.

Computational Analysis of Secreted Proteins. We
collected the sequences of the experimentally identified 102
secreted proteins (Table S3) from NCBI GenBank.54 We
considered the last 120 amino acids of each protein sequence
as their C-terminal domain (CTD).8 Further, we used
ClustalW42 with default parameters to align the CTD
sequences of the 102 secreted proteins. Thereafter, we
clustered the aligned sequences using MEGA X62 with the
maximum-likelihood method and default parameters.

We relied on the HMM profile-based prediction and motif
analysis to classify the 102 CTD sequences. We accessed the
HMM profiles for CTD types from TIGRFAM40 and NCBI
protein family models41 and compiled 18 CTD sequence
motifs of secreted proteins from the published literature (Table
S9). To find the similarity between the motifs, we created a
motif similarity network (MSN) using Tomtom63,64 by setting
the overlap ≥3 and score ≥265 and visualized the MSN using
Cytoscape66 (Figure S3). Further, we determined the presence
of the motifs in the CTD of the secreted proteins using Find
Individual Motif Occurrence (FIMO) tool67,68 with default
parameters. We classified the CTD types of secreted proteins
based on the HMM prediction and substantiated with motif-
based classification. Using the classified CTD sequences, we
created the corresponding HMM profiles (Supporting
Information, Section 1.2) and generated motifs using the
Multiple Expectation Maximization for Motif Elicitation
(MEME)45,69 tool in the discriminative mode of motif
discovery.

Checking for Random Hits of CTD HMM Profiles. We
followed Veith et al.32 to check for random hits of the 3 CTD
HMM profiles (type A, type B, and type C) on proteome of
the 402 Bacteroidetes strains using 2 different strategies: (i)
randomizing the CTD regions (last 120 amino acids) of each
protein while maintaining amino acid composition and (ii)
randomly selecting 120 amino acid long sequence from the full
sequence of each protein. Since we considered the CTD
sequence length as 120 amino acids, we filtered out those
predicted protein sequences that were less than or equal to 120
amino acids to be consistent with the randomization strategy.
We generated three data sets for each strategy to estimate the
number of random hits. We then used the following formula to
calculate the precision

precision
number of true positives

number of total predictions
=

where we estimated the number of true positives as

number of true positives

number of total predictions number of random hits=

Web Interface and Web Server Management System.
We created a user-friendly web server Type 9 secretion system
and Gliding motility Prediction (T9GPred) to compile and
share the predictions and the computational tool generated in
this study. T9GPred compiles the proteins associated with
T9SS or gliding motility in 693 completely sequenced
Bacteroidetes strains. For the Bacteroidetes strains predicted to
have T9SS, T9GPred lists the proteins predicted to be secreted
via T9SS. Moreover, T9GPred provides a prediction tool to
check for the presence of T9SS or gliding motility and secreted
proteins in any sequenced genome. T9GPred is openly
available at https://cb.imsc.res.in/t9gpred/.

To create the web server, we used MariaDB70 to store the
compiled information and Structured Query Language (SQL)
to retrieve information. We used PHP71 with custom HTML,
CSS, jQuery,72 Bootstrap 4,73 and Plotly JavaScript74 to create
the web interface of T9GPred. T9GPred web server is hosted
on an Apache75 server running on the Debian 9.4 Linux
Operating System.

■ ASSOCIATED CONTENT
Data Availability Statement
The predictions and the computational tool are accessible via
the web server, T9GPred available at: https://cb.imsc.res.in/
t9gpred/. The standalone version of the developed computa-
tional tool and the codes to generate different plots are
available in our GitHub repository: https://github.com/
asamallab/T9GPred.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c05155.

Distribution of the number of proteins associated with
T9SS or gliding motility in each of the 402 Bacteroidetes
strains predicted to have T9SS (Figure S1); workflow to
compile new experimental evidence on T9SS, gliding
motility, and associated secreted proteins (Figure S2);
motif similarity network (MSN) of the 18 compiled
CTD motifs (Figure S3); comparative analysis of the
secreted proteins and genome size between gliding and
nongliding strains identified from ∼34,000 completely
sequenced bacteria (Figure S4); snapshots of the web
interface of the T9GPred web server (Figure S5);
snapshots of the prediction tool in T9GPred web server
(Figure S6); cumulative estimate of published research
articles for the nine different secretion systems (T1SS−
T9SS) in bacteria (Figure S7); gene cluster visualization
of the proteins associated with T9SS or gliding motility
in the genome of F. johnsoniae UW101 and P. gingivalis
ATCC 33277 (Figure S8); and flowchart describing the
workflow to create the HMM profile from protein
sequences (Figure S9) (PDF)
Compiled list of 23 proteins with experimental evidence
of being associated with T9SS in the members of
Bacteroidetes phylum (Table S1); compiled list of 22
proteins with experimental evidence of being associated
with gliding motility in the members of Bacteroidetes
phylum (Table S2); compiled list of 102 proteins with
experimental evidence of being secreted via T9SS in the
members of Bacteroidetes phylum (Table S3); compiled
list of 30 Bacteroidetes strains with experimental evidence
on the presence or absence of T9SS and gliding motility
(Table S4); complied list of 693 completely sequenced
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Bacteroidetes strains considered in this study (Table S5);
compiled list of 4 new Bacteroidetes strains with
experimental evidence on the presence of T9SS (Table
S6); compiled list of 7 new Bacteroidetes strains with
experimental evidence on the presence of gliding
motility (Table S7); prediction of T9SS and associated
protein components by TXSScan across 30 experimen-
tally characterized Bacteroidetes strains (Table S8);
compiled list of 18 sequence motifs for the C-terminal
domain (CTD) of the proteins secreted via T9SS (Table
S9); compiled list of experimentally characterized 22
new secreted proteins (Table S10); compiled list of
completely sequenced bacteria from NCBI assembly
(Table S11); compiled list of 43 Bacteroidetes strains
used to build protein HMM profiles (Table S12); true
positive hits for type C CTD (Table S13); and PubMed
query for each of the nine different secretion systems in
bacteria (Table S14) (XLSX)
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