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ABSTRACT

Gram-negative bacteria utilize secretion systems to
export substrates into their surrounding environ-
ment or directly into neighboring cells. These sub-
strates are proteins that function to promote bacte-
rial survival: by facilitating nutrient collection, dis-
abling competitor species or, for pathogens, to dis-
able host defenses. Following a rapid development
of computational techniques, a growing number of
substrates have been discovered and subsequently
validated by wet lab experiments. To date, several
online databases have been developed to catalogue
these substrates but they have limited user options
for in-depth analysis, and typically focus on a sin-
gle type of secreted substrate. We therefore devel-
oped a universal platform, BastionHub, that incorpo-
rates extensive functional modules to facilitate sub-
strate analysis and integrates the five major Gram-
negative secreted substrate types (i.e. from types
I–IV and VI secretion systems). To our knowledge,
BastionHub is not only the most comprehensive on-
line database available, it is also the first to incorpo-
rate substrates secreted by type I or type II secretion
systems. By providing the most up-to-date details of

secreted substrates and state-of-the-art prediction
and visualized relationship analysis tools, Bastion-
Hub will be an important platform that can assist bi-
ologists in uncovering novel substrates and formu-
lating new hypotheses. BastionHub is freely available
at http://bastionhub.erc.monash.edu/.
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INTRODUCTION

Secretion systems are one of the key ‘weapons’ used by bac-
teria to unleash a repertoire of virulence factors into eu-
karyotic host cells or into neighboring bacterial cells to dis-
rupt their normal cellular processes (1). To date, nine se-
cretion system types have been discovered (T1SS to T9SS)
(2–6), but only six of these are predominantly involved in
the release of a secreted substrate into the extracellular envi-
ronment. Gram-negative bacteria typically use T1SS-T4SS
and T6SS to secrete substrates into the surrounding envi-
ronment (T1SS-T2SS) or into other cells (T3SS, T4SS and
T6SS) (2), whereas this purpose is fulfilled by the T7SS in se-
lect Gram-positive bacteria (including Mycobacterium spp.)
(3). The three remaining classes of substrates, ‘secreted’ by
T5SS, T8SS or T9SS, are not always released from the cell.
In T5SS, there are five substrate subclasses (5a–5e) that ei-
ther remain attached to the bacterium and are involved in
attachment to other cells or surfaces (subclasses 5c and 5e,
and some members of 5a) or are alternatively released into
the extracellular medium (subclasses 5b and 5d, and some
members of 5a) (4). T8SS secrete curli fibers that aggre-
gate to form a complex extracellular matrix involved in sur-
face adhesion and biofilm formation (5), whereas T9SS sub-
strates appear to be restricted to the Bacteroidetes phylum
where they either remain attached to the cell surface to fa-
cilitate gliding motility or are secreted into the extracellular
medium (6).

Proteins secreted by secretion systems are globally known
as ‘substrates’, but if the substrate mimics a host-cell func-
tion, like those from T3SS, T4SS and T6SS, it is instead
referred to as an ‘effector’. Despite this distinction, ‘sub-
strate’ and ‘effector’ have become largely interchangeable
terms in the bacterial secretion system field. In this work,
while we have tried to uphold this distinction, we do incor-
porate the term ‘effector’ when used to abbreviate the sub-
strates of T1SS–T6SS (T1SE–T6SE) to be consistent with
previous literature and databases. Every substrate/effector
that belongs to a secretion system and, very often the struc-
tural components of secretion systems, are encoded within
an operon: a series of genes set in a chromosomal or plasmid
locus so that positional information of the gene context can
be useful in identifying the components of the secretion sys-
tem. Furthermore, some of the substrate proteins secreted
by these secretion systems are encoded from genes located
in this same gene context. An example is the substrate of
the T2SS, PulA, which is encoded by a gene in the operon
for the structural components of the T2SS in Klebsiella (7).
Furthermore, other loci or ‘genomic islands’ sometimes en-
code several substrates for controlled expression (8) and,
again, the positional information of a gene encoding a can-
didate substrate/effector can therefore be an additional clue
in the case to investigate a candidate with wet-lab experi-
ments.

Considering that secreted substrates vary in sequence,
structure, mechanism and function, it is not surprising that
there is no universal platform that integrates the various
types of secreted effectors (9,10). Among those available,
T3SEdb (11), T3DB (12) and BEAN 2.0 (13) catalogue dif-
ferent sets of validated T3SEs, whereas SecReT4 (14) and
SecReT6 (15) focus on validated T4SEs and T6SEs, re-

spectively. SecretEPDB (16) integrates a more comprehen-
sive list of validated T3SEs, T4SEs and T6SEs, while Effec-
tiveDB (17,18) contains the largest list of predicted T3SEs,
T4SEs and T6SEs (although these predictions overlap with
experimentally validated effectors). The majority of these
toolkits allow users to browse an annotated list of validated
proteins, but some also allow users to predict novel secreted
substrates. While these platforms have been used to vary-
ing success by biologists, they are usually restricted to a sin-
gle type of secreted substrate, and rarely include investiga-
tive capabilities for in-depth substrate analysis and visual-
ization.

Here, we present BastionHub, a universal platform to in-
tegrate and analyze the five major types of substrates se-
creted by Gram-negative bacteria. By manually mining cur-
rent literature and curated datasets, we collected detailed
annotations for T1SE–T4SE and T6SE. These details were
fully incorporated into BastionHub where users can browse,
search, download, and view informative statistics and de-
tailed information to facilitate their investigation into se-
creted substrates. We then developed and integrated two
types of prediction tools: a hidden Markov model (HMM)
based predictor to identify homologous substrates and the
machine-learning based predictor, BastionX, that can al-
ternatively be used to identify distantly related (and some-
times unrelated) substrates. Finally, we designed and imple-
mented three data visualization tools to facilitate relation-
ship analyses: a sequence similarity analysis tool, a phylo-
genetic analysis tool and a homology network analysis tool,
which are fully interactive and designed to facilitate sub-
strate investigation and analysis. By comprehensively inte-
grating the various investigation and functional modules
into a pipeline, BastionHub can provide an all-in-one ser-
vice for users to analyze known substrates, predict new sub-
strates and easily visualize their functional relationships.

MATERIALS AND METHODS

The overall BastionHub workflow consists of three steps:
data collection and curation, data annotation, and website
design and implementation (Figure 1).

Data collection and curation

We systematically reviewed existing literature about T1SEs
or T2SEs, which was made particularly difficult because
there are no uniform names for these secreted substrates.
We identified >5000 unique references and, after examin-
ing each text, we obtained 195 T1SEs across 63 species and
83 T2SEs across 13 species (Figure 2).

From available web resources listing T3SEs, T4SEs and
T6SEs, we extracted details for each substrate to obtain
a preliminary dataset. For any entry not annotated with
both UniProt ID (19) and NCBI Protein ID (20), we used
BLAST to identify an identical sequence from the same
species to obtain the missing ID code if available. Af-
ter manually inspecting each individual annotation, we re-
moved obvious errors (e.g. those annotated as ‘membrane’
proteins or ‘secretion chaperone’ proteins). We then anno-
tated the remaining entries with their associated PubMed
reference ID where available. Similar to that for T1SE and
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Figure 1. General framework of BastionHub illustrating the interconnecting modules that provide standard substrate investigation modules (right panel)
and advanced functional modules (left panels). Solid lines indicate procedures within each functional model that operate as an independent toolkit, while
dotted lines highlight interactions between different functional modules as interconnecting pipelines.

T2SE, we conducted an exhaustive literature search and re-
trieved the most recent experimentally validated substrates,
including substrates that had previously been overlooked.
Accordingly, we obtained 1194 T3SEs across 72 species, 713
T4SEs across 15 species and 181 T6SEs across 66 species
(Figure 2). Altogether, we obtained 2366 substrates secreted
by the five secretion systems across 171 species (Figure 2).
These substrates were then incorporated into BastionHub,
and their annotations can be found on their dedicated De-
tailed information page.

Data annotation

Beyond keeping basic information that at least one other
database also includes (e.g. SecretEPDB), we incorporated
additional experimental data for each substrate if avail-
able. Some of those annotations were assembled by the
UniProt database (19) from different sources. Conserved

domain data was collected from the Pfam database (21)
and visualized by the IBS tool (22). Tertiary structures were
collected from the protein data bank (PDB) (23). Enzy-
matic and metabolic pathways were collected from the Bio-
Cyc (24) and BRENDA (25) databases. Pathogen–host in-
teraction data was collected from the PHI-base database
(26). Putative protein-protein interactions were collected
from the STRING (27), DIP (28), IntAct (29) and MINT
(30) databases. The remaining data was collected directly
from UniProt database, including potential molecule pro-
cessing and post-translational modification information,
metabolic pathway summaries, and details about mutage-
nesis studies within each substrate. Finally, we annotated
each substrate with their references (where available) from
PubMed (20).

For each substrate, we also included predicted anno-
tations and pre-calculated relationship analyses against
known substrates. The natively disordered area was pre-
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Figure 2. Distribution of the 2366 validated secreted substrates catalogued in BastionHub. The doughnut chart illustrates the proportion of each type of
secreted substrate. Each subgraph shows the species distribution for that secretion type as a proportion (pie chart) or by total numbers (bar chart).

dicted by the IUPred2A server and visualized using
ECharts (https://echarts.apache.org/). The BLAST tool
(version 2.8.1+) (31) was used to search against known sub-
strates to calculate sequence similarities, which was visual-
ized by BlasterJS (32). Homologous sequences were then
used to generate a multiple sequence alignment file and then
visualized with the R library msa (33). The MAFFT tool
(version v7.271) (34) was used to generate the multiple se-
quence alignment results against known substrates, from
which the phylogenetic tree structure was inferred by Fast-
Tree (version 2.1.8) (35) and then visualized by jsPhyloSVG
(36). All-against-all BLAST (version blast-2.2.26) (37) was
used to compare the query protein with known substrates to
generate a sequence homology network, which was then vi-
sualized by ECharts. Pairwise sequence alignments between
linked nodes in the network were generated using the EM-
BOSS Stretcher web service (38).

Website design and implementation

BastionHub uses a data-oriented architecture with multiple
functional modules, including standard investigation mod-
ules and advanced functional modules.

BastionHub was implemented using the JAVA (https:
//www.java.com/) server development suite, including the
business logic layer controlled by Struts 2 (https://struts.
apache.org/) and the model layer supported by Hiber-
nate (https://hibernate.org/). This was accompanied with
the view layer implemented by JSP, CSS, the JavaScript li-
brary jQuery (https://jquery.com/), the front end framework

Bootstrap (https://bootstrapdocs.com/) and their libraries
and packages. The MySQL database (https://www.mysql.
com/) was used to store all substrates and their annotations.

The advanced functional modules were developed us-
ing additional techniques. For fast homologue identifica-
tion, we constructed a set of HMM based models us-
ing HMMER (39) to predict potential type I, II, III, IV
and VI substrates. We further integrated a suite of algo-
rithms BastionX (http://bastionx.erc.monash.edu/) to en-
able more accurate substrate prediction. BastionX takes ad-
vantages of existing single type substrate predictors (40–
43), and further develops T1SE and T2SE predictors to
comprehensively predict all five types of secreted substrates
from Gram-negative bacteria. The three relationship analy-
sis tools were implemented using multiple programs with
different steps, which have been detailed in the section
Data annotation. Those time-consuming steps in each of
the advanced functional modules were streamed by Perl
CGI (https://metacpan.org/pod/CGI) based threads, and
detached from the web interface using a queueing system
implemented by the Gearman framework (http://gearman.
org/).

RESULTS

The BastionHub platform includes Home, Substrate investi-
gation, Prediction, Relationship analysis, Help and Contact
modules. All functional modules can operate independently
or collectively within the BastionHub pipelines (Figure 1),
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which are detailed within the Help module and described as
follows.

Basic investigation modules

To allow users to explore different types of secreted sub-
strates, BastionHub incorporates standard investigation
modules including Browse, Search, Statistics and Down-
load functions (Figures 1 and 3). These modules are located
within the Substrate investigation tab, where each secreted
substrate includes its own Detailed information page (Fig-
ures 1 and 3).

Browse. Substrates are organized by their secretion sys-
tem types, and summarized with BastionHub ID, gene
name, brief description, species, UniProt ID, NCBI Pro-
tein ID and PubMed ID. The display tables in the Browse
page (and in all other pages), include sort and search func-
tions to quickly identify substrate proteins of interest. By
clicking each unique BastionHub substrate ID, users will
be redirected to that substrate’s Detailed information page
for comprehensive annotations and analyses. Alternatively,
users can click on the UniProt ID or NCBI Protein ID or
PubMed ID to be redirected to those websites.

Search. This page provides users with more advanced
search options than those available within the Browse page.
The search function allows exact queries such as Bastion-
Hub, UniProt or NCBI Protein ID, or more broader queries
(that do not require exact matches) using keywords, includ-
ing protein or gene name and species of origin. We addi-
tionally provide a drop-down filter option to further refine
results according to features such as conserved domain, pro-
tein 3D structure, molecule processing, post-translational
modification, metabolic pathway summary, enzymatic and
metabolic pathway, mutagenesis, pathogen-host interac-
tion, protein-protein interaction, protein family, or identi-
cal protein. Accordingly, the Search results page lists the fil-
tered substrates in a similar output format to that organized
in the Browse page.

Statistics. This page contains interactive data visualiza-
tion modules about the experimentally validated secreted
substrates. The statistics show the distribution of substrates
by their secretion types, the distribution of substrates by
their species, the phylogenetic tree and the homology net-
work for each substrate type. Clicking each section of the
bar or pie charts will redirect users to a Statistics results
page listing the filtered substrates, presented in a similar
way to the Search results page. Clicking any substrate item
in the phylogenetic tree or homology network will also
redirect users to their corresponding Detailed information
pages. Clicking any link in the homology network will dis-
play the pairwise sequence alignments between the two
linked substrates.

Download. To assist users to work with data in batch
mode, datasets and related files are available for download-
ing: the database in SQL format, the substrate sequences in
FASTA format, the multiple alignment files, and the pre-
dicted disorder area files.

Detailed information. This page provides detailed anno-
tations for each substrate comprising their basic infor-
mation, advanced annotations, and relationship analyses
among their associated type of known substrates. Basic in-
formation consists of their BastionHub ID, UniProt ID,
NCBI Protein ID, gene name, brief description, secretion
system type, species, gene ontology terms, function, se-
quence, length and PubMed ID. For advanced annota-
tions, we incorporated conserved domains depicted on 2D
protein maps, interactive 3D protein structures, predicted
disorder area, molecule processing and post-translational
modification information, metabolic pathway summaries,
enzymatic and metabolic pathway details, mutagenesis re-
sults, pathogen–host interactions, protein–protein interac-
tions and protein families. Finally, we included five pre-
calculated relationship analyses for each substrate: a list of
100% identical proteins indexed by BastionHub that would
normally be consolidated into a single entry, but based on
their different species, annotations or sources, were kept as
individual entries; a list of similar proteins within Bastion-
Hub (if available); multiple sequence alignments; a phyloge-
netic tree; and a homology network.

Potential substrate prediction

To allow users to predict potential secreted substrates from
a list of query sequences, BastionHub incorporates two
types of prediction modules within the Prediction tab:
HMM based prediction and BastionX prediction (Figures
1 and 4).

HMM based prediction. We constructed a set of HMM
based models using HMMER (39) to predict potential
substrates for preliminary control screening. These HMM
based predictors are lightweight, rapid and are ideal for
even genome-scale lists of protein sequences, but will only
retrieve the homologues of known substrates. Once submit-
ted, the HMM based prediction module will provide a pre-
diction score and E-value for each secreted protein type (if
available) and select the most likely (or none) as the final
prediction.

BastionX prediction. We further integrated the machine
learning based predictor, BastionX, to achieve accurate pre-
diction of various types of secreted substrates. Applying
multiple features to learn patterns from known substrates,
BastionX can be distinguished from the HMM based pre-
dictor because it can also predict novel substrates, especially
those with relatively distant relationships. Once submitted,
the BastionX prediction module will also list the scores for
each secreted protein type and select the most likely (or
none) as the final prediction.

Relationship analyses between potential and known sub-
strates

Considering that substrates with similar sequences may
have similar structures and functions, analyzing the rela-
tionship between predicted substrates and known substrates
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Figure 3. Standard investigation modules of BastionHub: the Browse page (A), the Search page and its results page (B), the Statistics page (C), the Download
page (D) and the Detailed information page (E).

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/D

1/D
651/5934417 by Biom

edical Library user on 26 February 2021



Nucleic Acids Research, 2021, Vol. 49, Database issue D657

Figure 4. Advanced functional modules of BastionHub: the prediction input (A) and results pages (B, C), and the relationship analysis input (D) and
results pages (E–G). The yellow arrows represent the interactions between modules within the BastionHub pipelines.

may inspire users to infer possible structural and func-
tional attributes that can guide experimental design. How-
ever, HMM and machine learning based models cannot be
used to highlight homology relationships of potential sub-
strates among known substrates. We therefore developed
three modules within the Relationship analysis tab, to iden-
tify their closest homologues from known substrates (Fig-
ures 1 and 4):

Similarity analysis. For potential substrates, BastionHub
can find their similar sequences against a user-specific
dataset (i.e. type I, II, III, IV or VI substrates). In this way,
one can check if a potential substrate is homologous to any
known substrate. All hits to known substrates for each po-
tential substrate will be listed and sorted according to their
similarity significance. Clicking any of the known substrates
will jump to its pair-wise alignments against the query pro-

tein, where the corresponding BastionHub ID link can redi-
rect users to the Detailed information page for the known
substrate.

Phylogenetic analysis. For potential substrates, Bastion-
Hub can identify their closest phylogenetic homologues
against a user-selected substrate dataset. Accordingly, the
relationship between potential secreted substrates and the
selected set of known substrates will be depicted within a
phylogenetic tree, where the query proteins are highlighted
in orange, and links to the known substrates (identified us-
ing its BastionHub ID) will redirect users to their corre-
sponding Detailed information pages.

Homology network analysis. For potential secreted sub-
strates, BastionHub can map them onto a user-selected
substrate dataset to provide a landscape of their locations
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amongst known substrates. This interactive network can
be used to identify the closest homologues of each poten-
tial secreted substrate, where they are indicated by red dia-
monds. Clicking any edge in the network will show the pair-
wise sequence alignments between the two linked known
substrates, while links to the known substrates will redirect
users to their corresponding Detailed information pages.

Data pipeline

Interconnecting different modules as pipelines, BastionHub
can seamlessly switch between known substrate investiga-
tion and potential substrate analysis modules (Figures 1
and 4).

From prediction to prediction. At the HMM based predic-
tion results page, BastionHub provides options that will al-
low users to feed some (or all) of the predicted potential sub-
strates or predicted non-substrates (both marked as ‘Pred.’)
as inputs into the BastionX prediction input page. This fea-
ture is especially ideal when using a large number of se-
quences to rapidly filter out homologous proteins identified
by the HMM based predictor. The homologous proteins
can then be further validated using BastionX; alternatively,
the non-homologous proteins can be analyzed using Bas-
tionX to identify more distant evolutionary relationships.

From prediction to relationship analysis. At both predic-
tion results’ pages, BastionHub provides options for users
to select some (or all) of the potential substrates (marked as
‘Pred.’) as inputs for the three relationship analysis modules.
In this way, BastionHub streamlines these naturally down-
stream analyses, and keeps manual selection operations to
a minimum.

From computational results to known substrate investiga-
tion. When predicting potential substrates, BastionHub
first compares them to its list of known substrates. When-
ever sequences are identified as known substrates (i.e. 100%
identity), these are marked as ‘Exp.’ in the prediction re-
sults, with links to their corresponding Detailed information
pages. Additionally, the relationship analysis results pages
also include links to dedicated Detailed information pages
for all of the known substrates, which is especially useful
for further investigation of closely related homologues to
the query proteins.

DISCUSSION

BastionHub is a universal platform developed with the in-
tention to integrate and analyze various types of substrates
secreted by Gram-negative bacteria. BastionHub provides
a user-friendly, intuitive, and interconnected platform that
allows analysis of known substrates, prediction of poten-
tial substrates, and relationship analysis: an all-in-one pack-
age suitable for computational and experimental biologists
alike. More broadly, BastionHub showcases an extensive
and interactive database, within a user-friendly framework,
that could inspire more comprehensive web resource devel-
opment. BastionHub will be maintained for at least 5 years
and will be periodically updated to keep pace with emerg-
ing substrates and new experimental details as they become

available. This will include substantial updates in the form
of adding the remaining secretion system substrates, poten-
tially including substrates from the recently proposed type
10 secretion system (44) and the Gram-positive substrates
of the T7SS.

DATA AVAILABILITY

The BastionHub platform is freely available at http://
bastionhub.erc.monash.edu/. All data indexed by Bastion-
Hub can be downloaded via http://bastionhub.erc.monash.
edu/download.jsp. Detailed user instructions can be ac-
cessed via the Help page at http://bastionhub.erc.monash.
edu/help.jsp.
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