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ABSTRACT

The virulence factor database (VFDB, http://www.
mgc.ac.cn/VFs/) is dedicated to presenting a com-
prehensive knowledge base and a versatile analy-
sis platform for bacterial virulence factors (VFs). Re-
cent developments in sequencing technologies have
led to increasing demands to analyze potential VFs
within microbiome data that always consist of many
different bacteria. Nevertheless, the current classi-
fication of VFs from various pathogens is based
on different schemes, which create a chaotic situ-
ation and form a barrier for the easy application of
the VFDB dataset for future panbacterial metage-
nomic analyses. Therefore, based on extensive lit-
erature mining, we recently proposed a general cat-
egory of bacterial VFs in the database and reorga-
nized the VFDB dataset accordingly. Thus, all known
bacterial VFs from 32 genera of common bacterial
pathogens collected in the VFDB are well grouped
into 14 basal categories along with over 100 subcat-
egories in a hierarchical architecture. The new co-
herent and well-defined VFDB dataset will be feasi-
ble and applicable for future panbacterial analysis in
terms of virulence factors. In addition, we introduced
a redesigned JavaScript-independent web interface
for the VFDB website to make the database readily
accessible to all users with various client settings
worldwide.

INTRODUCTION

Bacterial pathogens are usually only approximately one
micrometer in size with a small genome of several mega
base pairs but nonetheless are complex organisms that con-
tinuously threaten public health worldwide (1). In recent
years, astonishing progress has been made to understand
the abilities of bacterial pathogens to adhere, invade, sur-

vive and persist in various niches, and the characteristics
that enable them to be so successful with a diverse repertoire
of virulence factors (VFs). The virulence factor database
(VFDB, http://www.mgc.ac.cn/VFs/) summarizes the cur-
rent knowledge of bacterial VFs and provides significant
insights aimed at exposing possible targets for the develop-
ment of novel treatment and preventive strategies (2).

Boosted by the rapid development of next-generation
sequencing (NGS) technologies, newly emerging
human/environmental microbiome studies have be-
come a hotspot of molecular microbiology in recent years
(3,4). Traditional microbiological studies generally rely on
laboratory bacterium isolation and cultivation, while recent
NGS-based metagenomic analyses have revealed a large
number of unculturable bacteria, the majority of which
are yet uncharacterized (5). Thus, the follow-up in-depth
mining of the panbacterial microbiome data in terms of
pathogenesis requires a well-organized reference category
of all established bacterial VFs from various known
pathogens (6). However, the commonly used nomenclature
of current bacterial VFs usually follows the historical
conventions of the field. Although most of the VF nomen-
clatures are indicative and meaningful, some can be vague
or even misleading. For example, Escherichia coli fimbriae
K88 and K99 were given K denominations just because
they were initially wrongly identified as capsular antigens
(7). In addition, the independent naming of homologous
VFs in different bacteria also leads to considerable con-
fusion and hampers follow-up panbacterial analyses. The
existing general classification schemes such as the Gene
Ontology (GO) and the Clusters of Orthologous Genes
(COGs) are designed to cover entire biological processes
and molecular functions of various living organisms (8,9),
so they have very few categories associated with bacterial
pathogenesis. The recent established Victors database
introduced an ontology of host-pathogen interactions
(10), but no VF classification information is available
yet. Therefore, a well-defined classification scheme with a
unified nomenclature is essential for future efficient data
mining of bacterial VFs.
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To better organize and present bacterial VFs in the
database, the VFDB proposed an individual simplified clas-
sification scheme for each bacterial genus based on field
conventions since inception in 2004 (2). Nevertheless, the
current VFDB database covers 32 genera of well-studied
bacterial pathogens, and so has 32 different classification
schemes (Supplementary Table 1). As traditional microbi-
ologists usually focus on the pathogenesis of one or several
related bacteria only, the 32 classification schemes are gen-
erally independent of each other, although they share cer-
tain similarities (11). The absence of a unified classification
scheme for all bacterial VFs from various pathogens poses
a barrier to future panbacterial metagenomic analyses in
terms of pathogenesis. Therefore, we recently proposed a
general VF category in the database and reorganized the
VFDB dataset accordingly to make it readily applicable for
future panbacterial data mining. In addition, we introduced
a redesigned JavaScript-independent web interface in the
database to keep it easily accessible to all users with vari-
ous client settings worldwide.

DATABASE UPDATES

VF category: a general classification scheme for bacterial
VFs

Because of the confusion caused by the aforementioned dif-
ferent classification schemes, we recently introduced a uni-
fied VF category applicable to various bacterial pathogens
into the VFDB database. Since the majority of the current
classifications of various bacterial VFs have proven very
useful and durable for phylogenetic analyses, we have tried
to fully follow the existing conventions based on extensive
literature mining. Thus, the newly proposed general classifi-
cation scheme should be instantly familiar to and readily ac-
ceptable by traditional bacteriologists. However, unlike the
previous scheme proposed in the 2012 release (12), which
contains only four major bacterial VF categories (i.e. adhe-
sion and invasion, secretion system, toxin, and iron acqui-
sition), the newly established general classification scheme
was designed to be a comprehensive system capable of cov-
ering all known bacterial VFs.

The VF category was constructed in a tree-like hierarchi-
cal architecture with 14 basal categories and >100 subcat-
egories thus far (Table 1). The current basal categories not
only fully cover the four major categories previously pro-
posed but also refine all of them to make each category well
defined and independent of each other. Adherence is usu-
ally the primary step in bacterial pathogenesis (13). Though
the adhesion process is always followed by bacterial inva-
sion into host cells by some intracellular pathogens, it is
not necessary for many noninvasive bacteria. Hence, for
clarity, the current scheme separates adherence and inva-
sion into two independent categories, which consist of 1885
and 391 known bacterial VFs, respectively, in the current
VFDB database (Table 1). Bacterial secretion systems are
membrane-anchored nanomachines that enable the bacte-
ria to transport various effector proteins either out of the
cell into the surrounding niche or directly into the cyto-
plasm of eukaryotic/prokaryotic cells. A variety of differ-
ent bacterial secretion systems (e.g. type III, type IV, type
VI and type VII secretion systems) have been identified to
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play a critical role in bacterial pathogenesis (14). Interest-
ingly, recent studies have revealed that the widespread extra-
cellular contractile injection systems are capable of deliver-
ing effectors in a contact-independent manner and highly
resemble type VI secretion systems (T6SSs) in the head-
less phage-like overall structure (15). The original category
of secretion systems was therefore renamed effector deliv-
ery systems to improve their commonality to accommo-
date additional related bacterial VFs in the future. Gen-
erally, bacterial toxins include both exotoxins and endo-
toxins (16). However, in most contexts, they specifically re-
fer to only exotoxins, which are proteins synthesized inside
bacterial cells and then released to outside medium or tar-
get cells to produce virulence. In contrast, endotoxins are
membrane-associated lipopolysaccharides (LPS) produced
by only gram-negative bacteria that can induce a variety
of host immune disorders. Given the distinct mechanisms
of exotoxins and endotoxins, the previous category of tox-
ins is now replaced by the more specific term ‘exotoxin’,
whereas endotoxins are now grouped into an additional cat-
egory of immune modulation (Table 1). Besides the afore-
mentioned LPS, pathogenic bacteria have developed vari-
ous mechanisms to control and modulate the host immune
system to benefit their survival, such as anti-phagocytosis,
disrupting and depleting the complement system, and inter-
fering with the inflammatory signaling pathway (17). Iron is
an essential nutrient for the proliferation and pathogenicity
of bacterial pathogens. The well-characterized host defense
strategy of iron sequestration highlights the crucial role of
iron acquisition systems in bacterial pathogenesis. Never-
theless, recent studies show that many other nutritional re-
quirements or metabolic adaptation strategies, such as other
metal ions (e.g. zinc and magnesium), certain carbon, nitro-
gen, and sulfur sources, can also contribute to bacterial vir-
ulence, particularly for intracellular pathogens (18). Thus,
we proposed a new category of nutritional/metabolic fac-
tors to cover and extend the original category of iron acqui-
sition (Table 1).

In addition to the aforementioned VF categories associ-
ated with the previous scheme, some additional categories
were further introduced into the current scheme to repre-
sent the entire VF repertoires of pathogenic bacteria (Ta-
ble 1). Exoenzymes are a group of special enzymes func-
tioning outside of the producing cells to degrade macro-
molecules to small soluble molecules. In contrast to exo-
toxins that directly target host cells, some bacterial exoen-
zymes (e.g. hyaluronidase) contribute to virulence by facil-
itating the intracellular/intercellular spread of pathogens
(19). Bacterial motility is an important capability for a suc-
cessful pathogen to avoid hostile environments and discover
useful resources for survival (20). Many pathogenic bacteria
employ surface appendages such as flagella and type I'V pili
to drive motility. In addition, recent studies revealed that
some bacterial pathogens are able to form a biofilm, which
largely improves their resistance to antimicrobials and host
immunities to contribute to the survival, dispersion and col-
onization of the bacteria (21). Bacterial defenses against
various severe host conditions (e.g. acidic, oxidative and
nitrosative stresses) are indispensable for successful colo-
nization and disease pathogenesis (22). Further, some host-
derived molecules such as antimicrobial peptides are crit-
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Table 1. The newly proposed VF category and the current statistics of
known bacterial VFs from 32 genera in the VFDB database (as of October
2021)

Number of
Category Subcategory® VFs
Adherence 1885
Fimbrial adhesin 608
Non-fimbrial adhesin 1273
Invasion 391
Effector delivery system 1242
Type II secretion system 41
Type I1I secretion system 228
Type IV secretion system 141
Type V secretion system 391
Type VI secretion system 171
Type VII secretion system 270
Motility 189
Flagella-mediated motility 91
Intracellular motility 98
Exotoxin 1101
Membrane-acting toxin 893
Intracellularly active toxin 188
Exoenzyme 522
Hyaluronidase 33
Kinase 24
Coagulase 15
Lipase 19
Protease 244
Nuclease 43
Immune modulation 1540
Antiphagocytosis 180
Complement evasion/Serum resistance 201
Immunoglobulin 29
Antigen variation 20
Apoptosis 80
Inflammatory signaling pathway 237
Biofilm 297
Biofilm formation 222
Quorum sensing 75
Nutritional/Metabolic factor 1912
Metal uptake 900
Metabolic adaptation 708
Stress survival 492
Post-translational modification 308
Antimicrobial activity/Competitive advantage 86
Regulation 1140
Others 427

4For brevity, only the top level subcategories are listed. Full VF category is available from the VFDB
database website (http://www.mgc.ac.cn/VFs/VFEcategory.htm).

ical components of the host defense system to protect
against microorganisms. As a consequence, pathogenic bac-
teria have evolved diverse systems (e.g. AcrAB of Klebsiella
and MtrCDE of Neisseria) to provide resistance to hostile
molecules, so as to provide competitive advantages and con-
tribute to bacterial virulence (23). Post-translational mod-
ification of some VFs has been demonstrated to be pivotal
to activate virulence. For instance, both O-glycosylation of
the flagellin structural protein and N-glycosylation of many
membrane-associated proteins in Campylobacter jejuni are
essential for bacterial adherence, invasion and colonization
(24). Moreover, it has been established that for a success-
ful pathogen the tight and fine regulation of each VF is
as important as the possession of the VF itself (25). Ta-
ble 1 lists the 14 basal categories along with the top level
of subcategories for brevity, while a complete list of the
current VF category is available from the database website
(http://www.mgc.ac.cn/VFs/VFcategory.htm). The full en-
rollment of all known bacterial VFs into the new classi-
fication scheme enables easy visualization of the bacterial
genome from the perspective of virulence categories. An ex-
ample pathogenomic map of Pseudomonas aeruginosa avail-

able from the VFDB website is shown in Figure 1A, which
is more informative than previous illustration using general
classification scheme (Supplementary Figure 1A). Since the
database presents a dynamic circular map created by the
CGView package (26) for each of the 32 genera, it offers
an intuitive overview of the molecular diversity of bacterial
VFs from various pathogens.

Many bacterial VFs comprise multiple structural com-
ponents that need to be subtly assembled into a complex
nanomachine for function, such as secretion systems and
flagella. Accurate recognition of each structural compo-
nent is critical for sequence homology-based identification
of such complex bacterial VFs (15,27). Further, one re-
cent alignment-independent machine-learning-based bacte-
rial VF classification attempt also relied on a well-curated
dataset of orthologous components to achieve high accu-
racy (28). Therefore, we further provided a unified nomen-
clature of the core structural components for these com-
plex bacterial VFs to avoid confusion caused by indepen-
dent naming in different bacteria. Figure 1B is an exam-
ple of a linear map of the T6SS from P. aeruginosa that
is color-coded by the designated core structural compo-
nents, including the membrane complex (TssJ, TssM and
TssL), baseplate structure spike (PAAR and TssI/VgrG)
and wedge (TssE, TssF, TssG and TssK), tube-sheath com-
plex (TssA, TssB, TssC and TssD/Hcp) and disassembly
ATPase (TssH/CIpV). Since the unified nomenclature is
specialized for these VF-related genes, it provides more
valuable information across bacterial species than the previ-
ous version categorized by the COGs (Supplementary Fig-
ure 1B). In addition, we created a tabular list of all charac-
terized effectors (where available) of each secretion system
to highlight the activity, targets or interaction partners, role
in infection and related literature of each effector (Figure 2).
In contrast to the core structural components that are gen-
erally conserved among various pathogens, diverse secreted
effectors are the most fascinating constituent of secretion
systems that actually enable miscellaneous functions, such
as host cell invasion, immune evasion, nutrients acquisition
and growth competition. Thus, the detailed information in
our table of effectors will benefit further biological interpre-
tation of associated sequence analyses.

Redesigned basic web interface

Since the previous release in 2019, an enhanced alter-
native JavaScript-rich web interface was introduced into
the VFDB to provide users with improved experiences
through a set of interactive online analysis tools (29).
To ensure that the database is easily accessible by all
users worldwide, including those who have very limited
computer/network settings, VFDB continues to maintain
the traditional JavaScript-independent web pages as de-
fault. Nevertheless, the basic web pages of the VFDB were
originally designed in 2004, which have a fixed page width
setting of 800 pixels to make all contents visible in most of
the former client monitors. This obsolete style severely lim-
its the effective presentation of page contents for modern
computers. Therefore, we redesigned the basic web inter-
face with new styles to use percentage-based relative sizing
rather than absolute width in pixels, so as to make the con-
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Figure 1. Examples of visualization of the newly proposed VF category available from the VFDB website. (A) A circular pathogenomic map of Pseudomonas
aeruginosa. Each VF-related gene is denoted by a directional triangle and color-coded by the corresponding VF category (key). Gene name is indicated
inside/outside of the circle with a hyperlink to the web page of gene details. (B) A linear illustration of the genomic locus encoding T6SS in P. aeruginosa.
Each gene is represented by a horizontal arrow in the direction of its coding strand (to scale) and color-coded by the designated core structural component

(key). For comparison, the counterparts of the circular and linear illustrations available from the previous VFDB website without VF category are shown
in Supplementary Figure 1.
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Targets/Interaction

# Effector Activity
partners/Class
1 VopQ
Phosphatidylinositol-(4,5)-
2 YopR bisphosphate
3 VopS AMPylation Rho, Rac, Cdc42
4 VPAO450 Inositol phosphatase Ptdins(4,5)P2
References:

Role in infection Literatures

Burdette DL, et al.
Induces autophagy. y g
2009. Mol Microbiol
Ono T, et al. 2006.
] t s
Inducing cell rounding. [nfect immun:
Salomon D, et al.

2013. Nat Commun
Induces cell rounding by inactivation of Rho family

GTPases, C-terminal Fic domain is critical for Yarbrough ML, et al.

modifying a threonine residue in the GTPases with 2009. Science
AMP.
Contributes to host cell death caused by Broberg CA, et al.

autophagy, cell rounding, and cell lysis. 2010. Science

> Broberg CA, et al., 2010. A Vibrio effector protein is an inositol phosphatase and disrupts host cell membrane integrity. Science 329:1660-2.

> Burdette DL, et al., 2009. Vibrio VopQ induces PI3-kinase-independent autophagy and antagonizes phagocytosis. Mol Microbiol 73:639-49.

> Ono T, et al., 2006. Identification of proteins secreted via Vibrio parahaemolyticus type Ill secretion system 1. Infect Immun 74:1032-42.

> Salomon D, et al., 2013. Effectors of animal and plant pathogens use a common domain to bind host phosphoinositides. Nat Commun 4:2973.

Yarbrough ML, et al., 2009. AMPylation of Rho GTPases by Vibrio Vop$S disrupts effector binding and downstream signaling. Science 323(5911):269-272.

Figure 2. The tabular list of detailed information on known effectors of the type III secretion system from Vibrio cholerae. Related publication(s) of each

effector are shown after the table.

tents of each page automatically fit to the screen size of dif-
ferent users to maximize web page usage of various client
settings.

DISCUSSION

One of the cutting-edge areas of current molecular micro-
biology is studies on microbial communities at the ecosys-
tem level (e.g. microbiome). However, NGS-based panbac-
terial metagenomic data analyses require high-quality and
well-curated reference datasets to produce meaningful re-
sults. The VFDB database is dedicated to providing the sci-
entific community with a comprehensive knowledge base as
well as a versatile analysis platform for bacterial VFs (2,29).
The newly introduced general VF classification scheme will
facilitate future mining of panbacterial metagenomic data
from the aspect of bacterial pathogenesis, since explicit and
detailed labelling of the reference dataset will allow both
homology-based and machine-learning-based algorithms
to efficiently classify the data and make fine-grained statis-
tics or predictions. Moreover, the general VF category with
unified nomenclature is valuable to the identification of po-
tential novel VFs from uncultured bacterial genomes, which
may in turn contribute to future discovery of unknown bac-
terial VFs.

However, we would like to stress that the current VF cat-
egory is a preliminary and tentative scheme rather than a
complete solution, since the classification of bacterial VFs is
indeed complicated. On the one hand, as mentioned above,
the current VF category has tried to be consistent with the
existing community conventions of bacterial pathogenesis.
However, the original researchers might begin to name and
classify VFs based on different criteria, such as morphol-
ogy, serology or functional characteristics. For instance,
colonization factor antigens were named after their func-

tions, whereas bundle-forming pili were designated based
on their characteristic appearance. As a consequence, the
current proposed VF category is actually based on the com-
bination of structural and functional characteristics rather
than a simple clear criterion. On the other hand, bacte-
rial pathogens have evolved a multitude of strategies against
prokaryotic competitors and eukaryotic hosts to colonize,
invade and overcome the host immune response. Empir-
ical evidence has demonstrated that many bacterial VFs
are multifaceted proteins with various functions. For exam-
ple, listeriolysin O (LLO), which is a major virulence factor
of the facultative intracellular pathogen Listeria monocyto-
genes, is involved in multiple stages of the intracellular life-
cycle of the bacterium and displays unique characteristics
(30). It has long been known that following bacterial inter-
nalization into host cells, LLO disrupts the primary vacuole,
enabling the bacterium to replicate into the host cell cytosol.
LLO s also required for disruption of the newly formed sec-
ondary vacuole to release the bacterium into the cytosol,
where it repeats its intracellular lifecycle. In addition, LLO
can act as an invasin that stimulates L. monocytogenes in-
ternalization and affects the transcriptional activity of in-
fected cells. Therefore, the structure of an ideal classifica-
tion scheme of bacterial VFs might be net-like rather than
tree-like.

In the future, the VFDB database will continue to
integrate up-to-date knowledge of additional bacterial
pathogens with medical importance to fulfill the de-
mands of all users worldwide. Moreover, to circumvent
the aforementioned dilemma behind the current classifi-
cation scheme, an ontology-based computer-interpretable
system tailored for bacterial VFs might be necessary to bet-
ter depict the functional and/or structural features and the
possible multiple roles in virulence for each characterized
VE.
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