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ABSTRACT

Antimicrobial toxins help prokaryotes win competi-
tive advantages in intraspecific or interspecific con-
flicts and are also a critical factor affecting the
pathogenicity of many pathogens that threaten hu-
man health. Although many studies have revealed
that antagonism based on antimicrobial toxins plays
a central role in prokaryotic life, a database on an-
timicrobial toxins remains lacking. Here, we present
the prokaryotic antimicrobial toxin database (PAT,
http://bioinfo.qd.sdu.edu.cn/PAT/), a comprehensive
data resource collection on experimentally validated
antimicrobial toxins. PAT has organized information,
derived from the reported literature, on antimicrobial
toxins, as well as the corresponding immunity pro-
teins, delivery mechanisms, toxin activities, struc-
tural characteristics, sequences, etc. Moreover, we
also predict potential antimicrobial toxins in prokary-
otic reference genomes and show the taxonomic in-
formation and environmental distribution of typical
antimicrobial toxins. These details have been fully
incorporated into the PAT database, where users can
browse, search, download, analyse and view infor-
mative statistics and detailed information. PAT re-
sources have already been used in our prediction
and identification of prokaryotic antimicrobial toxins
and may contribute to promoting the efficient investi-
gation of antimicrobial toxin functions, the discovery
of novel antimicrobial toxins, and an improved un-
derstanding of the biological roles and significance
of these toxins.

INTRODUCTION

Prokaryotic communities are ubiquitous on Earth. To com-
pete for growth niches and other limited environmental re-
sources, prokaryotic cells employ various means to inhibit

the growth of their competitors in communities (1–3). An-
timicrobial toxins are proteins that can be transferred from
cell to cell to inhibit the growth of other microbes, and are a
key weapon in microbial ecological competition (1,4). Many
prokaryotes are equipped with multiple antimicrobial tox-
ins; some are limited to intraspecies killing, whereas oth-
ers are able to act across genera, families, and orders (5).
Antimicrobial toxin producers also produce immunity pro-
teins to prevent self-intoxication or intoxication by toxins
from kin cells (6). Immunity proteins are usually encoded
by genes immediately downstream of antimicrobial toxin
genes, thus forming antimicrobial toxin-immunity protein
systems (7). These systems are extraordinarily diverse in
sequence, and the polymorphism underpins an important
mechanism of self/nonself discrimination in prokaryotes
(8,9).

The repertoire of experimentally verified antimicrobial
toxins and antagonistic systems has substantially increased
in recent years (4,10). Antimicrobial toxins have been
found in major groups of bacteria and many archaea,
and their secretion can be broadly classified in two types:
contact-dependent secretion and contact-independent se-
cretion (1,11). Contact-independent secretion refers mainly
to bacteriocins, which are the first-characterized antimicro-
bial toxins and are released into the environment from the
producing cells (12). Contact-dependent secretion requires
a specialized secretion system (13). The ‘contact-dependent
growth inhibition’ (CDI) phenomenon is performed by a
subclass of type V secretion systems (T5SSs) mediated by
CdiA proteins (14). The type VI secretion system (T6SS) is
a complex nanomolecular machine resembling an inverted
phage tail with potent bactericidal activities (15,16). Diverse
antimicrobial toxins can be fused to structural components
such as VgrG or PAAR as extension domains, or loaded
onto T6SS components as cargo effectors (17–20). The type
VII secretion system (T7SS) is widespread in Mycobacte-
ria and other gram-positive bacteria and exports substrates
with a variety of biological roles, including antimicrobial
toxins (21,22). Furthermore, some type IV secretion sys-
tems (T4SSs) and extracellular contraction injection sys-
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tems (eCISs) deliver toxin effectors directly into target bac-
teria (23,24). The antimicrobial WapA, MafB and outer
membrane exchange (OME) toxins have been characterized
from Bacillus subtilis, Neisseria meningitidis and Myxococ-
cus xanthus, respectively (25–28). It is now clear that inter-
cellular antimicrobial toxin transfer is a fundamental and
ubiquitous characteristic of prokaryotic biology. Notably,
the antimicrobial toxin-immunity protein system is differ-
ent from the toxin–antitoxin (TA) system, which is also
widely distributed in bacteria. Antimicrobial toxins are used
as competitive weaponry against competitors, whereas tox-
ins encoded in TA systems are self-poisoning agents and are
not secreted (29).

A large number of genes in prokaryotic genomes are ex-
pected to encode antimicrobial toxins, immunity proteins
and related secretion systems, but experimentally verifying
antimicrobial toxin activities and the underlying mecha-
nisms of action remains a significant challenge (6,11). Most
of the known antimicrobial toxins have enzymatic activ-
ities and can disrupt critical molecular structures of tar-
get cells in very small amounts (4). These antimicrobial
toxins can be nucleases that target DNA or RNA, phos-
pholipases or pore-forming toxins that target cell mem-
branes, glycoside hydrolases or proteases that degrade cell
walls, NADases that disrupt cellular energy balance, ADP-
ribosyltransferases that target tubulin-like proteins to pre-
vent cell division, and so on (4,30). Many antimicrobial
toxin proteins have been found to have multidomain ar-
chitectures: the N-terminal domain is involved in secre-
tion, and the C-terminal domain is responsible for bacte-
ricidal activity (6). These polymorphic toxins can generate
enormous diversity through recombination, even between
closely related strains (31).

Although many studies have revealed that the ability to
compete for survival based on antimicrobial toxins is a
core function of prokaryotes, there is still no comprehensive
data resource focusing on antimicrobial toxins. Here, we
constructed the PAT database (Prokaryotic Antimicrobial
Toxin database, http://bioinfo.qd.sdu.edu.cn/PAT/), which
covers bacteriocins (molecular weight > 10 kDa), the toxic
effectors of T4SS, CDI, T6SS, T7SS, eCIS and OME sys-
tems, with experimental evidence of antimicrobial activity.
PAT collates the literature, delivery mechanisms and cor-
responding immunity proteins of these antimicrobial tox-
ins and provides their sequences and structural information
(Figure 1). At the same time, we also predicted potential
antimicrobial toxins in the prokaryotic reference genomes
and showed the taxonomic sources and environmental dis-
tributions of typical antimicrobial toxins. These details have
been fully incorporated into PAT, where users can browse,
search, download and analyse informative statistics and de-
tailed information to facilitate their investigations into an-
timicrobial toxins and immunity proteins.

DATA COLLECTION AND DATABASE CONSTRUC-
TION

Antimicrobial toxins in prokaryotes are extremely diverse,
involving multiple delivery mechanisms, the scope of which
has only recently been defined (1,4,5). A systematic review
of relevant literature is particularly difficult because there is

no uniform nomenclature for antimicrobial toxin proteins
in the literature. We sorted the literature manually accord-
ing to different delivery mechanisms and screened out the
proteins with experimental evidence of antimicrobial ac-
tivities. In terms of bacteriocins, we only collected antimi-
crobial proteins with a molecular weight greater than 10
kDa, including colicins and colicin-like bacteriocins pro-
duced by gram-negative bacteria, and class III bacteriocins
produced by gram-positive bacteria, excluding antimicro-
bial peptides and multiprotein complexes (1,32). For the an-
timicrobial toxins secreted by the T4SS, T6SS and T7SS,
we first extracted the effectors from available web resources,
and then manually inspected each individual experimental
evidence of antimicrobial toxicity, adding the toxic effectors
reported recently, as well as those previously overlooked
(33–35). The antimicrobial toxins secreted by the CDI,
eCIS, OME and T9SS, as well as those secreted by the Sec-
dependent system, such as MafB and WapA, were derived
entirely from the original literature that reported the exper-
imental evidence. While mining the experimental evidence
of antimicrobial toxins, we also collected the correspond-
ing immunity proteins with experimental evidence (if avail-
able). PAT is a non-redundant database, and toxins from
different studies but with identical sequences are integrated
into a unique entry with a commentary of their resources.
The PAT database currently contains 441 experimentally
validated antimicrobial toxin proteins from 341 research
papers.

Information on antimicrobial toxins, corresponding im-
munity proteins, delivery mechanisms, and toxin activities
was all retrieved from the literature and incorporated into
the PAT database; their annotations and the PubMed ID
from the literature reporting the relevant experimental evi-
dence can be found in the corresponding dedicated detailed
information interface (Figure 1). We also comprehensively
annotated the features of each protein based on the NCBI
(36) and UniProt (37) databases, including gene name, brief
description (e.g. protein name), organism, taxonomic lin-
eage, amino acid sequence, and sequence length, as well as
the UniProt ID and NCBI ID. Nucleic acid sequences were
obtained from the NCBI RefSeq genome database (38). Ex-
perimentally determined tertiary structure information was
obtained from the PDB (39), and predicted structure infor-
mation was obtained from the AlphaFold database (40,41).
The CDD (42), Pfam (43), SMART (44), COG (45), PRK
(46) and TIGRFAM (47) databases were used to collectively
annotate and visualize the domain architecture. Signal pep-
tides and corresponding cleavage sites were predicted using
SignalP 6.0 software (48). Transmembrane helices were pre-
dicted using DeepTMHMM software (49).

Based on the domain architecture of experimentally val-
idated antimicrobial toxin proteins, 63 canonical families
of toxicity domains and 38 families of secretion-related
markers (such as trafficking domains, repeat domains, pro-
toxins, and conserved motifs) were collected (Supplemen-
tary Tables S1 and S2) (6,11). All prokaryotic reference
genomes were scanned by RPS-BLAST, which revealed
6064 genes encoding both the antimicrobial toxin domain
and the secretion-related marker domain (expected value
threshold 0.01) (42). Based on these predicted antimicro-
bial toxin genes, the taxonomic sources of typical antimi-
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Figure 1. Workflow of PAT database construction.

crobial toxins were counted and visualized. In addition, we
investigated the distribution of typical antimicrobial toxins
among the global prokaryotic communities through a large-
scale alignment between the sequences of 10 000 samples
released by the Earth Microbiome Project (EMP) and all
RefSeq genomes (38,50). The 16S tags from the EMP data
were mapped to those extracted from the genomes with a
97% identity threshold and 95% alignment coverage (51). If
multiple genomes were found, those with the highest align-
ment identity and length were selected. The occurrence fre-
quency of each typical antimicrobial toxin family in EMP
samples was counted and visualized at the EMPO 3 level
(50).

The PAT database was built based on the Hypertext Pre-
processor (PHP) and Bootstrap 4; the latter runs on the
Apache web server. All data in the database were stored and
managed by the MySQL relational database. The server-
backend development was based on the PHP language, and
the web-frontend interfaces were implemented in Hyper
Text Markup Language (HTML), Cascading Style Sheets
(CSS) and JavaScript (JS). PHP language was used for fron-
tend and backend interactions to implement functions such
as search and submission, to improve response time, and
to speed up browsing. The PAT database is available on-
line without registration, and the Chrome browser is rec-
ommended.

DATABASE CONTENT AND USAGE

Experimentally validated antimicrobial toxins

Information on 441 experimentally validated antimicro-
bial toxin proteins from 70 prokaryotic genera was col-
lected from the literature, of which more than 40% were
reported in the past 5 years. Approximately two-thirds of
these antimicrobial toxins have corresponding immunity
proteins encoded by the genes in the genetic neighbourhood
of the toxin encoding genes, and approximately one-sixth
have experimentally resolved three-dimensional structures.
Currently, the experimentally validated antimicrobial tox-
ins were almost exclusively derived from bacteria, except
Halocin, which is found in a few archaea (Supplementary
Figure S1). The bacteriocin proteins in the PAT database
were experimentally identified in at least six prokaryotic
phyla, but 75% are from Proteobacteria, mainly Enter-
obacterales and Pseudomonadales. The T4SS antimicrobial
toxins are presently found only in Xanthomonadales. All
the CDI antimicrobial toxins are from Proteobacteria. The
T6SS antimicrobial toxins are mainly from gram-negative
Proteobacteria and Bacteroidetes, while the T7SSs are from
gram-positive Firmicutes and Actinobacteria. Although the
number of known eCIS antimicrobial toxins is small, they
come from 11 orders in 5 phyla. The OME antimicrobial
toxins are only from Myxococcales.
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Figure 2. Browse in the database. (A) ‘Browse’ tab. (B) ‘Brief information’ interface. (C) ‘Detailed information’ interface (summary module). (D) ‘Detailed
information’ interface (function modules).

Browse in the database

In the ‘Browse’ tab, antimicrobial toxins are organized by
their taxonomic sources and secretion mechanisms to al-
low rapid identification of proteins of interest (Figure 2A).
The number of antimicrobial toxins in each type is also dis-
played, and upon clicking on the number, users are redi-
rected to the corresponding ‘Brief information’ interface,
where each antimicrobial toxin is shown as an independent
entry (Figure 2B). Each entry contains the following infor-
mation: the source organism, delivery mechanism, NCBI
ID and UniProt ID of the antimicrobial toxin and informa-
tion on the corresponding immunity protein (if available).
Users can adjust the number of entries displayed on each
interface, and the entries are arranged with an alternately
grey or white background. Mouseover provides the corre-
sponding explanation for each table heading. Upon click-
ing each unique PAT ID, users are redirected to that pro-
tein’s ‘Detailed information’ interface to access comprehen-
sive annotations and analyses. Alternatively, users can click
on the Organism or NCBI Protein ID to be redirected to
external websites.

The ‘Detailed information’ interface comprises six mod-
ules, providing detailed annotations for each experimen-
tally validated antimicrobial toxin (Figure 2C and D). The
summary module consists of the source organism (which is
clickable to navigate to the corresponding entry in NCBI

Taxonomy), taxonomic lineage, NCBI ID (which is click-
able to navigate to its entry in the NCBI database), UniProt
ID (which is clickable to navigate to its entry in UniProt),
gene names, description, delivery mechanism, toxin activ-
ity, references (PubMed ID, which is clickable to navigate
to the relevant publication associated with the entry), and
the NCBI ID, UniProt ID, gene names and description of
the corresponding immunity protein. The domain architec-
ture module provides a visualization of the domain compo-
sition of antimicrobial toxins and immunity proteins with
detailed information on each domain displayed and nav-
igable to the corresponding entry in the CDD database.
The sequence characteristic module displays signal pep-
tide and transmembrane region predictions for antimicro-
bial toxins and immunity proteins. The structural char-
acteristic module provides experimentally determined and
AlphaFold-predicted tertiary structure information for an-
timicrobial toxins and immunity proteins and allows navi-
gation to corresponding entries in the PDB and AlphaFold
database. The toxin domain module displays typical fami-
lies of toxic domains contained in the entry and is naviga-
ble to the related entry in the ‘Expansion’ tab. The protein
sequence module shows the amino acid sequences and se-
quence lengths of antimicrobial toxins and immunity pro-
teins, and the corresponding nucleic acid sequences can be
packaged and downloaded.
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Figure 3. Search and analysis. (A) ‘Home’ tab. (B) ‘Search’ tab. (C) ‘BLAST’ tab. (D) ‘Expansion’ tab. (E) ‘Download’ tab. (F) ‘Upload’ tab.

Search the database

The ‘Home’ tab allows a quick search of the PAT database
(Figure 3A). The ‘Search’ tab offers a powerful search en-
gine including six searching methods to help users accu-
rately find the entries of interest in the database (Figure 3B).
ID search allows exact queries based on the PAT ID, NCBI
ID, UniProt ID or PDB ID of antimicrobial toxins or im-
munity proteins. Keyword search enables fuzzy searches us-
ing keywords for protein names, gene names or organisms.
Delivery mechanism search and toxin activity search each
provide a drop-down filter option to filter for antimicrobial
toxin entries. Domain search allows searching for antimi-
crobial toxins and immunity proteins with corresponding
domains by domain name (fuzzy search) or accession (exact
search). Reference search uses the PubMed ID to retrieve
the antimicrobial toxin entries related to the literature. All
the above search results are displayed on the ‘Brief Infor-
mation’ interface and further clicked to enter the ‘Detailed
Information’ interface of each antimicrobial toxin entry.
In addition, the PAT database also integrates the BLAST
program, allowing users to submit nucleic acid or amino
acid sequences for sequence alignment of all antimicro-
bial toxin and immunity protein sequences in the database
(Figure 3C).

Expansion

Based on experimentally validated antimicrobial toxin
characteristics, potential antimicrobial toxins in prokary-
otic reference genomes were predicted. Putative antimi-
crobial toxins are exhibited in the ‘Expansion’ tab to dis-
tinguish them from experimentally validated antimicro-
bial toxins (Figure 3D). The ‘Methods’ interface provides
a pipeline for predicting potential antimicrobial toxins in
prokaryotic genomes based on combinations of experimen-
tally validated antimicrobial toxin domains and secretion-
related marker domains. The ‘Statistics’ interface displays
information on 63 typical antimicrobial toxin families, in-
cluding predicted antimicrobial toxin numbers (clickable
to navigate to data information), visual taxonomic sources
and environmental distributions. The ‘Data’ interface pro-
vides detailed information on all predicted antimicrobial
toxins.

Data download and upload

Batch download of PAT database entries can be achieved in
the ‘Download’ tab, including the amino acid sequences and
nucleic acid sequences of experimentally validated antimi-
crobial toxins and immunity proteins, as well as the amino
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acid sequences of predicted expanded antimicrobial toxins
(Figure 3E).

The capture of functional information is extremely time
consuming. To improve functional data capture, we have
implemented a simple online form in the ‘Upload’ tab that
enables anyone to report one or several functional charac-
terization(s), using a minimal number of fields, namely, a
sequence database accession (NCBI ID), PubMed ID (only
published peer-reviewed data are taken into account), a tex-
tual description of the activity (if available), immunity pro-
tein information (if available) and an email address for oc-
casional clarification (Figure 3F).

DISCUSSION

The range of antimicrobial toxin proteins has recently been
defined as toxins that are released extracellularly to an-
tagonize other microorganisms, which are functionally dis-
tinct from TA system toxins (1,4,5). TA system toxins are
used for cellular self-poisoning and play important roles
in bacterial physiology, stress response and antimicrobial
persistence (29). There are several comprehensively avail-
able online resources on TA systems (52–54). Although nu-
merous studies have revealed that antimicrobial toxins have
very diverse mechanisms of action, modes of secretion, se-
quence and structural characteristics, an integrative online
resource that summarizes these data is still lacking (4,55).
The PAT database provides a unique, readily explorable
archive of literature-reported and putative antimicrobial
toxins in prokaryotic genomes.

Secretion of proteinaceous antimicrobial toxins is a strat-
egy widely used by prokaryotic organisms to restrict the
growth of competitors (2,5). However, the impact of an-
timicrobial toxins on human health should not be over-
looked (56). In vivo analyses in host models have shown
that some antimicrobial toxins play a role in microbiota-
mediated colonization resistance by preventing invasion by
pathogens (57). Some pathogens, however, also use tox-
ins to battle with the resident microbiota to invade an
ecosystem and cause disease (1). The diversification of an-
timicrobial toxins is a potential to provide an evolution-
ary reservoir of toxins, including those used by bacterial
pathogens against mammalian hosts and toxins horizon-
tally acquired by eukaryotes to defend against bacteria
(5). Hence, we expect that knowledge of the repertoire
of antimicrobial toxins involved in bacterial competition
will ultimately allow us to better predict the outcome of
microbial interactions and will help in the strategic de-
sign of methods to manipulate the microbiota for medical
purposes.

PAT resources have already been used in the predic-
tion and identification of prokaryotic antimicrobial tox-
ins (8,19,20,58). In the future, the PAT database will con-
tinue to integrate the latest knowledge of antimicrobial
toxins to satisfy the needs of users worldwide, helping to
promote efficient investigation on functions of antimicro-
bial toxins, the discovery of novel antimicrobial toxins, and
an improved understanding of their biological roles and
significance.
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