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Antimicrobial resistance continues to rise on a global scale, affecting the environment, humans, animals
and food systems. Use of natural antimicrobials has been favoured over synthetic molecules in food
preservation owing to concerns over the adverse health effects of synthetic chemicals. The continuing
need for novel natural antimicrobial compounds has spurred research to investigate natural sources, such
as bacteria, for antimicrobials. The antimicrobial-producing potential of bacteria has been investigated in
numerous studies. However, the discovery of antimicrobials has been biased towards aerobes and faculta-
tive anaerobes, and strict anaerobes such as Clostridium spp. have been largely neglected. In recent years,
genomic studies have indicated the genetic potential of strict anaerobes to produce putative bioactive
molecules and this has encouraged the exploration of Clostridium spp. for their antimicrobial production.
So far, only a limited number of antimicrobial compounds have been isolated, identified and characterised
from the genus Clostridium. This review discusses our current knowledge and understanding of clostridial
antimicrobial compounds as well as recent genome mining studies of Clostridium spp. focused at identi-
fication of putative gene clusters encoding bacterial secondary metabolite groups and peptides reported
to possess antimicrobial properties. Furthermore, opportunities and challenges in the identification of an-
timicrobials from Clostridium spp. using genomic-guided approaches are discussed. The limited studies
conducted so far have identified the genus Clostridium as a viable source of antimicrobial compounds for
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future investigations.
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1. Introduction

Antimicrobials are widely used in human medicine, veterinary
practice, the food industry and agriculture to control harmful or
unfavourable micro-organisms. Overuse and misuse of antibiotics
has caused the development of antimicrobial-resistant bacterial
strains [1,2]. Antimicrobial resistance has become one of the most
serious health threats that challenges the effectiveness of many
existing antimicrobial agents. The US Centers for Disease Control
and Prevention (CDC) has estimated that at least two million peo-
ple acquire serious infections with antimicrobial-resistant bacte-
ria every year in the USA, with 23 000 deaths due to the inef-
fectiveness of existing antibiotics [3]. Antimicrobial resistance is a
global threat facing every country irrespective of the income of
the country, however there is variation in the antimicrobial re-
sistance patterns across different geographical regions [4]. Use of
existing antimicrobials in non-medical applications, such as food
preservation, has also been compromised by the development of
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antimicrobial resistance. For instance, the effectiveness of nisin,
which is widely used in food preservation as a natural and safe an-
timicrobial compound, has been challenged by the development of
nisin-resistant food spoilage and pathogenic micro-organisms [5,6].
The ineffectiveness of currently available antimicrobials has trig-
gered a more active search for alternative compounds to combat
resistant pathogenic bacteria [7,8]. Natural antimicrobials isolated
from microbial, plant and animal sources are favoured over syn-
thetic equivalents, particularly in food preservation owing to con-
sumer concerns over the adverse health effects of synthetic chem-
icals [9,10]. The development of multidrug-resistant bacteria and
the consumer demand for natural food preservatives have created
an increased interest in the identification and characterisation of
novel natural antimicrobial compounds with multiple modes of ac-
tion [11,12].

Micro-organisms have been a significant source of natural
antimicrobial compounds successfully used in a wide range of
applications. Many studies have been conducted with a focus on
the discovery of new antimicrobial compounds from bacteria and
fungi, resulting in many additional antimicrobials being identified.
Soil Streptomyces spp. and lactic acid bacteria (LAB) commonly
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associated with food have been extensively screened for their
potential to produce antimicrobial agents [13,14]. The application
of LAB strains as probiotic organisms in fermented food products
has also been widely studied [15,16].

However, antimicrobial discovery has been biased towards
aerobes and facultative anaerobes by selecting potential micro-
organisms for antimicrobial studies. Strict anaerobes have been
largely overlooked in the search for producers of antimicrobial
compounds [17]. In recent years, investigators have started to look
into the largely ignored microbial groups, including strict anaer-
obes and unexploited microbiota such as endophytes and symbi-
otic microbes from the marine environment as well as humans,
insects and nematodes in the search of novel antimicrobial com-
pounds [18-22].

The genus Clostridium includes anaerobic spore-forming bacte-
ria belonging to the phylum Firmicutes. This group consists of over
200 known members, including pathogens associated with human
and animal diseases [23]. Although most of the Clostridium spp. are
saprophytes not involved in a disease process, pathogenic species
have received the most attention owing to their detrimental ef-
fects on humans, animals and food systems. Pathogenic Clostridium
spp. have been known to be responsible for human diseases such
as tetanus, botulism, gas gangrene and pseudomembranous colitis
[24]. Mesophilic spore-forming anaerobic bacteria such as Clostrid-
ium putrefaciens, Clostridium estertheticum and Clostridium gasigenes
are involved in the spoilage of refrigerated vacuum-packed meat
products [25]. Clostridium botulinum and Clostridium perfringens
are two of the most common foodborne pathogens [26]. Never-
theless, despite the harmful activities of some Clostridium spp.,
the non-pathogenic majority may have beneficial effects on hu-
man health and food systems through the production of bioactive
compounds. Specific Clostridium butyricum strains have a protec-
tive effect against some pathogens and have been commercialised
as probiotics for humans and animals, mainly in Japan, Korea and
China [27-29]. With the advent of computational genomics such as
genome mining, the genetic potential of anaerobic bacteria to pro-
duce secondary metabolites and peptides has been identified and
this has encouraged natural product investigations from the genus
Clostridium.

The purpose of this review was to summarise the current state
of knowledge on the antimicrobial compound synthesis potential
of bacteria from the genus Clostridium and to highlight opportuni-
ties, knowledge gaps and challenges in the discovery of antimicro-
bial agents using genomic-guided approaches. Here we discuss the
past and present efforts to identify and characterise antimicrobials
from various Clostridium spp. and provide examples from the re-
cent literature showing the current genomic efforts of identifying
the biosynthetic capability of Clostridium spp. to produce potent
antimicrobial compounds.

2. Identification of antimicrobials from Clostridium spp. using
culture-based methods

Obligate anaerobes such as Clostridium spp. show diverse
metabolic features including the conversion of sugars, proteins,
peptides and amino acids into various organic acids (acetic, pro-
pionic, butyric) and alcohols [30]. Clostridium spp. thrive in soil
environments as well as in the human and animal gut where
they interact with complex, harsh and/or dynamic physiological
and biological environments. Conceivably, the chemical diversity
of their secondary metabolites has evolved as a result of mutual
interactions with neighbouring micro-organisms and adaptation
mechanisms to challenging physiochemical environments [31].
Clostridium spp. living in the gut have developed metabolic
mechanisms to exploit changes in the ecosystem. Ternan et al.
studied the adaptation mechanisms of Clostridium difficile to the

human gut environment by adding human faecal water to culture
media and found that faecal water components upregulated the
expression of sporulation-associated genes by 300 times along
with downregulation of motility and toxin genes [32]. Moreover, a
set of previously unknown metabolic compounds were identified
revealing previously hidden metabolic capabilities of C. difficile,
which might be involved in their adaptation mechanisms. It has
been shown that following antibiotic treatment, C. difficile utilises
succinate to synthesise butyrate, which aids in increasing its
population [33]. Clostridium difficile also produces para-cresol, a
bacteriostatic compound, providing a competitive advantage for
colonisation over Escherichia coli, Bacteroides thetaiotaomicron and
Klebsiella oxytoca [34]. Clostridium butyricum isolated from the root
canal system is reported to produce an antagonistic substance
against other resident bacteria for their successful colonisation
[35]. These studies demonstrate that Clostridium spp. possess a
variety of metabolic pathways that aid their survival in different
environmental conditions. However, still very limited studies have
been conducted to explore the metabolic diversity of the genus
Clostridium and their role in growth and survival under various
environmental conditions.

Traditionally, antimicrobial compound discovery has relied on
the testing of bacteria cultivated under standard laboratory con-
ditions for antimicrobial activity and isolating the active com-
pounds from their spent culture media. This culture-based method
has been successfully used in the discovery of many antimicrobial
compounds currently approved for various applications. Neverthe-
less, standard laboratory conditions may not trigger the production
of many specialised metabolites in bacteria, which are likely to be
induced in response to abiotic and biotic ecological demands. It is
therefore necessary to understand the role of the natural environ-
ment and to incorporate of these conditions in laboratory-based
experiments for antimicrobial production. Specially, the adaptation
pressure of obligate anaerobes appears to have developed a vari-
ety of metabolic pathways to produce specialised metabolites such
as antimicrobials and their activation may require specific environ-
mental cues [32,34].

Lincke et al. studied the synthesis of secondary metabolites
from Clostridium cellulolyticum isolated from grass compost and
found that it produced no secondary metabolites under standard
growth conditions [19] (Fig. 1). However, after introducing various
culture conditions to the growth medium, only aqueous soil ex-
tract mimicking the natural habitat could induce the production of
closthioamide, a secondary metabolite that was identified as the
first antibiotic from Clostridium spp. This study demonstrated that
providing natural growth factors in laboratory culture media may
trigger metabolic pathways of Clostridium spp. not activated under
standard cultivation conditions.

The idea of Clostridium spp. as potential antimicrobial produc-
ers is not novel, although they have received little attention com-
pared with other bacterial groups such as Bacillus spp., which have
yielded a considerable number of useful antimicrobials [36-39].
During the 1960-1980s, several research groups worked on the
identification of bacteriocins from Clostridium spp. (Table 1). In
1968, Hongo et al. described the isolation of four bacteriocins and
their properties and activity against a wide range of Clostridium
and Bacillus spp. [40]. However, after the 1980s little attention has
been given to the genus Clostridium as a potential source of an-
timicrobials. Lately there is a renewed interest in this subject, par-
ticularly with the new genomic knowledge and understanding of
strict anaerobes.

Until recently, no clostridial secondary metabolites having
antimicrobial activity had been identified. The discovery of
three novel antimicrobial metabolites, namely closthioamide,
clostrubin and clostrindolin (Fig. 2), are examples of current
efforts to discover antimicrobial compounds from strict anaer-
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Fig. 1. Effect of various culture conditions on closthioamide production by Clostridium cellulolyticum.
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Table 1
Antimicrobial compounds identified from Clostridium spp.
Compound name Producing organism Description Year reported Reference
Clostocins A, B, C, D Clostridium spp. Bacteriocins insensitive to UV light, ribonuclease and 1968 [40]
deoxyribonuclease. A and D are thermostable (100 °C
for 30 min), whereas B and C are relatively
thermolabile (started to lose activity at 60 °C after 30
min)
Clostocin O Clostridium saccharoperbutylacetonicum Phage tail-like bacteriocin 1968 [40]
NI-4 (ATCC 13564)
Perfringocin 11105 Clostridium perfringens type A NCIB Bacteriocin; amphiphilic peptide with molecular mass of 1974 [41]
11105 ~76 kDa
Bacteriocin N5 Clostridium perfringens BP6K-N5 Bacteriocin; single polypeptide chain with a molecular 1975 [42,43]
mass of ~82 kDa that inhibits the synthesis of DNA,
RNA and proteins in sensitive cells
Bacteriocin 28 Clostridium perfringens strain 28 Bacteriocin; heat-stable glycoprotein peptide containing 1982 [44]
15 AAs with a molecular mass of ~84 kDa
BCN5 Clostridium perfringens CPN50 Bacteriocin whose expression can be stimulated by UV 1986 [45]
light; molecular mass of ~96.5 kDa
Butyricin 7423 Clostridium butyricum NCIB7423 Bacteriocin; trypsin-sensitive amphiphilic protein whose 1974 [41]
action appears to be on the cell membrane leading to
altered permeability
Boticin P Clostridium botulinum PM-15, type E Bacteriocin with phage tail-like structure 1974 [46]
Boticin B Clostridium botulinum 213B Bacteriocin; heat-stable small peptide with a predicted 2000 [47]
size of 50 AAs
Closticin 574 Clostridium tyrobutyricum ADRIAT 932 Bacteriocin; synthesised as a pre-protein containing 310 2003 [48]
AA residues and subsequently processed to an 82-AA
peptide
Circularin A Clostridium beijerinckii ATCC 25752 Bacteriocin; circular peptide of 69 AA residues and 3-AA 2003 [48]
leader sequence
Clostrindolin Clostridium beijerinckii HK1805 Pyrone alkaloid 2019 [49]
Closthioamide Clostridium cellulolyticum DSM 5812 Antibiotic belonging to a new class of natural products, 2010 [19]
and pSB050 the polythioamides
Diffocins Clostridium difficile Bacteriocin; R-type phage tail-like high-molecular-weight 2012 [50]
peptide
Perfrin Necrotic enteritis-associated Bacteriocin; 11.5-kDa C-terminal fragment of a 22.9-kDa 2014 [51]
netB-positive Clostridium perfringens protein
strain
Clostrubin Clostridium beijerinckii Antibiotic; polyphenolic polyketide antibiotic first 2014 [52]

reported polyketide from anaerobic bacteria

UV, ultraviolet; AA, amino acid.

obes. Closthioamide possesses antimicrobial activity against a

However, to date only a limited number of clostridial antimi-

wide range of Gram-positive bacteria but only partial activ-
ity against some E. coli strains. It is also found to be effective
against methicillin-resistant Staphylococcus aureus (MRSA) and
vancomycin-resistant enterococci strains [53]. Clostrubin is the
first polyketide discovered from a strict anaerobe and shows
antimicrobial activity against MRSA, vancomycin-resistant entero-
cocci and mycobacteria [52]. Clostrindolin is reported to be active
against Mycobacterium vaccae [49].

crobial products have been identified, isolated and characterised.
The potential applications of these identified compounds have not
been properly investigated in various fields.

3. Genome-based identification of peptide and secondary
metabolite gene clusters in Clostridium spp

In the last decade there has been a surge in the whole-genome
sequencing of micro-organisms and the development of various
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Fig. 2. Structure of (A) closthioamide [53], (B) clostrubin [54] and (C) clostrindolin [49].

bioinformatic tools to analyse increasing genomic information [55].
Analysis of the genomes of a wide range of bacteria, including
anaerobes, has revealed the presence of various gene clusters gov-
erning the biosynthesis of natural bioactive molecules such as an-
timicrobials [56,57]. These genetic studies have revealed that the
understanding of the potential for the synthesis of bioactive com-
pounds from well-known bacterial groups, such as actinomycetes,
is underdetermined and many other bacteria, previously not con-
sidered as bioactive compound producers based on conventional
approaches, possess genetic capability for secondary metabolite
and peptide production [56,58-61].

Clostridium spp. are a group of micro-organisms where the
search for antimicrobial compounds has been largely neglected.
Antimicrobial compounds are highly diverse in their structures,
but many belong to three prominent natural bioactive compound
classes: ribosomally synthesised and post-translationally modified
peptides (RiPPs); non-ribosomal peptides (NRPs); and polyketides
(PKs) [62]. In recent years, the genomes of anaerobic bacteria have
been analysed for identification of putative gene clusters responsi-
ble for the synthesis of RiPPs, PKs and NRPs using various bioin-
formatic tools. Biosynthetic gene cluster (BGC)-identifying compu-
tational tools can be divided into high confidence/low novelty and
low confidence/high novelty techniques [63]. High confidence/low
novelty tools such as antiSMASH [55], SMURF [64], NP.searcher
[65], ClustScan [66] and CLUSEAN [67] utilise well-defined queries
to give a more reliable overview of BGCs of a single bacterial
genome sequence. Low confidence/high novelty techniques such as
ClusterFinder [68] and EvoMining [69] have been developed to de-
tect gene clusters belonging to unknown metabolite classes that
may encode entirely novel chemical compounds [68]. The occur-
rence of BGCs responsible for the production of RiPPs, PKs and
NRPs in the genomes of Clostridium spp. indicates the possibility
to produce molecules with potential antimicrobial activity.

3.1. Occurrence of ribosomally synthesised and post-translationally
modified peptide (RiPP) gene clusters in the genus Clostridium

RiPPs are produced in the ribosome of bacteria as precursor
peptides containing a leader peptide and core region, whereupon
the core region undergoes different post-translational modifica-
tions resulting in mature active peptides [70]. They have been
recognised as a predominant group of antimicrobial compounds
showing antibacterial, antifungal and antiviral activities [71-74].

Over 20 different RiPP families have been described based on their
structural characteristics and biosynthetic machinery [70]. In re-
cent years, genome mining of a wide range of bacteria for RiPP
gene clusters has been carried out using homology to genes re-
sponsible for the synthesis of precursor peptide or biosynthetic
proteins [62,75-77]. However, limited published information is
available on the putative RiPP gene clusters detected in Clostrid-
ium spp. Letzel et al. investigated 211 complete and published
genomes of anaerobic bacteria including 35 strains of Clostridium
for the presence of RiPP-encoding genes and gene clusters and
found that >25% of tested anaerobic genomes harboured gene
clusters for RiPP synthesis [57]. Among them, 10.4% of tested
anaerobic genomes were found to have only RiPP gene clusters
and the remainder had RiPP along with non-ribosomal peptide
synthetase (NRPS) and polyketide synthase (PKS) gene clusters
in their genomes. This study further highlighted the capacity of
Clostridium spp. to produce a wide range of RiPP classes includ-
ing lanthipeptides, sactipeptides, thiopeptides, lasso peptides, lin-
ear azol(in)e-containing peptides (LAPs), lactococcins and head-to-
tail cyclic peptides. However, gene clusters associated with lan-
thipeptides, sactipeptides and LAP synthesis were the most pre-
dominant (Table 2).

Another study conducted by Tushar et al. described the pres-
ence of gene clusters responsible for the synthesis of four mi-
crocins in the genome of a newly identified Clostridium spp. JC272
[78]. These studies demonstrated the potential of Clostridium spp.
to produce antimicrobial peptides through the presence of RiPP
gene clusters.

3.2. Occurrence of non-ribosomal peptide synthetase (NRPS) and
polyketide synthase (PKS) gene clusters in the genus Clostridium

NRPs are a diverse group of secondary metabolites synthe-
sised by dedicated NRPS enzymes, mainly in bacteria and fungi.
NRPSs are modular multidomain enzyme complexes that serve as
templates and biosynthetic machinery for NRP synthesis [79-81].
NRPs are a predominant group of drugs used in human medicine,
primarily as antibacterials, followed by antifungals, anti-tumour
compounds and immunosuppressants [80,82,83]. PKs are another
group of structurally and functionally diverse secondary metabo-
lites mainly produced by bacteria, fungi and plants [84]. PK biosyn-
thesis is initiated from simple carboxylic acid derivatives and they
acquire their structural diversity by processing under a series of



A.S.N.W. Pahalagedara, S. Flint and J. Palmer et al./International Journal of Antimicrobial Agents 55 (2020) 105910 5

Table 2

Different ribosomally synthesised and post-translationally modified peptide (RiPP) families detected in various strains of Clostrid-

ium spp. by Letzel et al. [57].

RiPP family

Clostridium spp. Strain Accession no.
Clostridium cellulovorans ATCC 35296/743B  CP002160.1
Clostridium kluyveri DSM 555 CP000673.1
Clostridium ATCC 824 AE001437.1
acetobutylicum DSM 1731 CP002660.1
EA 2018 CP002118.1
Clostridium beijerinckii NCIMB 8052 CP000721.1
Clostridium botulinum H04402 065 FR773526.1
Clostridium A2 Kyoto-F AY497358
botulinum A1 ATCC 19397 CP000726.1
A1 Hall CP000727.1
B1 Okra CP000939.1
A3 Loch Maree CP000962.1
Ba4 657 CP001083.1
F 230613 CP002011.1
A ATCC 3502 AM412317.1
F Langeland CP000728.1
Clostridium cellulolyticum H10 CP001348.1
Clostridium difficile 630 AM180355.1
Clostridium lentocellum DSM 5427 CP002582.1
Clostridium thermocellum ATCC 27405 CP000568.1
Clostridium perfringens 13 BA000016.3
Clostridium perfringens SM101 CP000312.1

Lanthipeptides I & II and thiopeptide
Lanthipeptide I and sactipeptide
Lanthipeptide II and sactipeptide

Lanthipeptide II
Lanthipeptide II and LAP
LAP

Sactipeptide

Sactipeptide

Sactipeptide

Sactipeptide

Lasso peptide

Lactococcin-like RiPP and head-to-tail cyclised peptide

LAP, linear azol(in)e-containing peptide.

modular enzymes called PKSs [84-86]. PK compounds such as
polyenes, polyethers, polyphenols, macrolides and endiines possess
biological functions including immunosuppressive, anticancer and
antimicrobial properties [87-90].

It was previously thought that strict anaerobes do not carry
genes for NRPs and PKs. However, recent genomic studies re-
vealed the biosynthesis potential of Clostridium spp. for NRPs and
PKs. Seedorf et al. studied the metabolic capabilities of Clostrid-
ium kluyveri using its whole-genome sequence and found the pres-
ence of four coding sequence (CDS) clusters predicted to encode
NRPS and NRPS-PKS hybrids [91]. Letzel et al. mined 211 published
genomes of obligate anaerobes in search of specifically putative
NRPS and PKS gene clusters and found that 33% of tested genomes
harboured PKS and NRPS genes [17]. They also found a correlation
between the habitat of the isolate and the secondary metabolite
synthesis potential.

Genome mining studies conducted so far with available whole
genome data of Clostridium spp. have highlighted that non-
pathogenic Clostridium spp. are more likely to contain secondary
metabolite gene clusters than pathogenic species. Behnken and
Hertweck explored the occurrence of PKS gene clusters in the
genomes of 31 Clostridium spp. and detected a wide distribution
of putative PKS gene clusters only in non-pathogenic strains [92].
Interestingly, all 26 pathogenic strains included in the study were
shown not to possess PKS genes. Relatively small putative PKS
gene clusters were found in Clostridium acetobutylicum, Clostrid-
ium cellulovorans and Clostridium thermocellum, whilst putative hy-
brid PKS-NRPS genes were present in Clostridium beijerinckii and
C. cellulolyticum (Table 3). Furthermore, they developed degenerate
primers based on the KS domains of the putative PKS of Clostrid-
ium spp. and screened 22 non-sequenced strains of non-pathogenic
Clostridium spp. for the presence of modular type I PKS genes. Only
three species (Clostridium hungatei, Clostridium chartatabidum and
Clostridium akagii) were found to possess PKS genes (Table 3). An-
other study analysed the complete genomes of 223 bacteria, in-
cluding 5 from the class Clostridia, for putative gene clusters en-
coding PKS and NRPS and reported that C. acetobutylicum possesses
a putative gene cluster for PKS [60].

These available genomic data suggest the secondary metabo-
lite biosynthesis capability of the genus Clostridium. These natu-

ral products can have different bioactivities, including antimicro-
bial activity.

3.3. Biosynthetic gene clusters in Clostridium spp. in comparison with
other bacterial groups

Bacillus spp. and LAB are known to produce a wide range of an-
timicrobial compounds, including secondary metabolites and pep-
tides [93-95]. Therefore, we assessed the occurrence of BGCs in
Clostridium genomes and compared them with that of Bacillus
spp. and LAB. The antiSMASH database provides BGC information
for many publicly available microbial genomes. A complex query
search in the antiSMASH database was performed to recover anno-
tated RiPP, PKS/NRPS-PKS and NRPS/NRPS-PKS gene cluster counts
on selected Bacillus spp., LAB and Clostridium spp.

The number of strains annotated in the database for each bac-
terial species or collectively in the three bacterial groups varied.
Table 4 shows that more of Bacillus and LAB strains have been
subjected to BGC annotation than Clostridium spp. This could be
due to the availability of higher whole-genome sequences and/or
greater interest in Bacillus and LAB for the discovery of bioactive
molecules. Nevertheless, Clostridium spp. were shown to have com-
parable gene clusters with Bacillus spp. and LAB to produce RiPP,
PKS, NRPS and NRPS-PKS compounds based on the total BGC and
strain counts recovered from the antiSMASH database. These data
suggest Clostridium spp. to be a viable source of different potential
bioactive compounds.

Furthermore, we derived two antiSMASH-annotated core lan-
thipeptide biosynthetic genes from the C. cellulovorans 743B
genome and used their amino acid sequences to identify genetic
distances with closely related species using NCBI BLAST Tree View.
As shown in Figs 3 and 4, type 2 lanthipeptide synthetase gene
product sequences (queries) cluster very well with the C. cellulovo-
rans sequence showing the presence of the exact gene. On the
other hand, homologous sequences from other bacteria including
Bacillus spp. have demonstrated their high genetic distance from
clostridial type 2 lanthipeptide biosynthesis genes. Furthermore,
no LAB strains were included in the top 30 sequence matches in-
cluded in the tree. This demonstrates indirectly the unique ge-
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Table 3
Clostridium spp. found to have putative polyketide synthase (PKS), non-ribosomal peptide synthetase
(NRPS) and PKS-NRPS biosynthetic gene clusters (BGCs)

Clostridium spp. Strain Accession no. BGC type(s) Reference
Clostridium acetobutylicum  ATCC 824 AE001437.1 PKS [60,92]
Clostridium kluyveri DSM 555 CP000673.1 NRPS, PKS-NRPS [91,92]
Clostridium beijerinckii NCIMB 8052 CP000721.1 PKS-NRPS [92]
Clostridium cellulolyticum H10 CP001348.1 PKS-NRPS [92]
Clostridium cellulovorans 743B CP002160.1 PKS [92]
Clostridium papyrosolvens DSM 2782 GCF_000175795.2 PKS, PKS-NRPS [92]
Clostridium thermocellum ATCC 27405 CP000568.1 PKS [92]
Clostridium hungatei DSM 14427 MZGX00000000.1 PKS [92]
Clostridium chartatabidum DSM 5482 HE586561 PKS [92]
Clostridium akagii DSM 12554 KK366007.1 PKS [92]
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Fig. 3. Rectangular cladogram created from a search using the type 2 lanthipeptide synthetase lanM gene (CLOCEL_RS04400) product (Query_29069) against NCBI non-
redundant protein database sequences. The tree was built by the Fast Minimum Evolution (FastME) method including 30 homologous sequences. The terminal nodes are
labelled using taxonomic names and sequence IDs highlighting taxonomic trends. The horizontal bar represents 0.4 substitutions per amino acid site.
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Fig. 4. Rectangular cladogram created from a search using the type 2 lanthipeptide synthetase lanM gene (CLOCEL_RS021105) product (Query_19382) against NCBI non-
redundant protein database sequences. The tree was built by the Fast Minimum Evolution (FastME) method including 30 homologous sequences. The terminal nodes are
labelled using taxonomic names and sequence IDs highlighting taxonomic trends. The horizontal bar represents 0.4 substitutions per amino acid site.

netic makeup of clostridial type 2 lanthipeptide biosynthetic genes,
which might be involved in the synthesis of novel types of RiPPs.

4. Opportunities and challenges in identifying antimicrobial
compounds through a combination of genomics and
culture-based approaches

Over time, natural product discovery efforts, particularly an-
timicrobial compound discovery, have reduced substantially due
to the growing re-discovery rates of identified compounds [96].
However, less explored microbial sources such as obligate anaer-
obes as well as newly developed genomics, bioinformatics and
metabolomics approaches offer exciting opportunities for novel an-
timicrobial discovery.

As previously described, the conventional culture-based ap-
proach has come to a bottleneck in the antimicrobial discov-

ery pipeline with its limited ability to induce various metabo-
lite biosynthetic pathways. Genome mining has overcome this
limitation by enabling the detection of cryptic metabolic path-
ways not activated under standard laboratory conditions. There-
fore, sophisticated computational genetic tools and the availabil-
ity of genomic data have transformed antimicrobial compound dis-
covery. The ‘chemical identification first’ paradigm is transitioning
to a combined effort of both ‘genetic and chemical identification’
(Fig. 5). Nevertheless, several challenges exist for the discovery of
novel antimicrobials using genomics-guided approaches.

The translation of a BGC into an associated chemical compound,
providing the real antimicrobial potential of Clostridium spp., is the
main challenge. So far, most of the putative BGCs identified in
the genomes of Clostridium spp. have no associated chemical prod-
ucts identified. Genome mining generates information on many po-
tential BGCs, hence prioritisation of BGCs coding for antimicrobial
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Fig. 5. Conventional and new approaches used in antimicrobial compound research. RiPP, ribosomally synthesised and post-translationally modified peptide; NRPS, non-

ribosomal peptide synthetase; PKS, polyketide synthase.

Table 4
RiPP, PKS/NRPS-PKS and NRPS/NRPS-PKS gene cluster counts in the antiSMASH
database.

Clostridium Gene cluster count (strain count)

SPP- RiPP PKS/NRPS-PKS  NRPS/NRPS-PKS

Bacillus spp.
Bacillus subtilis 114 (18) 142 (8) 327 (17)
Bacillus thuringiensis 253 (27) 14 (6) 206 (27)
Bacillus polymyxa 105 (10) 112 (10) 306 (10)
Bacillus brevis 10 (3) 17 (3) 25 (3)
Bacillus licheniformis 63 (5) 9(2) 52 (2)
Total 545 (63) 294 (29) 916 (59)

Lactic acid bacteria
Lactococcus lactis 104 (15) 5(2) 7 (4)
Enterococcus faecium 194 (43) 0(0) 4(2)
Lactobacillus plantarum 84 (14) 0 (0) 5(3)
Lactobacillus paracasei 54 (17) 0 (0) 0 (0)
Lactobacillus brevis 37 (5) 0 (0) 1(1)
Total 473 (94) 5(2) 17 (10)

Clostridium spp.
Clostridium cellulovorans 11 (1) 2(1) 6 (1)
Clostridium butyricum 18 (8) 2(2) 3(2)
Clostridium beijerinckii 30 (9) 13 (4) 23 (5)
Clostridium botulinum 153 (13) 1(1) 32 (10)
Clostridioides difficile 64 (10) 0 (0) 58 (10)
Total 276 (41) 18 (8) 122 (28)

RiPP, ribosomally synthesised and post-translationally modified peptide; PKS,
polyketide synthase; NRPS, non-ribosomal peptide synthetase.

compounds is critical in reducing experimental costs and time. An-
tibiotic Resistance Target Seeker (ARTS) is a platform that identifies
and prioritises BGCs containing known antibiotic genes [97]. Sev-
eral bioinformatic tools have been developed to predict the chem-

ical structures of RiPPs, NRPs and PKs from putative gene clus-
ter sequence data [75,98]. BGC sequence analysis tools such as
Conserved Domain Database (CDD) give substantial understand-
ing about the chemical structure of associated products, allow-
ing dereplication by comparison with known metabolite databases
[99]. This helps to emphasise BGCs that have the potential to pro-
duce novel bioactive compounds. However, it remains difficult to
predict the exact product from genome sequence data. For in-
stance, when a similar gene cluster exists between species, it is
difficult to predict RiPP homology since variances in the sequence
of the precursor peptide between similar RiPPs may have an influ-
ence on the final modified product [57].

Activation of cryptic BGCs and identification of the associ-
ated products is very challenging. As previously described, the
metabolic activities of obligate anaerobes appear to be highly
evolved around their challenging oxygen-free environment. There-
fore, in-cooperation ecological niche interactions in the labora-
tory growth medium could be an effective approach to stimulate
silent bioactive compound synthesis pathways in anaerobic bacte-
ria. However, reconstructing their natural ecosystem in the labo-
ratory is relatively challenging because of their oxygen-free condi-
tions and complex natural interactions [100]. Various BGC-specific
molecular approaches such as heterologous expression, epigenetic
remodelling and activation of pathway regulatory genes together
with optimised growth conditions have been considered to pro-
mote gene cluster expression in micro-organisms [101].

5. Conclusions and prospects

Antimicrobial resistance has become a global threat in human
and veterinary medicine, agriculture and the food sector and, in
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parallel, currently available antimicrobials often have reduced ef-
fectiveness, necessitating more strict uses of antimicrobials to re-
duce the selection pressure for resistance. Although restricted and
appropriate use of antimicrobials has shown some improvements
in antimicrobial resistance trends, as a whole it still contributes
to the emergence of new resistance [102,103]. Consequently, the
search for novel antimicrobials is an important strategy to combat
antimicrobial resistance, particularly against multidrug-resistant
bacteria.

Clostridium spp. have been the subject of little scientific inter-
est in terms of investigating their potential for antimicrobial com-
pound synthesis. Genomics knowledge in combination with modi-
fied cultural methods may help to explore the potential of Clostrid-
ium spp. to produce antimicrobial compounds.

The limited research performed thus far has provided some
indication of the antimicrobial peptide and secondary metabolite
production of Clostridium spp. Moreover, a few studies have already
shown their capability to produce novel classes of antimicrobial
compounds effective against multidrug-resistant bacteria.
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