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Abstract

Natural product discovery in the microbial world has historically been biased toward aerobes. Recent in silico analysis dem-
onstrates that genomes of anaerobes encode unexpected biosynthetic potential for natural products, however, chemical data
on natural products from the anaerobic world are extremely limited. Here, we review the current body of work on natural
products isolated from strictly anaerobic microbes, including recent genome mining efforts to discover polyketides and non-
ribosomal peptides from anaerobes. These known natural products of anaerobes have demonstrated interesting molecular
scaffolds, biosynthetic logic, and/or biological activities, making anaerobes a promising reservoir for future natural product

discovery.
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Introduction

Natural products, often known as secondary metabolites,
are structurally diverse small molecules possessing diverse
and potent biological activities. Due to the metabolic burden
inherent to natural products biosynthesis, these compounds
are believed to be shaped by evolutionary pressure to fulfill
specific biological functions [34]. For example, natural prod-
ucts produced by microbes have been demonstrated to influ-
ence processes such as virulence, motility, stress response,
biofilm formation, morphological differentiation, nutrient
acquisition, and defense [40]. Elucidating the identity and
function of these microbial natural products may yield valu-
able biological insights or tools for modulating critical bio-
logical processes and promoting biotechnological applica-
tions of producing microbes. Historically, natural products
are also valuable as medicinal compounds, and have been
used to treat various human health conditions such as cancer,
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infectious disease, autoimmune disorder, cardiovascular
disease, and neurological disease [33]. However, modern
natural product-based drug discovery is often challenged by
high incidence of compound rediscovery, which may be par-
tially attributed to screening bias toward well-known natural
product producers including filamentous actinomycetes and
fungi. This has spurred recent investigations into new reser-
voirs of natural products, such as anaerobes, pathogens, and
symbionts of humans, insects, and nematodes [14]. Anaer-
obes especially have been largely neglected in natural prod-
uct discovery efforts, with few compounds identified, despite
the fact that antibiotic production by anaerobic bacteria was
first reported more than a half century ago [46].

The idea of anaerobes as promising natural product pro-
ducers is supported by genomic analysis [28, 29], although
their total genetic capacity for secondary metabolite bio-
synthesis lags behind that of the most “gifted” aerobes [5].
Nonetheless, a recent survey of 211 complete anaerobic
bacterial genomes revealed that natural product biosyn-
thetic gene clusters (BGCs), in particular those involved in
polyketide and non-ribosomal peptide biosynthesis, could
be found in 33% of the analyzed genomes [28]. As summa-
rized in Table 1, some BGCs contain over 60 kb of genes
encoding polyketide synthases (PKSs) and/or non-ribosomal
peptide synthetases (NRPSs) [28], making them compara-
ble in size to well-known antibiotic BGCs characterized
in aerobes. It is notable that natural product BGCs are not
equally distributed in various phyla, with Firmicutes of the
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Table 1 Examples of large
PKS- and/or NRPS-encoding
BGC:s detected in the genomes
of anaerobes [28]

Organism BGC Type  #of PKS  #of NRPS  Total PKS/
modules modules NRPS sequence
(kb)
Clostridium cellulolyticum H10* Hybrid 14 63.75
Hybrid 3 8 48.10
Hybrid 9 60.98
Clostridium cellulovorans 743B NRPS - 18 65.71
Hybrid 1 9 33.72
Clostridium botulinum A2 BoNT/Kyoto-F NRPS - 9 36.83
Clostridium botulinum H04402 065 NRPS - 7 29.53
Clostridium kluyveri DSM 555 Hybrid 2 6 35.99
Ruminococcus albus 7 ATCC 27210 Hybrid 3 6 35.16
Geobacter uraniireducens R4 PKS 9 - 35.12
Opitutus terrae PB90-1 Hybrid 6 11 68.88

PKS polyketide synthase, NRPS non-ribosomal peptide synthetase, BGC biosynthetic gene cluster

*As Clostridium is highly polyphyletic, this species has been reassigned to the suggested genus Rumini-
clostridium according to the National Center for Biotechnology Information

genus Clostridium and Deltaproteobacteria possessing a
relatively greater potential in anaerobes for natural product
biosynthesis (Table 2). Interestingly, genomic potential for
secondary metabolism is also correlated with the isolation
site of the anaerobic organism; strains with the most BGCs
predominantly originated from soil [28]. However, despite
established genomic potential, chemical data on natural
products from the anaerobic world are very limited and most
gene clusters identified from genomic analysis do not have
an associated product. To date, only a handful of natural
products have been isolated from anaerobes and structur-
ally characterized. In this mini-review, we present examples
of several known natural products isolated from anaerobic
organisms, highlighting recent genome mining efforts to dis-
cover unique natural products, in particular polyketides and
non-ribosomal peptides with diverse activities.

Genomics-independent compound
discovery

Genomic analysis suggests that nearly all major families
of natural products, such as polyketides, non-ribosomal
peptides, ribosomally synthesized and post-translationally
modified peptides (RiPPs), and terpenes, could be produced
by anaerobes [28]. However, very few metabolites have been
isolated, perhaps because the lower efficiency of fermenta-
tive metabolism in anaerobes precluded the biosynthesis of
secondary metabolites under typical laboratory conditions
[8]. This section summarizes a few known natural products
discovered from anaerobes through traditional methods
regardless of genome availability, with a particular focus on
their structures, biological activities, and biosynthesis. We
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exclude examples of RiPPs although quite a few have been
isolated and characterized from anaerobes [16, 22].

Methanophenazine

The phenazine family of natural products is known to be
synthesized by diverse bacterial genera, including many
pseudomonads and actinomycetes [24]. Additionally, several
anaerobic archaeal Methanosarcina species are also known
phenazine producers. The first such compound, metha-
nophenazine, was isolated from lyophilized membranes of
Methanosarcina mazei G61 by extraction with isooctane
[1]. Methanophenazine is a 2-hydroxyphenazine derivative
that is connected to a polyisoprenoid tail via an ether bridge
(Fig. 1). Proposed to play an important role in membrane-
bound electron transport, methanophenazine represents the
first example of such bioactivity by a phenazine compound
[1, 10, 11]. Although phenazine biosynthesis in bacteria
has been linked to the phz operon, M. mazei G61 does not
have any identifiable phz homologs, suggesting that metha-
nophenazine biosynthesis might proceed via a mechanism
different to that in bacteria [12, 24, 39]. The biosynthetic
pathway of methanophenazine currently remains unclear
despite the availability of genome sequences of the produc-
ers [24].

Naphthalecin

One of the early studies on an obligate anaerobic bacterium
isolated from a symbiotic growth with an aerobic bacterium
in soil led to discovery of a new small molecule antibiotic
[20]. In particular, the producing anaerobe was identified as
a new species of the genus Sporotalea, and activity-guided
isolation of a cell-associated compound led to the discovery
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Table 2 Examples of secondary metabolite biosynthetic potential in anaerobic bacteria

Organism Genome Predicted PK/NRP Predicted  Other BGCs Predicted Total % of genome
size (Mb) PK/NRP BGCs > 50 RiPP total SM BGC
BGCs kb BGCs BGCs sequence

Clostridium papyrosolvens DSM ~ 4.92 13 7 3 24 18 0.77 15.7
278240

Clostridium roseum DSM 6424* 4.94 8 3 3 2¢ 13 0.4 8.0

Clostridium sp. BNL 1100 4.61 9 6 1€ 14 0.73 15.9

Clostridium aurantibutyricum 4.92 9 2 3 1€ 13 0.43 8.7
DSM 793*

Clostridium termitidis CT1112, 6.42 14 7 3 14 18 0.77 12.0
DSM 5398

Clostridium cellulovarans 743B, 5.26 7 5 10 0 17 0.67 12.7
ATCC 35296

Clostridium cellobioparum ATCC  6.13 11 4 2 1¢ 14 0.47 7.7
158320

Clostridium saccharoperbutylace-  6.67 6 2 2 14 9 0.41 6.1
tonicum N1-4

Clostridium beijerinckii NRRL 6.19 3 3 3 0 6 0.26 4.1
B-598

Desulfofaba hansenii DSM 12642* 6.71 15 1 4 4¢ 23 0.52 7.8

Desulfospira joergensenii DSM 6.12 3 1 1 2fe 6 0.22 3.6
10085*

BGCs from published genomes were detected using AntiSMASH 4.0 with ClusterFinder “oft” [13]
The selected species are from two of the most promising phyla, the Firmicutes and Deltaproteobacteria

PK polyketide, NRP non-ribosomal peptide, RiPP ribosomally produced and post-translationally modified peptide, BGC biosynthetic gene clus-

ter, SM secondary metabolite

“Denotes BGCs for PK/NRPs identified from draft genomes. Note that these are often fragmented or misassembled in draft genomes so the num-

ber of BGCs can be overrepresented [6, 7]

As Clostridium is highly polyphyletic, these species have been reassigned to the suggested genus Ruminiclostridium according to the National

Center for Biotechnology Information

“Putative ladderane biosynthesis clusters

dPputative AMP-binding domain containing clusters
“Putative arylpolyene biosynthesis clusters
fPutative acyl amino acid biosynthesis cluster

£Putative homoserine lactone biosynthesis cluster

of naphthalecin, a naphthalene derivative substituted with
hydroxyl, propionyl, and acetyl groups (Fig. 1). This com-
pound demonstrated broad antibacterial activity against
Gram-positive bacteria, including the symbiotic aerobic
bacterium, but not against tested Gram-negative bacteria or
fungi. The biosynthetic pathway for naphthalecin was not
reported.

Ammonificins

Deep-sea hydrothermal vent systems are a promising source
of new natural products because these systems contain a
broad diversity of microbial organisms that have adapted
their biochemical machinery to cope with extremely harsh
environment conditions, likely resulting in altered meta-
bolic pathways to produce structurally unusual metabolites.

Aerobic isolates from these systems have already yielded
interesting new natural products with antibiotic activities
[17, 44]. Additionally, one family of novel secondary metab-
olites, named ammonificins, have been purified from Ther-
movibrio ammonificans, an anaerobic and chemolithoauto-
trophic bacterium isolated from a hydrothermal vent system
on the East Pacific Rise [47]. A total of four ammonificins,
A-D, were purified from apoptosis-inducing cell extracts
[3, 4]. Ammonificins A-D were structurally determined to
be novel chroman (A and B) or chromene (C and D) deriva-
tives substituted with hydroxyethylamine and phenol or
brominated phenol (Fig. 1). Interestingly, ammonificins
C and D induced apoptosis at micromolar concentrations
while ammonificins A and B were inactive in an apoptosis
induction assay. The biosynthetic pathway for ammonificin
biosynthesis was not elucidated.
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Fig. 1 Examples of compounds isolated from anaerobes

Closthioamide

The genus Clostridium occurs widely in soil and in the
gastrointestinal tract of higher organisms and includes sev-
eral notorious human pathogens as well as non-pathogenic
species useful for industrial biotechnology [35]. Although
recent genomic analysis has revealed that natural product
biosynthetic genes are widespread among clostridia [28], no
secondary metabolite had been isolated from clostridia until
2010. Closthioamide was the first natural product antibiotic
purified from Clostridium cellulolyticum (recently renamed
to Ruminiclostridium cellulolyticum), a cellulose-degrading
organism isolated from decayed grass compost [36]. The
initial discovery of closthioamide involved extensive culture
condition screening, and was only successful upon addition
of soil extracts to the culture medium to mimic its natural
habitat [30]. The production of closthioamide was further
improved by overexpression of an anti-terminator gene
(nusG) in C. cellulolyticum that induced the biosynthesis of
closthioamide and related thioamides without the need for
soil extracts [9]. Closthioamide possesses an unprecedented
structure with multiple thioamide groups (Fig. 1) that are
critical for its potent antibiotic activity toward methicillin-
resistant Staphylococcus aureus (MRSA), vancomycin-
resistant enterococci (VRE), and drug-resistant Neisseria
in a variety of disease models [30, 32]. The mode of action
of closthioamide was shown to inhibit DNA gyrase activ-
ity, with a different molecular mechanism from that of the
quinolones and aminocoumarins [15]. The biosynthesis of
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ammonificin D

closthioamide was proposed to go through stepwise assem-
bly using a hydroxybenzoate starting unit followed by elon-
gation with p-alanine units and thionation of the intermedi-
ates, finished through the fusion of two intermediates via
a diaminopropane linker [9]. The recently identified BGC
for closthioamide suggests that instead of typical modu-
lar NRPSs, free-standing enzymes such as an ATP-grasp
enzyme, an AMP-dependent ligase, and an amide synthase
may be involved in activation and ligation of building mono-
mers in a thio-templated assembly line [19]. In addition, a
homolog of alpha-adenine nucleotide hydrolase has been
predicted to promote the incorporation of sulfur into amide
bonds [19].

Clostrubins

Clostrubin A was initially isolated as a deep red to purple
pigment from cultures of Clostridium beijerinckii HK10724
[37]. Its production was also detected in cultures of the
potato pathogen Clostridium puniceum, along with a related
compound clostrubin B [43]. Both compounds feature the
same unusual pentacyclic polyphenol scaffold, and clostru-
bin B contains an extra sugar-like linear side chain (Fig. 1).
The biosynthesis of clostrubins has been linked to a type II
PKS gene cluster that is rare in anaerobes, and the polyphe-
nol scaffold seems to emerge from a non-canonical polyke-
tide folding, distinct from the conserved folding patterns
of aerobic bacteria. Activity assays demonstrated potent
antibiotic activity of clostrubin A against human pathogens,
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with minimum inhibitory concentrations (MIC) of 0.12 uM
against MRSA, 0.97 uM against VRE, and 0.12-0.48 uM
against various mycobacteria [37]. In addition, clostrubins
A and B demonstrated antibacterial activity against a few
common microbial potato pathogens, with MIC values in
the range of 14-95 nM, suggesting that clostrubins may be
used as chemical weapons to fight against competitors in a
resource-limited environment. Intriguingly, these aromatic
polyketides were also shown to enable the plant pathogen C.
puniceum to survive in an oxygen-rich environment, adding
to the growing number of examples of antibiotics with dual
functions [21].

Genomics-driven compound discovery

Considering the occurrence of many putative secondary
metabolite BGCs in anaerobes, genome mining to iden-
tify these BGC-associated metabolites can be a powerful
approach to rapidly access new compounds [51]. In the fol-
lowing examples, we describe three recent applications of
genome mining to discover new anaerobic natural products
that are associated with PKS and/or NRPS gene clusters.
Dependent on strain availability, strain cultivability, and
available genetic tools, these natural products were identi-
fied and characterized by different methods including com-
binations of bioinformatics, gene expression studies, biosyn-
thetic gene disruption, heterologous expression, comparative
metabolomics, biochemical characterization of biosynthetic
enzymes, and chemical synthesis.

Dipeptide aldehydes

The human gut harbors a broad diversity of anaerobes, but
they are often difficult to culture, hindering metabolic and
functional study of gut residents in isolation [50]. Never-
theless, metagenomic analysis supports the idea that the
gut microbiome, collectively, possesses significant biosyn-
thetic coding potential with thousands of identified BGCs,
although it is challenging to ascertain whether these genes
truly correspond to secondary metabolism due to the use of
ClusterFinder in the analysis [18]. One family of NRPS gene
clusters was studied because it is widely distributed among
healthy humans based on stool analysis and resides nearly
exclusively in gut bacterial genome sequences [23]. The
core NRPS enzymes typically have domains organized into
A-T-C-A-T-R (A, adenylation; T, thiolation; C, condensa-
tion; R, reduction), although an extra module or domain (in
particular an N-terminal C domain) can be present (Fig. 2).
These gene clusters are prevalent in gut anaerobic clostridia
and a few other organisms. A total of 14 of these clusters
were selected for metabolite analysis through heterologous
expression in Escherichia coli and Bacillus subtilis, seven of

which yielded detectable compounds belonging to the family
of pyrazinones and dihydropyrazinones (Fig. 2). At least one
native strain harnessing this gene cluster was able to produce
the same metabolites as the engineered heterologous host,
confirming that heterologous expression was a valid means
to probe the metabolites produced by these gene clusters.
Intriguingly, as the dipeptide aldehydes are plausible bio-
synthetic precursors to the isolated pyrazinones and dihy-
dropyrazinones, and N-acylated metabolites (promoted by
the first C domain of NRPS) retain the predicted C-terminal
aldehyde moiety generated by the R domain, the dipeptide
aldehydes immediately released from the NRPS assembly
were proposed to be the active metabolites found in the gut
under physiological conditions (Fig. 2). Since peptide alde-
hydes are well known to inhibit proteases [25, 48, 49], a few
dipeptide aldehydes were tested and confirmed to be potent
and selective protease inhibitors. A further unbiased target
identification of the metabolite Phe-Phe-H using the iso-
topic tandem orthogonal proteolysis-activity-based protein
profiling (isocTOP-ABPP) approach identified the cathepsins
(specifically cathepsin L) as the principal targets [23].

The list of dipeptide aldehydes produced by gut anaerobes
was further expanded by recent work to identify the product
of a conserved NRPS gene cluster from the abundant gut
commensal Ruminococcus bromii [42]. It is notable that this
cluster failed to yield any product during the heterologous
expression in B. subtilis [23]. The core NRPS enzyme has
domains organized into C-A-T-C-A-T-R, and bioinformatics
coupled with biochemical analysis of the NRPS suggested
that an N-acylated dipeptide aldehyde (named ruminopeptin)
could be the active metabolite, although the function of the
R domain could not be reconstituted in vitro; nor could the
proposed product be isolated from R. bromii cultures. None-
theless, putative ruminopeptin scaffolds were chemically
synthesized and several of them inhibited Staphylococcus
aureus endoproteinase GluC (SspA/V8 protease), homologs
of which were found in gut commensals, opportunistic path-
ogens, and human gut metagenomes [42].

Barnesin

Anaerobic proteobacteria may also be promising sources
for future natural product discovery based on genomic
analysis [28]. A recent genome mining effort in Sulfuro-
spirillum barnesii, an arsenate-reducing Epsilonproteo-
bacterium isolated from a freshwater marsh, demon-
strated for the first time that bioactive natural products
could be produced from this genus [41]. In this study, an
NRPS/PKS hybrid biosynthetic gene cluster found in S.
barnesii was targeted for metabolite discovery (Fig. 2).
A homologous unexplored NRPS/PKS cluster was also
found on the genome of Geovibrio sp. L21-Ace-BES, but
not in any other sequenced Sulfurospirillum species. After
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Fig.2 Examples of polyketides/non-ribosomal peptides discovered
from anaerobes using genome mining. Domain abbreviations: A ade-
nylation, T thiolation; C condensation, R reduction, KS ketosynthase,

confirming gene expression under laboratory growth
conditions, metabolite comparison between S. barnesii
and two closely related Sulfurospirillum spp. that lack
the NRPS/PKS cluster led to the identification of a new
metabolite, named barnesin A, which is unique to S.
barnesii. Barnesin A was revealed to be an N-acylated
dipeptide carboxylate containing a vinylogous side chain
(Fig. 2). In addition to antibiotic activity against a few
human pathogens, barnesin A showed selective and
nanomolar inhibitory activity against cysteine proteases
including cathepsin B. Considering that small peptides
and vinylogous systems are well known to inhibit pro-
teases [27, 38, 45], it was reasonable to propose that
barnesin A has a mode of action via a 1,4-Michael-type
addition mechanism, which was supported by struc-
ture—activity-relationship studies [41].
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Clostrienose

In contrast to clostridia from the gastrointestinal tract of
higher organisms that tend to have few secondary metabo-
lite BGC:s, soil and other environmental isolates of clostridia
have greater natural product biosynthetic potential accord-
ing to genomic analysis (Tables 1, 2) [28]. Many of these
Clostridium spp. are useful for industrial biotechnology,
such as biomass degradation and industrial-scale produc-
tion of organic acids or solvents [31, 35]. However, despite
extensive research and industrial application of these organ-
isms, knowledge of the molecular identity and function of
their secondary metabolites is extremely limited. Modern
genome mining of secondary metabolites could be a prom-
ising approach to accelerate the discovery of new natural
products from these anaerobes, provide insights in biological
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functions of secondary metabolites, and possibly improve
these strains for industrial applications by manipulating their
secondary metabolism. A recent genome mining effort in
Clostridium acetobutylicum exemplified such opportunities
[26].

Clostridium acetobutylicum is an organism well-known
for its historical use as an industrial producer of the organic
solvents acetone, butanol, and ethanol (ABE) through a
process known as ABE fermentation [31]. One PKS gene
was identified in all sequenced C. acetobutylicum strains
and the encoding enzyme has domains organized into KS-
AT-DH-KR-ACP (KS, ketosynthase; AT, acyltransferase;
DH, dehydratase; KR, ketoreductase; ACP, acyl carrier
protein) (Fig. 2). Expression of this PKS gene was sig-
nificantly upregulated during early stationary phase, sug-
gesting that the corresponding polyketide product could
be associated with morphological development and/or
solventogenesis [2]. Metabolomic comparison between
the wild-type and mutant with the disrupted pks gene led
to the identification of the polyketide metabolite, named
clostrienose. The structure of clostrienose was revealed to be
a 2-hydroxy-5,8,10-tetradecenoic acid linked to a disaccha-
ride, a-p-galactofuranosyl(1 —>2)-a-L-rhamnopyranoside,
via an ester linkage (Fig. 2). This molecular scaffold could
never be predicted by bioinformatics due to the iterative
activity of this single module PKS as well as the appar-
ent non-clustered nature of the biosynthetic genes on the
genome. This also raised concerns about using heterologous
expression to probe BGC-associated metabolites since all
required biosynthetic genes may not be clustered together.
Clostrienose was shown to be important in stimulating
sporulation and granulose accumulation in C. acetobutyli-
cum, and the pks deletion strain exhibited improved traits for
industrial ABE fermentation such as reduced sporulation,
reduced granulose accumulation, and increased butanol titer
and productivity [26].

Conclusions

Genomic analyses had previously demonstrated that anaer-
obic organisms could produce secondary metabolites, and
suggested good sources, such as clostridia from soil, for
new natural product discovery [28]. Novel compounds with
unique molecular scaffolds or functionalities have already
been isolated from anaerobes, and more examples are
expected to come from application of genome mining to
link BGC:s to their metabolites. In addition to new chemi-
cal space possibly offered by anaerobes, the biosynthesis of
these unique molecules likely involves interesting enzymes
and pathways, some of which remain to be discovered.
When one considers the limited energy that an anaerobic
lifestyle provides, the diversion of precious nutrients into

secondary metabolism suggests that these natural products
probably play important roles in the lifestyle of these organ-
isms. Compounds with promising pharmaceutical proper-
ties, such as potent antibiotic activities toward multi-drug
resistant pathogens, have also been found to be produced by
anaerobes. Given the recent and rapid progress in natural
product discovery from anaerobes, we look forward to see-
ing the continued growth of this exciting field.
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