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Explorations of complex symbioses have often elucidated a plethora of previously undescribed chemical
compounds that may serve ecological functions in signalling, communication or defence. A case in point
is the subfamily of termites that cultivate a fungus as their primary food source and maintain complex
bacterial communities, from which a series of novel compound discoveries have been made. Here, we
summarise the origins and types of 375 compounds that have been discovered from the symbiosis over
the past four decades and discuss the potential for synergistic actions between compounds within the
complex chemical mixtures in which they exist. We go on to highlight how vastly underexplored the
diversity and geographic distribution of the symbiosis is, which leaves ample potential for natural product
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1 Introduction

Natural products represent structurally and functionally diverse
molecules that exhibit a plethora of functional roles in signal-
ling, communication, or defence in the natural context within
which they are produced."” Hosts may produce their own
defensive compounds, while symbiont-derived natural products
might serve as vital mediators between hosts and their antag-
onists by conferring protection directly through biological
activity® or indirectly by stimulating host immune systems to
improve protection during infection.* Despite increasing
scientific interest, the precise functions of secreted natural
products, their possible targets and modes of action, and
synergies between compounds within complex chemical
mixtures remain mostly unknown. In contrast, ecology and
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genome-mining driven exploration of complex host-symbiont
associations using state-of-the-art analytical dereplication
tools has proven to be a successful strategy for the discovery
of novel chemical scaffolds and bioactivities.>® Amongst the
many symbiosis-related model systems, fungus-farming
insects have been intensively studied, both from a chemical
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ecology and pharmacological perspective. As both the fungus-
growing termite and ant symbioses rely on the successful
protection of a fungal cultivar, their primary food source,
microbial symbionts are likely to act as defensive partners
and thus as prolific natural product sources for novel
chemistry.>*®

Fungus-farming termites (Macrotermitinae, Termitidae:
Blattodea) engage in a symbiosis with a fungal cultivar (genus
Termitomyces; Agaricales: Lyophyllaceae) that they have co-
evolved with since the origin of fungiculture 30 mya.*"* In
addition, termite guts and fungus combs harbour diverse and
co-adapted microbiomes that play roles in plant biomass
decomposition and potentially prophylaxis.”**¢ Symbiont
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complementarity ensures near-complete plant biomass
decomposition with contribution from the termite-nurtured
fungal garden and gut microbiomes."””*®* Consequently, the
termites provide important ecological services as major
decomposers of dead plant material, and translocation of water
and nutrients that sustain vegetation growth in the vicinity of
termite mounds.*>**

Foraging on decaying plant biomass should make the
termites vulnerable to antagonists or competitors of their
fungal crop entering colonies with the plant substrate.*
Remarkably, the symbiosis does not appear to suffer from
specialised diseases despite maintaining fungal cultivars in
monoculture within colonies that can become decades old.*>**
This suggests the presence of very effective defences, which
extend to the use of natural products produced by the insect
host**?* and fungal and bacterial symbionts.>*** However,
despite receiving substantial — and increasing - attention, we
lack a comprehensive overview of the natural products that have
been identified in the fungus-growing termite symbiosis and
reflection on their putative functions.

To do this, we screened the literature for natural products
from fungus-farming termites and identified more than 60
sources that collectively report 375 natural products discovered
from members of the termite symbiosis. For each compound,
we subsequently identified known or putative activities reported
in the literature. This overview allows us to discuss the identity
of natural product classes and their activities, in addition to
their origins. Lastly, by quantifying the vast under-sampling of
the diversity and geographic distribution of the symbiosis, we
outline opportunities for future studies on natural products of
ecological and pharmacological importance.

2 The fungus-farming termite
symbiosis

Fungus-farming in termites originated once ~30MYA in the
African rainforest in the subfamily Macrotermitinae.'® This
monophyletic subfamily includes ~404 described termite
species in 13 genera that all cultivate specialised basidiomycete
fungi in the genus Termitomyces.*"* To date, 49 Termitomyces
species have been described, all of which depend on association
with termites. Co-phylogenetic patterns between the termites
and Termitomyces indicate host-symbiont co-diversification,****
and over the course of time, the association has dispersed to
inhabit most of sub-Saharan Africa and large parts of Southeast
Asia.’ Most fungus-farming termites acquire their fungal
mutualist horizontally as mushrooms growing from termite
colonies produce basidiospores that are dispersed to the envi-
ronment and collected by workers of new nests to establish
incipient fungus garden.”® However, some degree of speciali-
sation exists despite horizontal transmission, so that termite
species preferentially associate with specific fungal species."***

Termitomyces is maintained within termite mounds in struc-
tures called fungus combs (gardens), within which the termites
manure the fungus as a monoculture on decaying plant biomass
that older workers bring to the nest. This biomass is passed to

This journal is © The Royal Society of Chemistry 2022
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younger workers that ingest it along with asexual Termitomyces
spores from mature parts of the fungus comb, and this process
ensures efficient mixing and deposition of Termitomyces with the
plant substrate as ‘fresh’ comb (Fig. 1).*® Termitomyces prolifer-
ates while decomposing the plant substrate and after near-
complete degradation of all plant biomass, comb biomass is
consumed by older termites.'**?>* The two gut passages (inocu-
lation and final consumption) place the termite gut central in the
symbiosis, and guts harbour diverse and distinct bacterial
communities, containing 100s of bacterial lineages, predomi-
nantly in the phyla Firmicutes, Bacteroidetes, and Proteobac-
teria.”***** Dominant members are distinct from those of other
termites - and the ancestral cockroaches - implying that
community shifts in compositions and functions have been
associated with the transition from a plant to a fungal biomass-
based diet of the termite host.***' Across termite species within
the fungus-growing termite sub-family, conserved gut commu-
nity compositions suggest specificities in association for reasons

Fig. 1 The fungus-farming termite cooperation and origins of the
natural products. (A) Nymph and worker termite from a Macrotermes
bellicosus colony from Céte d'lvoire (Nick Bos). A number of natural
product discoveries have been made from extracts of entire termite
bodies, which would imply either termite or symbiont origins. Oral
secretions from the termites also contain a number of interesting
natural products with antimicrobial activities. (B) Foraging termites,
bringing back partly digested dead plant material for their fungal
cultivar. (C) The termite gut hosts consistent and diverse bacterial
communities, and it is central in the association, serving to inoculate
plant substrate that passes through the gut along with asexual Ter-
mitomyces spores. (D) Termitomyces is maintained as a monoculture
within fungus combs, which also comprise complex bacterial
communities. (E) The fungal cultivar, Termitomyces, mushroom
forming from an unknown fungus-farming termite species in Cote
d'lvoire. (F) Pseudoxylaria, a stowaway fungus of the symbiosis, seen in
deteriorating comb material that produce and secrete antimicrobial
compounds (Romen Palenzuela).
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that remain unresolved.”® Gut contents are deposited during the
inoculation of fungus combs, leading to an abundance of gut-
inhabiting lineages within gardens; however, these bacterial
communities fluctuate more in composition than those observed
in guts.*

Maintaining a dense monoculture fungus'** within a colony
in an environment that is optimised for fungal growth with high
humidity," constant temperature,® and continuous addition of
plant biomass should make fungal gardens prone to infections.
However, despite being in close contact with substrates contain-
ing potentially competing fungi,* fungus combs appear free from
actively growing competitors or antagonists.' Only if colonies are
compromised, e.g., due to the removal or death of workers, will
combs rapidly get infested and overgrown by generalist (e.g., T7i-
choderma®) and specialist (Pseudoxylaria®) ascomycete fungi. A
series of defences helps secure that fungus gardens are disease-
free, including avoidance of antagonists by the termites,* burial
of unwanted fungi,* and utilisation of antimicrobial compounds
of termite, Termitomyces, and bacterial origins.>>**

3 Natural products reported from the
termite symbiosis

Our extensive literature survey from 1972 to 2020 revealed that
375 natural products have been identified in the fungus-
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farming termite symbiosis. Subsequent literature screening of
hundreds of scientific papers allowed us to generate a search-
able database of all compounds (ESI, Table 1) that includes
molecular formulas, mass, compound name, natural product
class, the producing organism and termite host (when known),
geographic origin of discovery, method of identification, and
known bioactivities or lack thereof. In addition to citing the
articles that elucidated the presence of the compounds from the
fungus-growing termite symbiosis, we also include references
associated to bioactivities, modes of action, and synergies
between compounds (ESI Table 17).

Below we summarise the discoveries of natural products from
the symbiosis. While early reports focused on the termite host
and particularly glandular defensive secretions, research from
the late 1990s and onwards shifted towards analyses of symbiotic
partners (Fig. 2A). Current reports include natural products from
14 termite and 11 Termitomyces species, five bacterial genera, and
two studies on compound mixtures from the complex gut and
comb environments (Fig. 2A). The natural products present are
structurally diverse, often derived either from the phenyl-
propanoid pathway, or of polyketide, terpene or fatty acid origin
(Fig. 2B). Unsurprisingly, their bioactivities also range in targets
(antifungal and antibacterial) and levels (ESI Table 1} and
Fig. 2B). We structure the sections below by organism, first
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Fig. 2

Thirty-five years of natural product discovery from the fungus-farming termite symbiosis. (A) Map showing in light green the distribution

of the fungus-farming termites (Macrotermitinae) and in dark green countries and areas from which discoveries of natural products have been
made. A total of 375 compounds have been discovered from the symbiosis, from across the symbiotic partners, as indicated with numbered pins
of different colours. Below the map, we plot the timeline for the cumulative discovery of fungus-farming termite-associated natural products
compounds by symbiosis source. (B) The top section provides a heatmap of compounds discovered across biosynthetic classes by symbiont
origin. Two S-containing compounds from Termitomyces are not shown. The bottom section provides the percentage of natural products for
each source where antimicrobial activities have been reported (MIC less than 128 pg pl™* or ZOI more than 10 mm). The number of compounds
that each bar represents is indicated within the stacked bar categories. For full details, see ESI Table 1.1
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discussing compounds of termite origin, thereafter Termitomyces,
bacteria and Pseudoxylaria, and lastly symbiont communities.

3.1 The fungus-farming termite host

The insect host was the first source of termite-associated
natural products to be exploited already in the 1970s, focusing
on soldier oral and salivary gland secretions that serve in the
chemical defence against e.g., ants.*® Since then, 73 natural
products have been discovered, primarily being steroids and
lipids/hydrocarbons, with 13 being tied to potential defensive or
antimicrobial activities (ESI Table 17).

3.1.1 Antimicrobial peptides. The presence of millions of
individual termites within nests poses a risk of spread of
infectious disease to which defences are essential. Among the
first discoveries of defensive compounds of termite origin were
two antimicrobial peptides, termicin (1) and spinigerin (2)
from the salivary glands of Pseudacanthotermes spiniger
(Fig. 3).*° Termicin is structurally related to the insect anti-
microbial peptides defensins, which are important in host
defence against pathogens,* and they are built by a a-helical
segment and a two-stranded antiparallel B-sheet forming
a cysteine-stabilized a-B-motif. In contrast, spinigerin is
devoid of cysteine and forms only the a-helical conformation.
Both peptides are antifungal against ecologically relevant
fungi, such as Trichoderma, Fusarium, Nectria, Neurospora and
the entomopathogenic fungus Metarhizium anisopliae.*>** The
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mode of action of termicin against M. anisopliae includes
potential synergistic action with antifungal glucanases to
break down B-glucans of the fungal cell wall and thereby fatally
disrupt the cell membrane. Termicin may further limit path-
ogenic fungi by preventing the attachment and penetration of
the fungus to the termite cuticle.*** Spinigerin also acts
against Gram-positive and Gram-negative bacteria, and its
mode of action involves induction of cell lyses through
transmembrane pore formation.*

3.1.2 Benzoquinones and sesquiterpenoids. More recent
analyses revealed that antimicrobial compounds in glandular
secretions extend beyond peptides. Specifically, benzoquinones
and benzoquinone mixtures with antifungal and antibacterial
activities exist within salivary and labial gland secretions of
Odontotermes, Macrotermes and Microtermes soldiers (Fig. 2 and
3). Of these, 1,4-benzoquinone (3) and toluquinone (4) show
antifungal activity against entomopathogenic fungi, such as M.
anisopliae and Beauveria brongniartii among other bioactiv-
ities.** Notably, 1,4-benzoquinone has been reported as an
inhibitor of the fungal aspartate semialdehyde dehydroge-
nase,” an enzyme that is important for the biosynthesis of
amino acids and thus crucial for viability. Other major chemical
constituents of soldier salivary secretions include the sesqui-
terpenoids (—)-ancistrofuran (5) and ancistrodial (6), which
have been isolated from Ancistrotermes cavithorax,*® and
potentially-systemic  macrolactone against ants,

(0]
R
(0]

1,4-benzoquinone (3) R=H
toluquinone (4) R= CH,

toxins

(-)-ancistrofuran (5)
OH

hydroquinone (8) R=H
methyl hydroquinone (9) R = CH,

ancistrodial (6)

(0]
N o
H o
(0]
22-keto-hexacosanolide (7)

Fig. 3 Antimicrobial peptides (1, 2), benzoquinones (3, 4), sesquiterpenes (5, 6) and a macrolactone (7) identified in the termite hosts.
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including 22-keto-hexacosanolide (7) and analogues identified
from P. spiniger major soldiers.”® A study from 2020 analysed
extracts of Macrotermes bellicosus soldiers and found a signifi-
cant abundance of hydroquinone (8) and methyl hydroquinone
(9), both of which have antibacterial activities.*”

3.2 Termitomyces

In the late 90s, the first reports of natural products from Ter-
mitomyces appeared, and now include work on 11 species from
fourteen countries (Fig. 2A and B). By December 2020, 31
studies have identified 257 natural products from Termitomyces,
of which at least 53 have antimicrobial properties (ESI Table 1+
and Fig. 2B). Studies on Termitomyces mushrooms and cultures

View Article Online

Review

have revealed their prominent nutritional value, and several
Termitomyces species are consumed also for medicinal purposes
by indigenous communities.”* Some of the major bioactive
compounds found in Termitomyces could have potential anti-
oxidant, anti-tumour and antimicrobial effects.

3.2.1 Fatty acids. More than 100 of the natural products
identified in Termitomyces are fatty acids, which are widely
present in natural fats, play vital roles as metabolites in living
organisms and in many cases display antimicrobial activities.*
Of these, unsaturated fatty acids, such as linoleic (10) and oleic
acids (11) have been reported from Termitomyces heimii*® and
other species (Fig. 4), and these strongly inhibit Gram-positive
bacteria. Their mode of action is linked to the disruption of
fatty acid synthesis through inhibition of type I fatty acid
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Fig. 4 A selection of fatty acids identified in Termitomyces spp. Compound 19-27 were redrawn from original articles.58-%*
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synthase,”** resulting in increased membrane permeability
and formation of pores in the cell membrane.**>* Although,
they exhibit less antimicrobial activity than typical antimicro-
bial agents, such as erythromycin or streptomycin, it is notable
that synergistic antibacterial activity with erythromycin have
been reported.® Other antibacterial fatty acids, such as eicosa-
pentaenoic acid (12) and docosahexaenoic acid (13) (Fig. 4),
inhibit both Gram-positive®* and Gram-negative® bacteria, but
no studies have investigated their potential synergies in
naturally-occurring mixtures. In addition, five novel fatty acid
amides (termitomycamides A-E (14-18)),”” and nine novel
glycolipids (termitomycesphins A-I (19-27)),*** have been
identified from Termitomyces mushrooms. Two of the fatty acid
amides showed protective activity against stress-dependent cell
death.”

3.2.2 Phenolic acids. In addition to fatty acids, numerous
phenolic natural products derived from the phenylpropanoid
pathway have been identified from Termitomyces spp. mush-
rooms, including gallic acid (28), chlorogenic acid (29), ferulic
acid (30), caffeic acid (31), syringic acid (32) and vanillic acid
(33) (Fig. 5),>** all of which exhibit antimicrobial activity
against bacteria and fungi.®>*® Further, gallic acid, caffeic acid
and ferulic acid act synergistically with various aminoglyco-
sides®” and quinolone-based antibiotics.® Both of these
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antibiotic families act by entering the bacterial cell and inhib-
iting DNA or protein synthesis, and several studies have re-
ported that the antimicrobial activity of the phenolic acids lies
in the disruption of membrane integrity.®®*® This is consistent
with another study which proposed that phenolic acids must
have similar mode of actions based on their similar inhibitory
effects of bacteria.”” Other phenols, such as the polymeric
polyphenol tannic acid (34), have been found in culture extracts
of T. heimii and T. mummiformis®* and their precursor molecule
pyrogallol (35)°> exhibits strong antibacterial activity.*>”°

3.2.3 Flavonoids. Eight flavonoids, six flavonols and two
flavanols, were isolated from fruiting bodies from T. robustus, T.
heimii, T. clypeatus and T. microcarpus (Fig. 5).°>”* Flavonoids are
a large class of small secondary metabolites carrying a diverse
substitution pattern and are commonly found in plant and
fungi. These natural products are synthesized by the phenyl-
propanoid pathway and display a wide range of biological
activities, including anti-inflammatory, antitumor, antimicro-
bial and antiviral, which have attracted the interest of the
pharmaceutical industry.”

Characterized flavonoids include myricetin (36), kaempferol
(37), quercetin (38) rutin (39), and isoquercetrin (40), which vary
in their degree of antibacterial and antifungal activities (see ESI
Table 11)” but have been proposed to exhibit complementary

tannic acid (34)

H . isoquercitrin (40) R = CH,OH
OH rutin (39) quercetrin (41) R =CH,

Fig. 5 A selection of phenolic acids (28—-35) and flavonoids (36—41) from Termitomyces spp.

This journal is © The Royal Society of Chemistry 2022
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and synergistic activities (in vitro and in vivo) through various
mode of actions and thus may be important in fungus garden
defence. Specifically, synergistic activities of flavonoids in
combination treatments have been observed for e.g., rutin,
quercitrin (41), and quercetin, which revealed stronger inhibi-
tory effects on Bacillus cereus and Salmonella enterica Serotype
Enteritidis compared to treatment with either flavonoid alone.”™
Notably, rutin (39) does not exhibit any antibacterial activity
alone, but significantly enhances antibacterial effects of other
flavonoids, including quercetin, quercitrin, kaempferol and
myricetin.”* Causality for the complementary activities remains
obscure, although modes of action for the various flavonoids
allows for speculation. Rutin, might for example enhance the
activity of other hydrophilic antibiotics by disrupting the
bacterial cell walls of multi-drug-resistant Staphylococcus aureus
(MRSA)™>7¢ and allowing its effective penetration. Despite not
showing any effect alone, rutin have been shown to improves
the antibiotic effect of quercetin,” Quercetin (38) has been
linked to multiple modes of action, including inhibition of DNA
gyrase,”” inhibition of efflux pumps,”® membrane disruption”™
and cell envelope synthesis.*® It has also both potentiating and
synergistic antibacterial actions in combination with a broad
range of antibiotics with different mode of actions, such as
penicillins (ampicillin, amoxicillin and methicillin),”®*"#
cephalosporins (ceftriaxone, cefixime, and cephradine),”**
tetracycline®® and aminoglycosides (tobramycin, gentamycin,
amikacin).®® It is thus conceivable that combinations of
multiple compounds play a significant role in termite nest
defence through contributions to the antimicrobial activity
observed in Termitomyces.****

Phenolic compounds are found widely throughout the plant
kingdom, and it is possible that the phenolic compounds
identified in Termitomyces could have been synthesized and
absorbed from plants. However, the Shikimate pathway has
been correlated to the presence of phenolic compounds in

View Article Online
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fungi®*®*® and a recent study showed that despite flavonoids
being well-known plant metabolites, all genes and protein
sequences associated with the biosynthesis of flavonoids can be
found in some fungi.*” Future genome analyses and molecular
biological studies will thus be needed to confirm the putative
fungal origin of these metabolites.

3.2.4 Terpenes and volatiles. The enclosed nature of fungal
combs within termite nests should allow for the build-up of
volatile compounds that could play roles in inter-kingdom
communication or suppress antagonist growth, provided they
do not negatively affect Termitomyces or the termite themselves.
Termites are well known to make use of volatile compounds to
communicate among castes and in direction of division of
labour within colonies.*® One study identified two novel
compounds (Z)-6-octadecenoic acid (42) and (E)-9-octadecenoic
acid (43) in Macrotermes gilvus, which appear to be involved in
nestmate recognition.®®

Studies based on head-space gas-chromatograph mass
spectrometry (GC-MS) have allowed for the first insights into the
volatilome of Termitomyces sp. and revealed several odorous
compounds including typical C8 components (mushroom
odours), such as octen-3-ol (44), 2-phenyl-ethanol (45), hexan-3-
ol (46) and hept-2-enol (47) (Fig. 6), as well as benzaldehyde
(almond odour), benzyl alcohol (sweet-spicy odour), phenyl-
ethanol (rose odour), and monoterpenes.'®*°

More than 50 terpenes and their functional derivatives
(terpenoids) have been reported from Termitomyces (ESI Table
11). Both compound classes are found in most living organisms
and contribute to flavour, scent and colour in plants and fungi,
and often exhibit insecticidal and/or antimicrobial activities.**
Just to give an example: in 2016, the terpenoid lycopene (48),
a carotenoid hydrocarbon, was detected in T. heimii and T.
microcarpus® and it exhibits strong antimicrobial activity

(Fig. 6).

H
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Fig. 6 A selection of terpenes and volatiles produced by Termitomyces and Macrotermes gilvus.
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Terpenes and terpenoids are derived from the conversion of
geranyl or farnesyl pyrophosphate catalysed by dedicated terpene
synthases and/or terpene cyclases.”” A first bioinformatics anal-
ysis of the draft genome sequence of Termitomyces sp. J132
revealed more than 20 putative type I terpene cyclase genes, three
of which were functionally characterized as (+)-intermedeol (49)
synthase, (—)-y-cadinene (50) synthase and (+)-germacrene D-4-ol
(51) synthase.” The cyclization reactions were surveyed for all
three enzymes by incubation with isotopomers of FPP, yielding
valuable insights into the stereochemical course of the ring
closing mechanism, reprotonation steps and hydride shifts. A
follow-up study in early 2021 identified 13 additional terpenoids
from Termitomyces, including 2-methylisoborneol (52), a-pinene
(53) and geranylacetone (54),'® which have been linked to anti-
fungal and antibacterial activities.®**® a-Pinene has also been
observed to modulate the sensibility of antibiotic-resistant
bacterial strains by preventing the efflux of multiple antibacte-
rial agents.*>*”

3.2.5 Alkaloids and N-containing heterocycles. Seven
studies have identified 20 alkaloids and nitrogen-containing
heterocycles from Termitomyces, of which five have antimicro-
bial activities. These include the active form of vitamin B3,
nicotinamide (55) and benzeneacetamide (56) isolated from
fruiting bodies of T. heimii.*® Eight pyrazines, including meth-
ylpyrazine  (57)  2,5-dimethylpyrazine  (58), 2-ethyl-5-
methylpyrazine (59) and tetramethylpyrazine (60), have been
isolated from Termitomyces (Fig. 7). Pyrazines are the product of
the condensation of a-aminocarbonyl compounds and repre-
sent a major class of volatile compounds produced and emitted
from both bacteria and fungi.®®***® Their specific functions in
Termitomyces remain poorly understood, but as other volatiles
they could serve as intra- and inter-kingdom communication
signals, growth promoters or inhibitors of other organisms.'**
Pyrazines may also function as carbon or nitrogen sources, as
shown in the case of Mycobacterium sp. DM-11 and Rhodococcus
opacus, which can utilize 2,3-diethyl-5-methylpyrazine and tet-
ramethylpyrazine as their sole carbon and nitrogen source,
respectively.'*'* Pyrazines are also widely distributed among
insects and terrestrial vertebrates, where they are used for intra-
or interspecific communication, such as alarm or alerting
pheromones.® The high volatility and the low molecular weight
are ideal conditions for quick temporary transfer of
information.'

0]

o Y XY

nicotinamide (55)  benzeneacetamide (56) tetramethylpyrazine (60)

N
| ~ methylpyrazine (57) R=H
— 2,5-dimethylpyrazine (58) R =CH;,
R N 2-ethyl-5-methylpyrazine (59) R = CH,CHj3

Fig. 7 Alkaloids and N-containing heterocycles isolated from

Termitomyces.
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3.3 Bacterial symbionts

The past decade has seen an increased focus on chemical
analyses of termite-associated bacteria that have been isolated
from the termite cuticle, termite gut or fungus comb. Most
studies have been on termite species from South Africa (15
studies/50  compounds) and China (3  studies/4
compounds)'®%’ (Fig. 2A). Termite guts and combs harbour
diverse bacterial communities,****'%® however, chemical studies
and novel natural products have only been reported from
Bacillus, Streptomyces, Amycolatopsis and Actinomadura, of
which three belong to the phylum Actinobacteria. Of the 54
natural products discovered from termite-associated bacteria,
17 have been reported to exhibit strong antimicrobial activities
(ESI Table 11 and Fig. 2B).

3.3.1 Polyketides. Polyketides (PKs) are a large classes of
structurally diverse natural product produced by many organ-
isms and often exhibiting diverse biological activities,
numerous of which have become clinically valuable drugs such
as erythromycin and rapamycin.'® Polyketides are bio-
synthesized by mega-enzymes called polyketide synthases
(PKS), which are related to fatty acid synthases, and act through
a series of condensation reactions of dedicated starter units and
their subsequent modifications.

Ecological-driven co-cultivation studies of the M. natalensis-
associated Amycolatopsis sp. with Pseudoxylaria sp. X802, which
is often found dormant within fungus combs,* lead to the
isolation of four glycosylated macrolactams (macrotermycin A-
D; 61-64). Macrotermycin A and C are 20-membered glycosy-
lated polyene macrolactams, which are transformed by an
intramolecular cycloaddition sequence leading to macro-
termycin B and D. While polyene macrotermycin A and C
exhibited strong antimicrobial activity, including selective
inhibition of Pseudoxylaria, the cyclized derivatives were inac-
tive (Fig. 8).°

In a similar co-cultivation study, Streptomyces sp. M56 was
also found to strongly inhibit Pseudoxylaria spp. (and Termito-
myces) growth. This led to the isolation of the antifungal poly-
ketide geldanamycin (65) along with the novel geldanamycin
analogue, natalamycin A (66),""* which contains a rare C-5 unit
on the 3-amino-5-hydroxybenzoic acid (AHBA) head group to
form fused bicyclic[6.4.0]ansa macrolide. The same bacterium
was also found to produce the antibacterial macrolactone
elaiophylin (67), along with several analogues efomycins K
and L (68-69), which are antibacterial towards Gram-positive
bacteria."* Efomycins are C2 symmetric 16-membered macro-
lides that are derived from two linear polyketide chains with an
unsaturated enone moiety, while elaiophylins carry a hemiketal
moiety and are glycosylated. However, neither of the
compounds alone were found to be responsible for inhibition of
Pseudoxylaria, and synergistic effects were postulated as gelda-
namycin has previously been reported to possess synergistic
antifungal activities with e.g., triazoles, echinocandins and
fluconazole."*'** Indeed, elaiophylin enhances the activity of
the co-produced antifungal macrolide rapamycin against
Candida albicans, while lacking activity alone."™ Geldanamycin
is a well-known potent inhibitor of the heat shock protein
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Fig. 8 Polyketides from bacterial symbionts. Macrotermycin A-D (61-64) isolated from Amycolatopsis strain M39, and geldanamycin (65),
natalamycin A (66), elaiophylin (67) and efomycin K-L (68-69) isolated from Streptomyces strain M56.

Hsp90,"*° whereas the mode of action for elaiophylin has not yet
been established, but may be associated with the alteration of
membrane permeability by destabilization and formation of
ion-penetrable channels.”” A study investigating the role of
Hsp90 in the mTOR-signalling pathway reported that geldana-
mycin targets this pathway by suppressing mTOR activity,
similar to the antifungal rapamycin (originally identified to
target the TOR kinases in the yeast Saccharomyces cerevisiae),
which induces dissociation of the mTOR-raptor complex. Both
exhibit anti-cancer activities by targeting mTOR, but through
different mechanisms of action.”® As TOR kinases are ubiqui-
tously conserved in eukaryotic organisms, the same target may
be responsible for the antifungal activity observed towards
Candida.*** Geldanamycin and elaiophylin are often found to be
co-produced, with the TetR-family regulator GAmRIII appar-
ently having an inverse effect on the two compounds, positively
regulating geldanamycin and to some extend repressing elaio-
phylin."*®* No explanation for this possible co-production has
been reported, but it has been hypothesized that reverse regu-
lation is essential in controlling the flux of precursor metabo-
lites for the two compounds.”® Further investigation into
potential complementary activities of geldanamycin and elaio-
phylin against ecologically relevant fungal strains that chal-
lenge the symbiosis could help unravel their ecological
importance.

Recently, Actinomadura rubteroloni was found to produce two
types of polyketide-derived, highly oxidized and rearranged
types of natural products (Fig. 9). In a first study, a rare group of
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glycosylated tropolone-containing natural products, named
rubterolones A-D (70-73), were identified and found to have
anti-inflammatory activity.**' Rubterolones feature a tropolone
moiety, a fused cyclopentanone ring, an O,C-condensated sugar
and a highly substituted pyridine or pyridine inner salt moiety,
and are structurally related to the recently identified rubrolone
B*? and isarubrolones.”” Several biosynthetic studies and

rubterolone A (70) R' = H; R? =
rubterolone B (71) R'=a; R2=H b
rubterolone C (72) R' =H; R2=b
rubterolone D (73)R' =a; R2=b

actinospirol A (75)

maduralactomycin A (74)

Fig. 9 Polyketides isolated from Actinomadura rubteroloni.
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complementing isotope feeding experiments suggested that the
tropolone and cyclopentanone containing carbon skeleton is of
type II polyketide origin, but undergoes a series of complex
oxidative rearrangements induced by the cluster-encoded oxy-
genases to yield first the later-identified pre-rubterolones, and
then undergoes a spontaneous pyridine formation in the pres-
ence of amines.

While high biomass cultivation induced mostly the forma-
tion of rubterolones, growth from diluted spore cultures resul-
ted in the dominant formation of chlorinated
maduralactomycin (74) containing a rare bicyclic 4-chroma-
none fused with isocoumarin core structure and spirocyclic
actinospirols (75)."** Intriguingly, the tested cultivation condi-
tions likely simulate the natural ecological environment bacte-
rial strains would face when entering the fungus comb after
obligate gut passage of a termite worker. Based on comparative
genome studies and HRMS*-based GNPS analyses, a putative
biosynthetic mechanism was proposed that is based on a non-
canonical angucycline biosynthesis and extensive oxidative
modifications that ultimately result in the formation of the
unique halogenated tetracyclic polyketides and after additional
oxidative rearrangements in the formation of actinospirols.
Bioactivity studies of maduralactomycin A revealed antibacte-
rial activity towards both Vancomycin-Resistant Enterococcus
faecalis and Mycobacterium vaccae.***

3.3.2 Non-ribosomally synthesized peptides. Non-
ribosomally synthesized peptides (NRPs) refer to peptidic
sequences that are assembled by non-ribosomal peptide syn-
thases (NRPS) and seldom exceed more than 20 amino acids

dentigerumycin (80)

dentigerumycin C (81)

NH R
SN So H?/\NH o
SN L s
o o 1YY
0 N (
0
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residues. NRP-derived molecules are often further modified by
e.g. acylation, glycosylation or cyclisation.

A well-known compound that has been discovered multiple
times from termite-associated Streptomyces is the chromopep-
tide antibiotic actinomycin D (76). Actinomycin D belongs to
a family of bicyclic chromopeptide lactones sharing the chro-
mophoric phenoxazinone dicarboxylic acid attached to two
cyclic pentapeptide lactones of non-ribosomal origin contain-
ing 1-Thr, p-val, 1-Pro, Sar and -MeVal. It appears to have broad-
spectrum antibacterial activity and potent activity against
several ecologically-relevant fungi, including Pseudoxylaria
(Fig. 10).°7*** Actinomycin D may have this effect due to
mode(s) of action that include DNA-dependent inhibition of
RNA synthesis, and potentially targeting the fungal plasma
membrane through a membrane splitting mechanism.***

Interestingly, Actinomycins are also produced by Strepto-
myces isolated from fungus-farming ants, where they may be
involved in fungistatic activity against Escovopsis spp. antago-
nists of the mutualistic fungus of the ants.”” Another study
showed strong synergistic effects of mixtures of antifungals
against E. weberi."*® However, strong antibacterial activities were
also reported towards ant bacterial symbionts, suggesting that
they may play roles in competition between bacteria."*® Acti-
nomycin D has also been observed to be involved in synergistic
effects with the antimicrobial agents amphotericin B and
colistin,"***° both of which disrupt the cell membrane, thereby
facilitating actinomycin D access.

Lastly, a study directed at identifying novel pharmacologi-
cally relevant natural products elucidated three new cyclic

natalenamide B (78)

(e) OH
natalenamide A (77) W\;

0 %
>/\NH
- Qo O
\““»N oy
H
o

natalenamide C (79)

HO

bacillaene A (82)

Fig. 10 Non-ribosomally synthesized peptides and PKS—NRPS-hybrid molecules from symbiotic bacteria.
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tripeptides, containing r-Phe, 1-Val/i-Leu and 1-Glu, named
natalenamides A-C (77-79)."*' These compounds are presum-
ably of non-ribosomal origin, and were obtained from Actino-
madura sp. RB99 using an LC/MS/UV-based dereplication
approach.’ Natalenamide A and B showed weak cytotoxicity
against cancer cell lines HepG2 (liver) and HeLa (cervical), and
A549 (lung), respectively. Natalenamide C (79) significantly
inhibits the production of 3-isobutyl-1-methylxanthine induced
melanin.

3.3.3 PKS-NRPS hybrids. PKS-NRPS hybrid natural prod-
ucts that are biosynthesized by a co-linear biosynthetic
assembly line of interacting PKS and NRPS yielding natural
products that feature peptide units as well extensions by C2-
units. In 2013, a study revealed that Bacillus spp. from M.
natalensis produce the polyene polyketide bacillaene A (82) as
a major metabolite, which exhibits strong broad-spectrum
antibacterial activity and antifungal activity against fungus-
garden antagonists, e.g., Pseudoxylaria and Trichoderma.’”
Bacillaene A is synthesized by a giant hybrid polyketide/non-
ribosomal synthase and composed of a linear polyene con-
taining two amide bonds: the first links an a-hydroxy carboxylic
acid to a w-amino carboxylic acid containing a conjugated
hexaene, and the second links the hexaene-containing carbox-
ylic acid to an (w — 1) amino carboxylic acid containing
a conjugated triene. While the polyene carboxylic acid moieties
are biosynthesised by FAS/PKS modules containing unusual
trans-AT domains, the two NRPS modules are responsible for
the formation of the two peptide bonds (Fig. 10)."*>*** The mode
of action of bacillaene A has been reported as inhibition of
bacterial protein synthesis,'** potentially by blocking trans-
lation elongation,**” but the mechanism for fungal inhibition is
unknown.

In a subsequent study, dentigerumycins (80-81) were iso-
lated from Streptomyces sp. M41 from the South African fungus-
growing termite species Macrotermes natalensis, based on its
unique metabolomic profile from principal component analysis
(PCA) of 41 Actinobacteria isolates.”*® Dentigerumycin is a 19-
membered macrocyclic hexapeptide containing three piperazic
acids, ester-forming Ala, N-OH-Ala, B-OH-Leu, and a pyran-
bearing polyketide acyl chain, whereas dentigerumycin C is
the linear form lacking the ester-forming alanine residue
(Fig. 10).»****® The identified derivatives are structurally related
to the Pseudonocardia-derived antifungal dentigerumycin that
inhibits the specialized mycopathogen Escovopsis spp. that
invade and consume the ants' fungal cultivar.*®”

3.4 Pseudoxylaria stowaway fungus

Pseudoxylaria spp. (Ascomycota: Xylariaceae) are frequently
found on deteriorating comb material and is presently
considered a stowaway fungus, waiting as a substrate
specialist and opportunistic weed until conditions are
favourable for outcompeting Termitomyces.*"*> Members of the
Xylariaceae are ecologically important as saprotrophs, but they
are also well-known for their biosynthetic capabilities to
produce structurally diverse metabolites with a broad spec-
trum of biological activities.*® While the exact mechanisms of
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the interaction and role of Pseudoxylaria in the comb remains
unknown, given the competitive nature of the association,* it
is conceivable that termite-associated Pseudoxylaria produce
biologically active small molecules. Indeed, crude Pseudoxy-
laria extracts can be both antifungal and antibacterial, and
a recent study discovered six novel compounds. Using an MS-
based imaging and a dereplication strategy, Guo et al.
discovered six new antimicrobial cyclic peptides, named
pseudoxylallemycins A-F (83-84), and eucalyptene A (85) and
terricollene C (86) from Pseudoxylaria sp. X802 (Fig. 11).**°
Pseudoxylallemycins contain symmetric or asymmetric tetra-
cyclic consisting 1-Phe, NMe-1-Leu, and a very rare allenyl
modification on tyrosine. More recently, high-resolution
tandem mass spectrometry (HRMS?) based approaches led to
the identification of chemical features unique to Pseudoxylaria
sp. X187: four linear non-ribosomally synthesized peptides
(NRPs) and two cyclic NRPS-polyketide synthase (PKS) derived
natural products, pseudoxylaramides (87) and xylacremolides
(88-89) (Fig. 11).*** Pseudoxylaramides are linear tetrapeptides
containing r-Phe and r-Ile with methylation in the C-terminal
and acylation in the N-terminal, while xylacremolides are
cyclic polyketide-dipeptide hybrids composed of 1-Pro and t-
Phe and 3,5-dihydroxy octanoic acid (DHOA) (Fig. 11). The
pseudoxylaramides share features with other antimicrobial
fungal compounds,*** and the xylacremolides share some
similarity to trapoxin, an antitumor cyclic tetrapeptide.'*®
None of the compounds identified in Pseudoxylaria showed
activity towards the tested strains; thus, the bioactivity of these
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Fig. 11 Natural products from Pseudoxylaria spp.
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NRPS and NRPS-PKS hybrids still needs to be resolved.
However, their structural similarities to other peptides point
to ecologically-relevant roles as antimicrobials.

3.5 Analysis of symbiont communities

The identification and interactions of chemical compounds in
the complex communities of organisms in termite guts and
fungus combs hold particular promise for insights into
ecologically-relevant functions. To date, only two studies have
investigated the mixtures of natural products from the complex
gut and fungus comb symbiont communities, one of which
focused on putative defensive roles in Macrotermes and Odon-
totermes nests from South Africa’® and one on termite guts.**
The latter involved GC-MS analysis of dissected gut of Macro-
termes gilvus workers, which led to the identification of the
terpenoid B-sitosterol (90) (Fig. 12), which possesses selective
antifungal and antibacterial activities.**>'* As B-sitosterol is one
of the most abundant occurring phytosterols, its identification
in the gut most likely stem from the plant material the termites
gathered.

The chemical analysis of fungus combs led to the identifi-
cation of five small molecules, of which stearamide (91), azelaic
acid (92), indole-3-carboxaldehyde (93) and 4-hydrox-
ybenzaldehyde (94) have reported antifungal and antibacterial
activities (Fig. 12; ESI Table 17). Indole-3-carboxaldehyde (93)
was previously identified from the bacterium janthinobacterium
lividum on the skin of the red-backed salamander (Plethodon
cinereus), where it appears to be involved in the chemical
defence against the fungal pathogen Batrachochytrium den-
drobatidis causing chytridiomycosis in amphibians.'*” However,
none of the identified compounds were verified to be respon-
sible for the observed antifungal activity of chemical extracts of
fungus comb against an ecological-relevant competitor of Ter-
mitomyces (Trichoderma) and the entomopathogen B. bassiana.*®

H
© azelaic acid (92)

B-sitosterol (90)

o
H,N
stearamide (91) o H
. NH,
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|
N OH NH OH
H 4-hydroxybenzaldehyde (94)

indole-3-carboxaldehyde (93) banegasine (95)

Fig. 12 A selection of natural product and small molecules identified
from analyses on complex communities.
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Although comb metabolites may exhibit weak activity, it is
conceivable that synergistic or additive antimicrobial effects
exist. Synergistic interactions between multiple small mole-
cules present in extracts of Termitomyces, fungus combs or
Actinomadura, have been shown in other work to improve the
antibiotic effect of multidrug resistant bacteria, like
MRSA."® These include phenolic acids of Termitomyces
origin (see above) and the small molecule 4-hydrox-
ybenzaldehyde (94) that was identified in antifungal fungus
comb extracts.” This compound appears to improve the
sensitivity of Acinetobacter baumannii to amphenicol.**®
Similarly, the two alkaloids, indole-3-carboxaldehyde and
banegasine (95) enhance the efficacy of multiple antifungal
agents against a diversity of fungal species.’*** Instead of
relying on one single metabolite, the combination of diverse
molecules with synergistic or potentiating effects is likely
essential for defence of the symbiosis, mirroring strategies
employed by humans to overcome resistance evolution in
target pathogens.**

4 Prospects for defence potential and
novel natural product discovery

The fungus-farming termite symbiosis is extraordinarily
successful in hindering the entry and spread of antagonists,'>**
likely through a multi-layer defence that integrates behaviours
with sophisticated use of antimicrobial compounds. The roles of
the vast majority of identified natural products from the symbi-
osis have yet to be established, including for general bioactivity
and in ecologically-relevant contexts (ESI Table 1f). Current
reports rarely provide evidence for importance in defence, leaving
promising insights to come from elucidation of their concen-
trations, how and when compounds are applied, and their
targets. Efforts to bridge objectives and methods of natural
product discovery and elucidation of roles in defence are war-
ranted to shed light on the implications of natural product use in
defence in the environments within which they act.

The natural product discovery potential from the symbiosis
remains extraordinary, with only a small fraction of the
geographical distribution and host and symbiont diversity, having
been explored (Fig. 13A). Efforts so far have remained on the
conspicuous termite genus Macrotermes (80% of studies), which
accounts for only a fifth of the known termite species.”” Similarly,
only a fourth of the described Termitomyces species, and a handful
of gut and comb bacteria and antagonists of the symbiosis, have
been explored (Fig. 13B). Among the bacteria, Actinobacteria
dominate the focus,*'*>'** for good reason given their prolific
potential,”*>**>**¢ including as defensive symbionts in fungi-
culture.®"” Recent genome analyses support that we are far from
elucidating their full chemical potential: more than 100 biosyn-
thetic gene clusters present within 16 actinobacterial genomes
encode putative novel chemistry.”® It is thus undeniable that
further investigation carries promising potential for novel
discoveries. This potential extends to so-far unexplored organisms
that inhabit termite mounds as guests, such as rove beetles and
scuttle flies and their gut symbionts,”*"* and other conceivably
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A. Termite diversity and geographic ranges
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B. Microbial symbionts C. Additional associates
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Fig. 13 Outstanding opportunities for natural product discovery from the fungus-farming termite symbiosis. (A) A schematic phylogeny of the
Macrotermitinae (based on ref. 11), indicating the number of termite species out of the total number of known species that have been explored
for natural products. The geographic ranges of termite genera and the percentage of countries from which no work has been reported on natural
product from any members of the symbiosis. (B) Eleven of the 49 described Termitomyces species have been explored for natural products, and
the distribution of compounds discovered illustrated by species in the bar plot. Only four of the estimated 102-149 genus-level phylotypes
(average 131 *4) have been cultured and explored for natural product discoveries, not including metabolomic analyses of complex microbial
communities in guts and fungus combs. (C) Natural product discoveries have largely overlooked guest species, including beetles (Tom Murray)

and flies,**®-1¢° and additional symbionts (e.g., yeast species’®?).

beneficial symbionts (e.g., yeasts’®"). Understanding these multi-
species interactions, and the compounds involved, remains
a major challenge and an outstanding opportunity for future work
on the symbiosis. To this end, comparison of the chemical
repertoire that the farming termite symbiosis with other fungus-
farming symbioses holds great potential to shed light on unique
and convergently evolved utilisation of natural products in fungus
farming.

Bioactive natural products from the fungus-farming
symbiosis occupy a unique chemical space and their bacte-
rial and fungal symbiont represents an extraordinary
discovery and studying potential from both ecological and
chemical perspectives. Previous investigations have eluci-
dated a large number of novel compounds and theorised
their functions. Insights from reported activities show their
potential to be used by the symbiosis in multi-target
combination defences. In recent years, the importance of
synergies between natural products has gained significant
attention, including in the development of new methods and
optimisation of approaches to identify mixture constituents,
characterise the nature of compound interactions and
unravel synergistic or potentiating modes of action. The
continued studies on this topic are of the utmost importance
and we are still only at the beginning of investigating the
chemical potential of the fungus-farming termite symbiosis.
If given proper attention, the symbiosis holds great promise
for the future of natural product drug discovery.
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