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Bacterial symbionts in agricultural systems provide
a strategic source for antibiotic discovery

Timothy R Ramadhar!, Christine Beemelmanns!, Cameron R Currie? and Jon Clardy!

As increased antibiotic resistance erodes the efficacy of currently used drugs, the need for new candidates with therapeutic
potential grows. Although the majority of antibiotics in clinical use originated from natural products, mostly from environmental
actinomycetes, high rediscovery rates, among other factors, have diminished the enthusiasm for continued exploration of this
historically important source. Several well-studied insect agricultural systems have bacterial symbionts that have evolved to
produce small molecules that suppress environmental pathogens. These molecules represent an underexplored reservoir

of potentially useful antibiotics. This report describes the multilateral symbioses common to insect agricultural systems, the
general strategy used for antibiotic discovery and pertinent examples from three farming systems: fungus-farming ants,

southern pine beetles (SPBs) and fungus-growing termites.
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INTRODUCTION
For most people, agriculture conjures up an image of farmers tending
their crops—the plants that provide food, fiber or biofuels for the rest
of us. Humans started farming ~ 10000 years ago, but our efforts
were preceded by other agriculture systems, as certain ants, beetles
and termites have farmed their own food for millions of years.! In
these agricultural systems, the insect farmers cannot live without their
crops, and the crops cannot live without the farmers—an arrange-
ment referred to as an obligate mutualistic symbiosis. These
arrangements are obligate because of the dependence, mutualistic
because both partners benefit and symbiotic because the insects and
crops colocalize. Maintaining an agricultural system requires protect-
ing the crops from pathogens, and farmers use chemical defenses to
safeguard their crops. Human farmers use small-molecule fungicides
like azoxystrobilin, a synthetic molecule inspired by the natural
product strobilurin, and bactericides like Agri-Mycin, whose active
ingredient is streptomycin, to protect their crops. Insect farmers also
use small-molecule control agents, along with other behavioral
strategies,' to ward off crop pathogens. The insects do not produce
these compounds themselves; they enlist the help of bacterial
symbionts to perform this crucial task.* These bacterial symbionts,
which expand the bilateral insect farmer—fungal crop symbioses to
tripartite symbioses, produce antibiotic agents that suppress the
growth of both specialist and generalist crop pathogens.

In modern human agriculture, crop loss results in reduced revenue
for the farmers and food shortages for the consumers, but crop loss in

an insect system has even more dire consequences. The bacteria
providing the chemical defenses and the microbial pathogens selected
to overcome them appear to have been coevolving for millions of
years, and the molecules employed today are the products of multiple
rounds of natural selection. These bacterially produced small mole-
cules provide a remarkable pool of therapeutic candidates that we
can exploit to control the microbial pathogens that threaten our
well-being.

Insects have been using the same types of bacteria to produce
useful antibiotics that humans have been using—they just appear to
have been doing it much longer. A majority of the clinical
antibacterial and antifungal agents come from natural products or
their synthetic analogs,'®'? and historically soil actinomycetes have
been the primary source. However, continued reliance on this source
has led to unacceptably high rates of rediscovering previously
identified compounds, and rediscovery, along with other factors,
has led to greatly diminished interest in and resources for natural
product discovery in pharmaceutical companies.!>'* The failure of
replacement discovery strategies to significantly expand the antibiotic
pipeline and the progressive expansion of resistance towards
prescribed antibiotics have generated a sense of even greater
urgency for the discovery of new antibiotic leads along with an
increased willingness to explore other discovery strategies.!>!>16
Exploiting the bacterial symbionts in insect agricultural systems
provides one approach.!”!® This approach has several attractive
features, which are as follows: (1) it is a variation on historically
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successful methods as only the source of the actinomycetes differs
from earlier practices; (2) there are literally thousands of species that
participate in agriculture, therefore, a highly efficient algorithmic
approach can be employed and (3) the approach matches the
evolutionary selection principle with the intended use: antibiotic
activity. Below we describe early progress in developing a discovery
pipeline, with illustrative examples from fungus-farming ants,
southern pine beetles (SPBs) and fungus-growing termites.

INSECT AGRICULTURAL MODEL AND STRATEGY FOR
ALGORITHMIC ANTIBIOTIC DISCOVERY
Although the origin of insect agricultural systems occurred at
different times and in widely separated geographic locations, they
have a common organizational structure (Figure 1). The insects use
fungi to render hard-to-digest plant-based materials into an edible
form. They provide the raw material, the fungi decompose it and the
insects then consume the fungi. The insects benefit the fungus by
providing it nutrients, and the fungus benefits the insects by returning
the favor. Of course this fungal garden is attractive to consumers
other than the insect farmer, and these exploiters threaten the fungal
crop and indirectly the insect farmers. Frequently, the most trouble-
some predators are other fungi. The symbiotic bacteria, which are
often carried by the insect farmers in specialized anatomical compart-
ments, produce small molecules that suppress the growth of the
predatory fungus while leaving the growth of the crop fungus largely
untouched. The insect confers a benefit on the bacteria by moving it
from place to place, and the bacteria confer a benefit on the farmer
and the crop through the well-known ecological relationship: ‘the
enemy of my enemy is my friend. This overall strategy has clearly
succeeded. The ant system originated with a single species some
50 million years ago somewhere in the Amazon basin, and today
fungus-farming ants total over 200 species and are the major
herbivores in the New World Tropics.19 Bark beetles, which
originated a minimum of 100 million years ago,?® have expanded
to 220 genera and over 6000 species,”! whereas fungus-growing
termites, which occupy the same ecological niche in the Old World
Tropics that the fungus-farming ants occupy in the New World
Tropics, originated around 30 million years ago and have evolved into
more than 300 species.’>?> These insect farmers follow the general
strategy outlined in Figure 1, but they do so with different tactics as
their crops and crop predators differ. Successfully addressing these
differences generated the multiple bacterial strains that afford the
evolutionarily selected small molecules available today.

Identifying the biologically active small molecules typically begins
with the techniques of bioassay-guided fractionation and derepli-
cation.?* The bacteria are isolated from either specialized anatomical
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Figure 1 Symbiotic interactions within a generalized insect agricultural
system. Arrows indicate a benefit and T-bars indicate suppression. A
mutualistic symbiosis exists between the fungus and the insect. The
fungus is food for the insect, and the insect provides raw materials for the
fungus. The pathogen threatens the fungus, which in turn threatens
the insect. The mutualistic bacteria produce antibiotics to suppress the
pathogen. The insect provides nutrients and transports the bacteria.
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compartments, crypts in the case of ants and mycangia in the case of
SPBs, or the termite nests. They are cultured under a variety of
conditions, including co-culturing with microbial co-habitants and
pathogens,? and culture extracts are tested against either the specialist
predator or a suitable surrogate. Secondary assays against the crop
fungus are employed to ensure that the assay is ecologically relevant,
and additional secondary assays against human pathogens or cell lines
derived from human cancers can indicate therapeutically relevant
activities. The large number of bacterial producers available from
these insect agriculture systems provides the impetus to set up
streamlined moderate-throughput discovery processes and also
empowers differential metabolomic approaches to discovery (for
example, dereplication), which will be illustrated by a few examples.
In addition to the traditional bioassay-guided fractionation approach,
the low cost of genome sequencing and the growing power of genome
mining have led to the discovery of additional biologically active small
molecules.

FUNGUS-GROWING ANTS

Attine ants have participated in agricultural practices for over
45 million years starting with a single origin in the Amazon
rainforest.>>!° They are capable of cultivating various fungi (for
example, Basidiomycota such as Agaricales: Lepiotaceae and
Pterulaceae) as the main food source of the larvae and adults.
Individual colonies cultivate a single crop fungus that is transmitted
vertically by the daughter queens as they carry small pellets of nest
mycelium in their infrabuccal pockets, which are pouches in the ant’s
oral cavity, when they leave their parent colony to establish new nests.
The balance between the ants and crop fungi can be threatened,
however, when invasive fungi attempt to outcompete the crop fungi.
In particular, Escovopsis spp., a pathogenic microfungus specialized on
this ant-fungus mutualism, can infiltrate and consume the ants’
fungal garden.*?%28 However, the long-term success of the obligate
relationship between the Attine ant and its crop fungus indicates that
the ants have devised a strategy that is able to counterbalance
infections of Escovopsis over evolutionary time.

Scanning electron microscopic studies by Currie et al.®?%?°
demonstrated that Attine ants are coated with filamentous
actinomycete bacteria, belonging to the genus Pseudonocardia,’%3!
and that these bacteria produce diffusible small molecules that are
capable of inhibiting the growth of Escovopsis spp. These findings
indicate a tripartite mutualistic relationship between the ants, the
food fungus and Pseudonocardia spp. (Figure 2). The relationship
between the ants and Pseudonocardia spp. is so important to the
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Figure 2 Symbiotic interactions in the Attine ant agricultural system.



success of the agricultural system that the ants have evolved
specialized cuticular crypts and exocrine glands to house and nourish
the bacteria.>?

A collaborative study by the Clardy and Currie laboratories was
initiated to analyze the molecular basis of this highly successful
tripartite symbiosis.® The study first involved an Escovopsis spp.
and a Pseudonocardia spp. from the nest of an ant (Apterostigma
dentigerum) collected in Panama. A pairwise challenge assay was
performed to verify the ability of the Pseudonocardia strain to inhibit
the Escovopsis isolate. Next, the Pseudonocardia strain was cultured on
an 8 L scale in YMEA (yeast extract, malt extract and glucose) liquid
medium and was extracted with EtOAc. Bioassay-guided fractionation
of the crude material was employed using C18 resin and an
assay against Escovopsis sp. to identify the relevant fractions, which
were further purified using reversed-phase HPLC with a C18
semipreparative column. Ultimately, a selective antifungal agent
against the Escovopsis isolate was identified and assigned the name
dentigerumycin (CyHg7NgO13) (Figure 3), which was derived from
the name of the ant (A. dentigerum) from which the Pseudonocardia
bacterial strain was isolated.

Dentigerumycin is a cyclic depsipeptide that contains unusual
amino acids (B-hydroxyleucine, N-hydroxyalanine, piperazic acid and
y-hydroxypiperazic acid) and a pyran side chain.® The biosynthesis of
dentigerumycin likely involves a hybrid polyketide synthase (PKS)/
non-ribosomal peptide synthase (NRPS) gene cluster. The relative
stereochemistry for the pyran ring was determined through ROESY
NMR experiments, and the absolute stereochemistry of denti-
gerumycin was determined through a combination of advanced
Marfey analysis,>> modified Mosher analysis** and CD spectroscopy.
Dentigerumycin  has some similarity with polyoxypeptins®
and auran’[imycins,36 as they share some common amino acids;
however, the core structures are different. Bioassays with purified
dentigerumycin demonstrated that it was able to inhibit the
Escovopsis isolate (MIC: 2.8 pm) without significantly affecting the
Basidiomycota cultivar. Dentigerumycin also exhibited antifungal
activity against various strains of Candida albicans (MIC: 1.1 um).
Additionally, it was selectively cytotoxic against the National Institutes
of Health (NIH) National Cancer Institute’s (NCI) panel of human
cancer cell lines (unpublished data). This last result indicates that the
selectivity imposed by the system—the ability to suppress growth in a
fast-growing eukaryote (Escovopsis) is much more than the growth of
a slow-growing eukaryote (crop fungus)—could also afford molecules
with therapeutic potential against cancer.

Figure 3 Structure of dentigerumycin.
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Dentigerumycin is not the only antifungal agent demonstrated to
have activity against Escovopsis sp. A similar discovery approach was
undertaken by Spiteller and co-workers®” to identify the Escovopsis sp.
antifungal agent produced by various Streptomyces sp. that they
isolated from leaf-cutter ants in the genus Acromyrmex. They were
able to determine through bioassay-guided fractionation and
dereplication that known candicidin macrolides have antifungal
activity against Escovopsis sp. without having significant effect on
the Leucoagaricus gongylophorus food fungus. Further studies by
Spiteller and co-workers®® led to the isolation of known
actinomycins, antimycins and valinomycins from Streptomyces
associated with leaf-cutting ants. Other recent studies on fungus-
growing ant systems have resulted in the identification of nystatin P1
from a Pseudonocardia sp. isolated from Acromyrmex octospinosus,®
novel pseudonocardones A-C and known antibiotics 6-deoxy-8-O-
methylrabelomycin and X-14881 E from Pseudonocardia  sp.
EC080529-01,% and there is potential for isolating additional small-
molecule antibiotics from Streptomyces S4.4! Tt is clear that further
research will be needed in order to fully elucidate the complex
interactions within these ant systems and the roles of small molecules
in maintaining them, with concomitant determination of their
therapeutic potential.

SOUTHERN PINE BEETLES

The SPB, Dendroctonus frontalis, which is currently responsible for the
massive destruction of pine trees that created monetary losses and
changes in the local environment, participates in a mutualism with
the fungus Entomocorticium sp. A, which serves as a larval food
source.*>*3 An adult SPB excavates the inner bark and phloem of pine
trees to form ovipositional galleries. The SPB inoculates the gallery
walls during the excavation process with Entomocorticium sp. A,
which is transmitted in storage compartments on the beetle known as
mycangia. The female beetles then breed with the males inside the
galleries and lay their fertilized eggs. Once the larvae have developed
into adults, they emerge from the galleries and spread to other pine
trees to repeat the cycle. However, the D. frontalis—Entomocorticium
sp. A symbiosis is exploited by the Ophiostoma minus fungus. This
pathogen is a food source for Tarsonemus sp., which is a phoretic mite
that hitchhikes on the exoskeleton of D. frontalis. When D. frontalis
forms its ovipositional galleries, Tarsonemus sp. inoculates the galleries
with the O. minus that covers its exoskeleton. O. minus can normally
outgrow Entomocorticium sp. A, which leads to a devastating outcome
for the SPB larvae. Like the ant—fungal systems, the D. frontalis—
Entomocorticium sp. A relationship is expected to have evolved
defensive strategies to counteract the threat from O. minus.

A concerted effort between the Yuceer, Klepzig, Clardy and Currie
laboratories was undertaken to probe the nature of selective O. minus
inhibition (Figure 4).>** Scanning electron microscopy studies of the
ovipositional galleries and inside the SPB mycangium resulted in the
unexpected observation of rampant actinomycete growth. Subsequent
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Figure 4 Symbiotic interactions in the southern pine beetle agricultural
system.
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isolation experiments led to the identification of two actinomycete
morphotypes, one red and one white. Both were determined to be
part of the monophyletic clade related to Streptomyces thermosacchari
through DNA sequencing and 16S rDNA analysis. The red and white
Streptomyces morphotypes were referred to as SPB74 and SPB78,
respectively.

Pairwise challenge bioassays on yeast malt extract agar demon-
strated that the red morphotype SPB74 bacterium inhibited the
growth of O. minus, whereas having only a slight effect on
Entomocorticium sp. A growth. A suitable set of growth conditions
for scale-up were determined using YMEA and YPM (yeast extract,
peptone and mannitol) liquid media. EtOAc extraction of the liquid
medium followed by fractionation using C18 stationary phase and
hexane partitioning afforded a polyene peroxide, which was given the
name mycangimycin (CyoH,40,) (Figure 5) based on the mycangium
where SPB74 was isolated. Mycangimycin is light sensitive, decom-
poses at high concentrations and behaves poorly on silica or C18
resins.** It contains a conjugated heptaene, carboxylic acid and a 1,2-
dioxolane moiety. The syn substitution pattern of the dioxolane was
determined through a ROESY NMR experiment, verification of the
peroxide functionality was performed by scission of the peroxyl O-O
bond through Zn/AcOH reduction of mycangimycin methyl ester
(formed through reaction with TMS-diazomethane) and absolute
stereoconfiguration was established on the resultant syn 1,3-diol
through a modified Mosher procedure.*>

Mycangimycin was found to have an antifungal activity against
Saccharomyces cerevisiae and various C. albicans strains with a
similar level of potency observed against O. minus (MIC ranges:
0.4-2.5pugml )4 Additionally, as mycangimycin and some
antimalarial drugs (for example, artemisinin*® and synthetic 1,3,5-
trioxolanes*”) share peroxyl moieties,*® mycangimycin was tested in
an antimalarial assay against Plasmodium falciparum.*® An ECsq of
17ngml ! was observed for mycangimycin, which is very similar to
the ECsy values of other clinical antimalarial drugs such as
artemisinin, chloroquine, mefloquine and pyrimethamine, which
have ECs values in the range of 10ngml 1.

Whereas SPB74 had inhibitory activity against O. minus in the
pairwise challenge bioassay, no activity was observed with SPB78
(white Streptomyces morphotype). However, upon further studies
through a differential metabolomics strategy, SPB78 was found to
produce novel antifungal compounds.®® SPB78 was subjected to
various growth conditions, and cultivation on YMS (yeast extract,
malt extract and soluble starch) agar plates led to the production of
new metabolites as observed through LC-MS. Subsequent scale-up,
EtOAc extraction, fractionation through CI18 resin and semi-
preparative HPLC on a C18 column led to the isolation of two new
polycyclic tetramate macrolactams: frontalamides A (Cy9H36N,07)
and B (CyyH3¢N,O¢) (Figure 6). They were named after the SPB
(D. frontalis) from which SPB78 was isolated. Both frontalamides
A and B exhibit structural similarity with alteramide A,
cylindramide,52 discodermide,”? ikarugamycin,54 maltophilin55 and

o 0-0

Figure 5 Structure of mycangimycin.
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dihydromaltophilin.>® The biosynthetic cluster for the frontalamides
was identified and a mutant in which one of the genes was deleted
led to the isolation of structurally related polycyclic tetramate
macrolactam compounds. A pairwise challenge bioassay between
O. minus and SPB78 performed on a YMS agar plate identified that
the frontalamides have antifungal activity against O. minus. This case
emphasizes the importance of employing both a variety of growth
conditions and bioinformatic analysis in order to fully explore the
bacterial metabolome.

Subsequent genomic mining studies with the frontalamide biosyn-
thetic gene cluster in the same report revealed that other actino-
bacteria and proteobacteria carry similar clusters. A screen of
environmental actinomycete isolates using a degenerate primer-based
PCR method was employed in order to detect a conserved sequence
of the frontalamide gene cluster. This experiment successfully
identified isolates that carry frontalamide-like clusters. Expression
studies indicated that these isolates produced polycyclic tetramate
macrolactam metabolites. A subsequent study in the Clardy labora-
tory reported the isolation of new polycyclic tetramate macrolactams,
named clifednamides A (Cy9H3¢N,O5) and B (CygH34N,Og), from
Streptomyces sp. JV178 (Figure 6).%” Therefore, the potential to isolate
more frontalamide analogs clearly exists, which can allow for
structure activity relationship insights into this class of antifungal
agents.

FUNGUS-GROWING TERMITES

Fungus-growing termites (Isoptera) participate in agricultural prac-
tices by cultivating Termitomyces. The termites gather a pile of fecal
deposits that contain plant material to form a comb that Termito-
myces is able to degrade.®®* The fungi then produce nodules
(primordial fruiting bodies) that are consumed by the termites, in
addition to the digesting parts of the fungal comb, for nourishment.
The fungal cells from the nodules survive passage through the
termite’s digestive system and inoculate other fecal combs crafted

o O
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Figure 6 Structures of frontalamides A and B and their biosynthetic
analogs, and clifednamides A and B.



by the termites. Nodules that are not consumed by the termite
develop into sexual basidiospores, which are wind-distributed to
other locales and serve as the inoculum for new fungal gardens in
other termite colonies.®® This mutualistic relationship has an
important role in the degradation of plant matter in Southeast Asia
and Sub-Saharan Africa.®!~%* However, the growth of Termitomyces
can be negatively perturbed by a competitor fungus
(Pseudoxylaria),®>7 whose fruiting bodies frequently occur in
abandoned termite nests®®® and is known to outcompete
Termitomyces fungal gardens when no termites are present.5¢7%71

In an analogous manner to fungus-growing ants and SPBs, fungus-
growing termites may have evolved symbiotic strategies to suppress
the growth of pathogenic fungi, such as Pseudoxylaria, within their
nests. A recent report from Visser et al.”?> described efforts to search
for symbiotic bacteria that exert selective antifungal activity against
Pseudoxylaria. Actinobacteria were found throughout all 30 sampled
fungus-growing nests and colonies from isolation studies, and
phylogenetic analysis revealed that they are interspersed with strains
that originate from species other than fungus-growing termites.
Pairwise challenge bioassays indicated that many of the
actinobacteria were able to produce antifungal agents that inhibit
Pseudoxylaria; however, they also inhibit Termitomyces. These
observations are compatible with the following possibilities: (1) no
defensive symbionts are present in the system, (2) defensive
symbionts represent a subset of the isolated community that have
not been identified or successfully cultivated ex situ, (3) the growth
conditions in the pairwise challenge assay did not elicit expression of
selective antifungal agents or (4) the non-selective antifungal
compounds are directly applied to infected areas within the fungal
garden by the termites. Further research by the Clardy and Currie
laboratories is currently exploring the nature of the termite
agricultural relationship and the discovery of selective antifungal
agents from these systems.

A preliminary study in the Clardy, Currie and Bugni laboratories
described a metabolomics strategy based on dereplication to find new
secondary metabolites from a fungus-growing termite-associated
Streptomyces.”> A total of 30 Streptomyces spp. were initially
analyzed and one Streptomyces sp. (MspM5) was determined to
produce novel compounds upon performing principal component
analysis of LC-MS traces and querying the high-resolution mass in
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Figure 7 Structures of microtermolides A and B.
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Antibase. Scale-up culturing of MspM5 was performed on solid ISP-2
medium. The solid medium was extracted with EtOAc, and purified
using standard and HPLC chromatography using C18 resin to afford
microtermolides A (Cy3H37N30¢) and B (C,,H35N307) (Figure 7).
Both secondary metabolites are depsipeptides that are proposed to be
biosynthesized through hybrid PKS-NRPS pathways, and microter-
molide B is a member of the rare class of linear depsipeptides, which
includes several cyanobacteria-produced compounds: dolastatin 15,74
gallinamide A,”> symplocin A”® and symplostatin 3.”7 Microtermolide
B appears to be the first example of a linear depsipeptide produced by
a Streptomyces sp. It is unclear whether microtermolide B is a
precursor to microtermolide A, and if so, whether this transforma-
tion requires enzyme catalysis. Neither microtermolides had activity
against Bacillus subtilis 3610 or S. cerevisiae; however, studies are
underway in the Clardy laboratory to determine activity of these
compounds towards Pseudoxylaria and other termite crop pathogens.

CONCLUDING REMARKS

Insect agricultural systems provide a very promising source for
discovering novel antibiotics produced by the associated bacterial
symbionts as illustrated by the aforementioned examples. It is clear
that continued study of the symbiotic bacteria that maintain robust
insect-farming systems can afford undiscovered molecules with
therapeutic potential. These studies will also address basic scientific
questions because they place naturally occurring small molecules in
their ecologically and evolutionarily relevant contexts. The only
reason that the minuscule fraction of small molecules that occur
naturally have any special significance is their evolutionary history, the
numerous rounds of mutation, selection and expansion that have
shaped the molecules that can be found today. Ironically, we know
little about how biosynthetic pathways evolved or how molecules were
selected. The molecules produced by the bacterial symbionts of insect
agricultural systems can address these questions, as both the phylo-
geny of the bacteria and their intended purpose are reasonably clear.
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