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ABSTRACT: Fungus-growing ants engage in a multilateral
symbiosis: they cultivate a fungal garden as their primary food
source and host symbiotic actinobacteria (Pseudonocardia spp.)
that provide chemical defenses. The bacterial symbionts produce
small specialized metabolites that protect the fungal garden from
specific fungal pathogens (Escovopsis spp.), and in return, they are
fed by the ant hosts. Multiple studies on the molecules underlying
this symbiotic system have led to the discovery of a large number
of structurally diverse antifungal molecules, but somewhat
surprisingly no shared structural theme emerged from these
studies. A large systematic study of Brazilian nests led to the
discovery of the widespread production of a potent but overlooked
antifungal agent, which we named attinimicin, by nearly two-thirds of all Pseudonocardia strains from multiple sites in Brazil. Here we
report the structure of attinimicin, its putative biosynthetic gene cluster, and the evolutionary relationship between attinimicin and
two related peptides, oxachelin A and cahuitamycin A. All three nonribosomal peptides are structural isomers with different primary
peptide sequences. Attinimicin shows iron-dependent antifungal activity against specific environmental fungal parasites but no
activity against the fungal cultivar. Attinimicin showed potent in vivo activity in a mouse Candida albicans infection model
comparable to clinically used azole-containing antifungals. In situ detection of attinimicin in both ant nests and on worker ants
supports an ecological role for attinimicin in protecting the fungal cultivar from pathogens. The geographic spread of the attinimicin
biosynthetic gene cluster in Brazilian Pseudonocardia spp. marks attinimicin as the first specialized metabolite from ant-associated
bacteria with broad geographic distribution.

■ INTRODUCTION

Several insect familiesants,1 termites,2 beetles,3 and
bees4,5cultivate fungi as their primary food source. The
fungus-growing attine ants, which have been tending fungal
gardens for 50 million years, represent one of the most
successful.1 Attine ants had a single origin in the Amazon6

followed by dispersion to Central America and the rest of the
Neotropics.7 This model is supported in part by finding close
relatives of the ants’ fungal cultivars only in wet tropical forest
environments.7,8 It is believed that the ants moved to Central
America through multiple migration events, with the earliest
event occurring about 25 million years ago, prior to the closure
of the Panamanian isthmus.9−11

Specialized fungal parasites, Escovopsis spp., pose existential
threats to fungus-growing ant colonies, and the ants employ
several mechanisms, including the mechanical removal of
fungal spores from the nest12 and the formation of symbiotic
relationships with actinobacteria belonging to the genera
Pseudonocardia and Streptomyces, to survive.13 The bacterial
symbionts protect the fungal cultivar by producing antifungal
metabolites that selectively kill fungal pathogens but leave the

cultured fungal crop intact (Figure 1). Since the discovery of
this specialized symbiosis between fungus-growing ants and
their actinobacterial symbionts, many studies led to the
discovery of structurally diverse biologically active compounds
isolated from actinomycetes associated with attine ants.
Examples include candicidin,14,15 valinomycin,16 actinomy-
cins,16,17 antimycins,16 isolated from Streptomyces, and
dentigerumycins,18 pseudonocardones,19 selvamicin,20 and 9-
methoxyrebeccamycin,21 isolated from Pseudonocardia. One
curious feature shared by all of those examples (and others)
was their limited distribution. The highly diverse suite of
molecular structures seemed to reflect a highly fragmented and
geographically limited evolutionary history. No unifying
structural motifa molecular framework that is geographically
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widespreadwas observed for any of the molecules reported
to date.
Here, we describe a nonribosomal peptide, attinimicin, that

is produced by more than 70% of all Pseudonocardia spp.
isolated across four geographical regions in Brazil with an
aggregate area of almost two-million square kilometers.
Attinimicin selectively inhibits growth of the fungal pathogen
Escovopsis spp. but shows no activity against the fungal cultivar.

In addition, attinimicin shows potent, iron-dependent
bioactivity in a mouse Candidiasis model.

■ RESULTS AND DISCUSSION

Forty-two ant-associated Pseudonocardia strains were isolated
from four different geographical locations in Brazil: Adolpho
Ducke Reserve (Amazonas), Anavilhanas National Park
(Amazonas), Itatiaia National Park (Rio de Janeiro), and the
University of Saõ Paulo campus at Ribeiraõ Preto (Saõ Paulo)
(Supporting Information, Table S1). The 16S rRNA gene as
well as three housekeeping genes (atpD, dnaA, and gyrA) were
amplified, sequenced, and used for phylogenetic analysis along
with the same set of genes from 47 Pseudonocardia spp. that
were previously isolated from ant nests in Panama (Supporting
Information, Table S2). Our phylogenetic studies show that
the Pseudonocardia species isolated in Brazil form a mono-
phyletic clade with the exception of strains isolated from
Itatiaia National Park in the state of Rio de Janeiro that form
an additional monophyletic clade, and two other Brazilian
isolates that group with the Panamanian strains (Figure 2).
Motivated by the likelihood that these ant-associated
Pseudonocardia isolates were involved in protecting the fungal
cultivar from invading pathogenic fungi, we subjected all 42
Brazilian Pseudonocardia strains to a binary interaction screen
against fungal pathogens (Supporting Information, Figure S1).
In total, 16 strains (38% of all strains tested) showed antifungal
activity, and these strains were subsequently cultured,
extracted, and subjected to untargeted LC-MS/MS metab-
olomics analysis.
Surprisingly, 62.5% of the strains that showed initial activity

in our binary interaction screen produced a metabolite with a
mass of m/z 636.2318 [M + H]+ (Supporting Information,
Figure S2, Table S3), which indicated a molecular formula of
C27H37N7O11 and a classical peptidic fragmentation pattern

Figure 1. Symbiotic interactions in the attine ant system. Green
arrows represent mutualistic relationships, and red T-bars indicate
antagonism. Collecting sites in Brazil are shown.

Figure 2. Phylogenetic representation of ant-associated Pseudonocardia spp. from Brazil and Panama. Strains are colored according to their
collecting sites. Ant-associated Amycolatopsis sp. ICBG590 was chosen as the outgroup. The phylogeny is based on the concatenated sequence of
the 16S rRNA gene and three housekeeping genes (atpD, dnaA, and gyrA). Bootstrap support values (pink circles) are based on 1000 bootstrap
replicates. * genome sequenced strains; Brown squares: LC-MS-based detection of attinimicin in the extract of the corresponding strain; orange
squares: PCR-based detection of the att biosynthetic gene cluster; yellow squares: attinimicin producers based on either LC-MS or PCR detection.
Gray squares: no detection of attinimicin or the corresponding gene cluster.
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(Supporting Information, Figure S3). This observation stood
out as all previously reported active metabolites from insect-
associated bacteria are restricted to one or a few producing
strains.14−21 Widespread distribution of a single active product
had not been reported. In order to investigate the production
of this metabolite, 89 Pseudonocardia spp.42 from Brazil and
47 from Panamawere grown in small scale, and individual
chemical extracts were analyzed by LC-MS to determine if the
metabolite is constitutively produced. Intriguingly, the
molecule was not detected in any of the extracts from
Panamanian strains but was detected in 12 of the 42 Brazilian
strains analyzed. Database search (Antibase, NPAtlas, Sci-
Finder) identified two known compounds with an identical
exact mass: oxachelin A, produced by Streptomyces sp. GW9/
125822 (1), and cahuitamycin A (2), isolated from
Streptomyces gandocaensis23 (Figure 3). Both have the same

amino acid composition, albeit a different primary sequence.
Intriguingly, tandem mass spectra from the compound
produced by the Brazilian ant-associated Pseudonocardia
isolates was not consistent with either of the two amino acid
sequences reported for 1 and 2, indicating that Pseudonocardia
spp. produced a distinct but related metabolite.
Two consecutive rounds of reverse phase HPLC fractiona-

tion guided by the antifungal activity and the detected mass
(m/z 636.2318 [M + H]+) of the compound identified in our
binary interactions screen led to the isolation of the novel
peptide that we named attinimicin (3) after the tribe Attini to
which the ant hosts belong (Figure 3). The 1H NMR spectrum
revealed a peptide, with signals corresponding to four amide
protons (δH 8.33, 8.23, 8.21, and 7.64) and five α-protons (δH
4.96, 4.92, 4.36, 4.30, and 2.37). In the case of the β-alanine
(β-Ala) residue, the α-protons are more shielded as the
nitrogen atom is linked to the β-carbon rather than the α-

carbon. 1D and 2D NMR spectra suggested the presence of an
aromatic ABCD-spin system, showing signals at δH 7.63 (dd),
7.46 (dt), 7.00 (d), and 6.94 (t), with δC 128.1, 134.0, 116.6,
and 119.1, respectively. Analysis of the COSY correlations
revealed six spin systems, and interpretation of HMBC signals
allowed us to elucidate the structure of attinimicin as a linear
peptide with an ortho-substituted aromatic ring, an oxazoline
ring, a β-Ala residue, a Ser residue, and two modified
ornithinesa Nδ-hydroxy-Nδ-formylornithine (N-OH-N-form-
yl-Orn) and a cyclic Nδ-hydroxyornithine (N-OH-Orn)
(Supporting Information, Figures S4−S10, Table S3).
The absolute configuration of the individual amino acids in

3 was determined by Marfey’s method24 (Supporting
Information, Figure S11, Table S5). Hydrolysis, derivatization
with L-FDAA, and analysis of the derivatized hydrolysate by
LC-MS revealed the presence of equal amounts of D-Ser and L-
Ser as well as exclusively L-Orn residues. In comparison,
oxachelin A and cahuitamycin A exclusively harbor L-Ser, and
D-Orn residues, and this pattern is almost completely reversed
in attinimicin.
The observed differences between attinimicin, oxachelin A,

and cahuitamycin A are likely resulting from different
biosynthetic origins. Identifying the putative biosynthetic
gene cluster (BGC) for attinimicin biosynthesis would
therefore likely not only reveal insights into the evolution of
the biosynthetic pathways that give rise to 1, 2, and 3 but also
open up the possibility to bioinformatically determine the
position of both L/D-configured Ser residues identified by
Marfey’s analysis.
We therefore isolated genomic DNA from eight selected

attinimicin producers (* in Figure 2), subjected them to
PacBio sequencing, and assembled the genomes using the
Canu pipeline (Supporting Information, Table S6).25 The draft
genome sequences were mined for a conserved candidate
attinimicin BGC present in all sequenced producers using
antiSMASH5.0.26 A putative BGC for attinimicin biosynthesis,
further referred to as the att BGC, was identified as part of a
large biosynthetic island that also harbors a modular polyketide
synthase BGC. The involvement of the conserved att BGC in
attinimicin biosynthesis is furthermore supported by BiG-
SCAPE27 analysis (Supporting Information, Figure S12),
which groups gene clusters according to their relatedness in
a similarity network. This analysis revealed the att BGC as the
only conserved peptide BGC (ribosomal and nonribosomal
peptide BGCs) present in the genomes of all sequenced
producers. In addition, it shows strong similarity to the BGC
responsible for cahuitamycin A biosynthesis. The putative att
BGC encodes a nonribosomal peptide synthetase (NRPS) that
is the only conserved peptide BGC identified in all sequenced
attinimicin producers (Figure 4). The att BGC comprises three
NRPS genes that are flanked by genes encoding transporters,
and enzymes involved in precursor biosynthesis and tailoring
reactions (Figure 4a, Supporting Information, Table S7). The
three NRPS proteins harbor in total five elongating modules
each of which incorporates one amino acid into the peptide
backbone, which is in agreement with the characterized
structure of 3. In-silico adenylation domain substrate specificity
predictions were furthermore in good agreement with the
structure of 3 (Supporting Information, Table S8). The
biosynthesis of 3 involves the production of salicylate from
isochorismate, likely catalyzed by the salicylate synthase
homologue AttG, that serves as the first building block loaded
onto the first peptidyl-carrier protein (Figure 4b). The first

Figure 3. Structures of oxachelin A (1), cahuitamycin A (2), and
attinimicin (3).
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Figure 4. Bioinformatic analysis of the putative attinimicin biosynthetic gene cluster. (A) Attinimicin biosynthetic gene cluster. Colored rectangles
indicate the domains shown in B. Horizontal black bars represent regions amplified for PCR-based detection of the att BGC (left) and att-like BGC
(right); (B) proposed model for attinimicin biosynthesis. A, adenylation domain−amino acids in subscript indicate the monomers incorporated
into the nascent peptide; PCP, peptidyl carrier protein; Cyc, cyclization domain; DCL, condensation domain that catalyzes the peptide bond
between the terminal D-amino acid of the growing peptide chain and an L-amino acid to be incorporated; LCL, condensation domains condense two
L-amino acids; E, epimerization domain; (C) Proposed evolutionary relatedness between the attinimicin and other siderophore NRPSs based on
phylogenetic analysis of adenylation domains (for a detailed representation see Supporting Information, Figure 14). Only relationships between
attinimicin and other clusters are shown. Horizontal black lines represent domains encoded on the same gene; colored vertical lines and colored
horizontal connections represent domains that are evolutionarily related and/or duplicated.
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module putatively elongates the nascent peptide with a L-Ser
residue as determined by the adenylation domain specificity
and in-silico analysis of the corresponding heterocyclization
domain. The heterocyclization domain is likely responsible for
oxazoline ring formation. Modules 2 and 3, encoded on attE,
are putatively involved in incorporating the β-Ala and D-Ser
residues, respectively. The presence of a condensation domain
belonging to the DCL class in the subsequent module indicates
the incorporation of a D-Ser residue, which is in agreement
with our Marfey’s analysis. The lack of a module-encoded
epimerization domain in all sequenced strains, and the absence
of a dual condensation-epimerization domain in module 3,
suggests that L-Ser is either epimerized prior to its
incorporation into the nascent peptide or alternatively that
the C-terminal epimerization domain remotely epimerizes L-
Ser to D-Ser. The final two modules are likely responsible for
the incorporation of two L-Orn residues. Both residues are N-
hydroxylated to form the characteristic hydroxamate residue
putatively catalyzed by the ornithine N-monooxygenase AttA
followed by formylation likely catalyzed by the formyl
transferase AttF in the case of the first Orn residue and
lactam ring formation in the case of the second Orn residue.
Intramolecular lactamization is likely the mode of chain release
that could be catalyzed by AttI that belongs to the α/β
hydrolase superfamily. A similar reaction has been postulated
for the biosynthesis of other NRPS-derived siderophores
(amychelin, coelichelin, and taiwachelin).28−30 As an alter-
native, and since the C-terminal E-domain of AttE is not
responsible for epimerization of the terminal N−OH-Orn, it is
tempting to speculate that it is involved in the release from the
assembly line. This scenario is supported by the model for
scabichelin biosynthesis.31 The scabichelin BGC likewise
encodes an NRPS that harbors a seemingly superfluous C-
terminal epimerization domain but does not contain a gene
encoding an α/β hydrolase or any other gene involved in
peptide chain release. As a consequence, it was speculated that
the epimerization domain might be involved in peptide
release.31

The similarity of attinimicin with cahuitamycin A and
oxachelin A suggests that all three corresponding BGCs have
evolved from a common ancestor. While the cahuitamycin
BGC has recently been reported,23 the BGC responsible for
oxachelin is still elusive. Phylogenetic analysis of all domains
encoded in the attinimicin and cahuitamycin BGCs along with
a representative set of homologous domains retrieved from the
antiSMASH database32 and all publicly available NRPS
hydroxamate-siderophore BGCs point to the following evolu-
tionary relationship between both pathways: (1) modules of
the att and cah NRPSs have been swapped. This is the case for
both the β-Ala incorporating module 2 of the att NRPS, which
corresponds to module 5 in the cah NRPS as well as the Ser-
incorporating module 1 in the att NRPS corresponding to
module 1 in the cah NRPS (Figure 4c). (2) The modules
responsible for Orn incorporation appear to have different
origins: While the module responsible for the incorporation of
the first Orn residue is conserved between both NRPSs, the
second module has a different origin in both pathways. In the
case of the cah NRPS, the second Orn-incorporating module
was likely acquired from elsewhere as indicated by our
phylogenetic analysis. In the case of the att NRPS, however,
the second Orn-incorporating module is a result of a likely
duplication event in which the adenylation domain of the
second Orn-incorporating module is a duplication of the

upstream Orn-specific adenylation domain (92% sequence
identity) (Supporting Information, Figure S13). The con-
densation domain of module 5, on the other hand, seems to
have evolved from the duplication of the condensation domain
encoded in module 3 rather than the other Orn-incorporating
module 4 (Supporting Information, Figure S14).
On the basis of the biosynthetic insights gained, we next

explored whether the number of producing strains identified in
our initial metabolomic analysis is in agreement with the
number of strains that harbor the attinimicin or a related BGC.
We therefore designed two sets of degenerate primers for the
detection of genes that are (1) likely conserved between the
attinimicin and related BGCs such as the α/β hydrolase or (2)
unique for the biosynthesis of attinimicin, such as the NRPS
fragment that spans the adenylation domain with substrate
specificity for β-Ala two modules upstream of the adenylation
domain specific for L-Orn. Both primer pairs were used to
screen all of the Brazilian and Panamanian Pseudonocardia
isolates. No att-like BGC was detected in the Panamanian
strains. This result is in agreement with genome mining studies
of 44 publicly available ant-associated Pseudonocardia genomes
from bacteria isolated in Panama that were likewise devoid of
an att or cah-like BGC (Figure 2). In total, 73% of Brazilian
strains were positive for both primer pairs suggesting the
presence of att-like BGCs. This result indicates that the att
BGC is present in significantly more genomes than indicated
by our metabolomic analysis, suggesting that some att-like
BGCs might be silent under standard laboratory culture
conditions or produce attinimicin at concentrations below our
detection limit (Figure 2). Finally, we wanted to determine
whether 3 could be detected in situ, on collected Acromyrmex
ants and within fungal gardens at Itatiaia National Park (RJ,
Brazil). Both sample types were extracted and subjected to LC-
MS/MS analysis, and attinimicin was detected in both sample
types in 12 out of the 31 samples (38.7%) (Supporting
Information, Table S9), as revealed by comparison with an
authentic standard and matching fragmentation patterns. The
in situ detection of 3 in more than one-third of all samples
indicates that attinimicin is produced in its natural habitat.
Such high conservation of a secondary metabolite and clear

in situ production indicates that attinimicin likely plays an
important ecological role for either the producing bacterium or
ant host. We therefore explored two likely ecological functions:
(1) Attinimicin is an iron chelator (siderophore) based on its
structural similarity to reported siderophores with 2-hydrox-
ybenzoyl-oxazoline and hydroxamate residues. Iron chelation
could provide either the ant host or its fungal cultivar with
iron. And (2) Attinimicin’s antifungal activity protects the
fungal cultivar from infections by pathogenic fungi.
The affinity of attinimicin toward iron was quantified by

EDTA titration33 resulting in a moderate pFeIII value of 18.57
± 0.81 (Supporting Information, Figure S15), which is in the
range of structurally related compounds such as cahuitamycin
but significantly lower than siderophores produced by other
bacteria or used to treat acute iron poisoning (Supporting
Information, Table S10). To test the metal ion selectivity of 3,
attinimicin was incubated with a suite of different metals.
Attinimicin chelates Ga3+ (Supporting Information, Figure
S16), but does not coordinate Ca2+, Zn2+, Cu2+, and Mg2+.
When incubated with a mixture containing all metals in
equimolar ratio, attinimicin showed a strong selectivity for iron
(Supporting Information, Figure S17).
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To test our second hypothesis, we evaluated the biological
activity of attinimicin against three different pathogens of the
fungal cultivar. While iron-bound attinimicin had no inhibitory
activity against any of three Escovopsis spp. tested, iron-
depleted attinimicin showed moderate activity (MIC 12.5 μg/
mL) against all three pathogens (Figure 5, Supporting

Information, Figure S18). Notably, it did not show any
activity against the fungal cultivar Leucoagaricus gongylophorus
ICBG107 independent of the presence or absence of iron
(Supporting Information, Figure S19).
Since attinimicin’s inhibitory activity against ant nest

pathogens was dependent on the absence of iron, we reasoned
that it might show in vivo activity as iron is almost exclusively
bound to hemoglobin, myoglobin, transferrin, or ferritin in
mammals, all of which have higher iron-binding affinities than
attinimicin. We therefore tested both the iron-bound as well as
iron-depleted attinimicin in a neutropenic mouse disseminated
candidiasis model.34,35 In short, neutropenia was chemically
induced, the compromised mice injected with Candida
albicans, and the infected mice treated with attinimicin,
clinically relevant antifungals or buffer. Mice were subsequently
sacrificed, and C. albicans CFUs were determined from
kidneys. These studies confirmed our in vitro studies and
showed that the iron-bound form of attinimicin is inactive.
Treatment with the iron-depleted attinimicin formulation, on
the other hand, resulted in a significant reduction of fungal
burden in the range of the clinically relevant antifungal
triazoles (Supporting Information, Figure S20).36,37

■ CONCLUSION
The fungus-growing ant symbiotic system is a remarkable
evolutionary success story beginning with a single species some
50 million years ago and expanding to over 200 species today.
Fungus-growing ants have also become the dominant
herbivores in the planet’s neotropical regions. Studies on the
molecular exchanges that maintain the multilateral symbiotic
system have both informed chemical ecology and provided
new molecules and potential therapeutic agents. This study
was designed to provide a systematic molecularly based survey
of Brazilian attine ants, and the unexpected but major finding is
a broadly dispersed and previously unreported antifungal
agent: attinimicin.
Attinimicin was discovered through a phenotypic screen for

antifungal compounds produced by the bacterial symbionts of
fungus-growing ant nests. Correlation studies in combination
with in depth bioinformatic analysis suggest that it is produced
by the att NRPS pathway, and its structure and biosynthetic
pathway are related to several previously reported NRPS-
derived molecules, especially cahuitamycin, which also has a

defined biosynthetic gene cluster. Attinimicin’s wide geo-
graphic distribution distinguishes it from other antifungal
metabolites that have been identified from the fungus-growing
ant system.
Attinimicin’s broad geographic distribution appears to be

limited to Brazil. Its absence in Pseudonocardia isolates from
Panama suggests, as does our phylogenetic analyses, that
Brazilian and Panamanian ants have established and coevolved
symbiotic relationships with different subfamilies of the genus
Pseudonocardia. Comparison of the att NRPS with the cah
NRPS suggests a common biosynthetic ancestor and that the
differences between both pathways are likely a result of module
swapping, the duplication of domains, and the loss of a single
module or the gain of a module from elsewhere.
There were two findings in our studies on attinimicin that,

while not germane to the main story, are worth noting. The
first is attinimicin’s potent in vivo activity but negligible in vitro
activity. This differential activity is probably related to the
second unexpected finding in our study: attinimicin’s
antifungal activity is iron-dependent. It is only active when
not bound to iron. There are many examples of iron-
dependent antibiotic activity, but in most of them the
antibiotic functions as a siderophore; it binds iron tightly
and prevents the target organism from accessing it. The
structural conservation of residues involved in iron-chelation
between cahuitamicin, oxachelin, and attinimicin suggests that
iron binding is an important feature, but its moderate iron
binding affinity (pFeIII ≈ 19) does not seem consistent with
that mechanism. Enterobactin, a typical bacterial siderophore,
has a pFeIII of 36.6, making it a 1017 tighter iron binder.30 It is
possible that attinimicin retards growth rather than kills as part
of a strategy to limit resistance development by decreasing
selective pressure.38 In addition, attinimicin is likely one
component in a suite of antifungal molecules. Determining
attinimicin’s mechanism of action will require further studies,
but its in vivo ability to reduce fungal burdens in mammals as
well as clinically used therapeutics could justify such studies.
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