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Abstract Bacteria and fungi in shared environments com-
pete with one another for common substrates, and this
competition typically involves microbially-produced
small molecules. An investigation of one shared environ-
mental niche, the carton material of the Formosan subter-
ranean termite Coptotermes formosanus, identified the
participants on one of these molecular exchanges.
Molecular characterization of several termite-associated
actinobacteria strains identified eleven known antimicro-
bial metaboli tes that may aid in protect ing the
C. formosanus colony from pathogenic fungal infections.
One particular actinobacterial-derived small molecule,
bafilomycin C1, elicited a strong chemical response from
Trichoderma harzianum, a common soil saprophyte.
Upon purification and structure elucidation, three major
fungal metabolites were identified, t22-azaphilone,
cryptenol, and homodimericin A. Both t22-azaphilone
and homodimericin A are strongly upregulated, 123- and
38-fold, respectively, when exposed to bafilomycin C1,
suggesting each play a role in defending T. harzianum
from the toxic effect of bafilomycin C1.

Keywords Trichoderma harzianum .Coptotermes
formasanus . Termite . Actinobacteria . Induction

Introduction

Throughout their evolutionary history insects have engaged in
mutually beneficial associations withmicrobes, including bac-
teria belonging to the chemically rich class of actinobacteria
(Kaltenpoth 2009; Caldera et al. 2009; Crawford and Clardy
2011; Nett et al. 2009). In paradigmatic insect-bacteria sys-
tems the insect provides essential nutrients to the microbe and
the bacteria provides a fitness advantage to the insect, such as
an efficient chemical defense. Previous reports have illustrated
the ability of actinobacteria associated with a variety of insects
– beetles, ants, termites, and beewolf wasps – to protect the
insect hosts from infections by ecologically relevant patho-
gens (Scott et al. 2008; Oh et al. 2009a, 2009b; Carr et al.
2012; Kaltenpoth et al. 2005; Kroiss et al. 2010). These stud-
ies exemplify the extraordinary potential of actinobacteria to
produce structurally diverse antimicrobial agents, as illustrat-
ed by dentigerumycin, mycangimycin, and microtermolides
(Oh et al. 2009a, 2009b; Carr et al. 2012). In contrast, studies
on the molecular basis of the microbial pathogens’ response to
the actinobacterial defenses in an ecologically relevant frame-
work are sparse.

The Formosan subterranean termite, Coptotermes
formosanus, is an invasive and highly destructive insect,
causing an estimated billion dollars per year in infrastruc-
ture damage and control cost in the United States alone
(Lax and Osbrink 2003; Rusk and Su 2012). This termite
species builds large underground nests that can contain
more than one million individuals with foraging tunnels
up to 100 m (King and Spink 1969; Su and Scheffrahn
1988). Due to the sheer size of these nests, they can be
difficult to control via conventional soil insecticide treat-
ments (Su and Scheffrahn 1998) and biological control
attempts failed to eliminate field colonies (Culliney and
Grace 2000; Grace 1997; Lax and Osbrink 2003;
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Chouvenc et al. 2011). The core of the termite nest is
filled with ‘carton material’, a sponge-like structure com-
posed of nutritious chewed wood particles and fecal ma-
terial that promotes the growth of mutualistic and oppor-
tunistic microbes, including parasites and pathogens
(Chouvenc et al. 2013a). Preventing pathogenic fungi or
other microbes from proliferating in the termite colony
and on the fecal nest structure requires multiple mecha-
nisms, including mutual- and self-grooming behavior by
the termites to avoid bringing spores or fungal mycelia
into the nest (Yanagawa et al. 2008; Chouvenc and Su
2010; Chouvenc and Su 2012). It also involves mutualis-
tic relationships with beneficial microbes, especially the
actinobacteria found within the carton material of the
nests that significantly reduce the rate of infections by
the fungal entomopathogen Metarhizium anisopliae
(Chouvenc et al. 2013b).

We now report our recent efforts to evaluate the extracts
from nine actinobacteria strains isolated from C. formosanus
nests, that were previously identified to possess antifungal
activity along with an initial examination of the fungal re-
sponses they induce (Chouvenc et al. 2013b). The current
study led to the identification of eleven known biologically
active bacteria-derivedmetabolites with antimicrobial activity.
Interestingly, one Streptomyces metabolite induces the pro-
duction of cryptenol (1), t22-azaphilone (2), and
homodimericin A (3) in Trichoderma harzianum (Fig. 1), an
ecologically relevant soil fungus that is known to take over the
carton material of collapsed termite nests (Chouvenc et al.
2013a). The induction of these metabolites led to insights into
the chemical interactions that are possibly occurring among
microbes within the termite nest.

Methods and Materials

General Experimental Procedures Optical rotations were
measured on a JASCO P-2000 polarimeter, circular dichroism
spectrum on a JASCO J-815, and UV spectra on an
Amersham Biosciences Ultrospec 5300-pro UV/Visible spec-
trophotometer. NMR spectra were recorded with benzene or
dimethylsufoxide as internal standards (δC 128.06, δH 7.16 for
C6H6 and δC 39.52, δH 2.50 for DMSO) on a Varian Oxford
600 MHz spectrometer equipped with a 5 mm AutoX HCN
triple res inverse probe (600 and 150 MHz for 1H and 13C
NMR, respectively), and on a Varian VNMRS (Varian NMR
System) 500 MHz spectrometer equipped with a broadband
Cold Probe (500 and 125 MHz for 1H and 13C NMR, respec-
tively). LR-LCMS data were obtained using an Agilent 1200
series HPLC system equipped with a photo-diode array detec-
tor and a 6130 quadrupole mass spectrometer. HRESIMS was
carried out using a Bruker Maxis Impact HD LC-q-TOFMass
Spectrometer equipped with an uHPLC system. HPLC

purifications were carried out using Agilent 1100 or 1200
series HPLC systems (Agilent Technologies) equipped with
a photo-diode array detector. All solvents were of HPLC
quality.

Actinobacteria Isolation and Culture Conditions
Actinobacterial strains were isolated from the carton material
of three colonies of the Formosan subterranean termite,
Coptotermes formosanus, and the isolation protocol and char-
acterization of these strains were reported previously
(Chouvenc et al. 2013b). Nine of these actinobacterial strains
– 7 Streptomyces and 2 Kitasatospora strains (Table 1) –were
chosen for chemical investigations based on their interesting
antimicrobial activity. Streptomyces sp. 4231 and
T. harzianumWC13 (Genbank: KX694115) were both isolat-
ed fromC. formosanus colonies, though were not found in the
same colonies. T. harzianumWC13 was isolated from a dying
C. formosanus colony and as the microbial community from
the carton nest also collapsed, T. harzianum became the dom-
inant saprophyte in a case of ecological succession (Chouvenc
et al. 2013a). The actinobacterial strains were grown on 1/5
potato dextrose agar (DB Difco PDA) or 1/5 potato dextrose
broth (DB Difco PDB) for 14 days. Solid agar cultures were
kept at 30 °C in an incubator, while liquid cultures were grown
in shakers maintained at 30 °C and 200 rpm.

General Extraction and Isolation Procedure The solid agar
plates for the actinobacteria and T. harzianum cultures were
exhaustively extracted (5 – one hour soaks) using 2:1 dichlo-
romethane (DCM)—methanol (MeOH), to afford a crude ex-
tract. Liquid cultures were centrifuged and the spent media
was passed through a column of XAD-16 resin. The resin
was subsequently rinsed with deionized water, and washed
with MeOH to elute the organic material. The MeOH wash
was dried using rotary evaporator, yielding a crude extract. All
crude extracts were fractionated by reverse-phase (RP) solid
phase extraction (SPE) using a stepwise gradient solvent sys-
tem of decreasing polarity, starting from 75% water (H2O)/
acetonitrile (ACN) to 100% DCM (five fractions, A-75%
H2O/ACN, B-50% H2O/ACN, C-25% H2O/ACN, D-100%
ACN, and E-100% DCM). All SPE fractions were tested for
antimicrobial activity against Bacillus subtillis, a gram-
positive bacterium and five soil fungi known to opportunisti-
cally be associated with termite nests (Zoberi and Grace 1990;
Chouvenc et al. 2013a), T. harzianum, Beauveria bassiana,
Penicillum sp., Aspergillus nomius, and Metarhizium
anisopliae. SPE fractions that exhibited activity against any
of the microbes were subsequently purified on RP HPLC
using one of the following Phenomenex semi-preparative col-
umns, Kinetex biphenyl, Luna C18(2), Phenyl-Hexyl, or
Hydro-RP, resulting in the purification of 11 known secondary
metabolites (Table 1 and Figs S18-S29).
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Purification of Streptomyces sp. 4231 Metabolites
(Bafilomycins) The D SPE fraction (100% ACN) from
Streptomyces sp. 4231 grown on solid agar (1/5 PDA) induced
pigment formation in T. harzianum and exhibited activity
against B. subtillis and A. nomius, and consequently was sub-
jected to for further purification by RP HPLC. Further frac-
tionation using a Phenomenex 4 μm Luna C18(2) semi-
preparative column, with a gradient from 50% ACN + 0.1%
formic acid (FA)/H2O + 0.1% FA to 100% ACN + 0.1% FA
over 25 min, yielded pure nataxazole, bafilomycin C1
(34.5 mg/L), B1, and D. The isolated material was confirmed
to be bafilomycin C1 (4) via HRLCMS co-injections with
authentic bafilomycin C1 (Enzo Scientific) (Fig. S25).

Preparation of ConditionedMedia (CM) for Trichoderma
harzianum WC13 and Isolation of Induced Metabolites
The solid CM used in the induction studies was prepared
following the previously reported method (Mevers et al.
2016). Briefly, the supernatant from liquid cultures of

Streptomyces sp. 4231 was combined with fresh media (2/5
PDA, 3% agar) and subsequently used to make CM plates
(55 mL; 150 × 15 mm Petri dish). These plates were then
inoculated with refrigerated glycerol spore stocks (in 25%
glycerol) from T. harzianum WC13 (Chouvenc et al. 2013a)
and incubated at 30 °C for 4 days. At this time the plates were
extracted and preliminarily fractionated following the method
described above. The B SPE fraction (50% ACN/H2O) ap-
peared to be enriched with induced yellow pigments and
was thus subjected to further purification by RP HPLC. The
pigments were purified using a Phenomenex Kinetex 5 μm
Biphenyl 100 Å semi-preparative column, with an isocratic
gradient of 35% ACN + 0.1% FA/H2O + 0.1% FA, yielding
4.5 mg/L of culture media of cryptenol (1), 5.8 mg/L of cul-
ture media of t22-azaphilone (2), and 4.3 mg/L of culture
media of homodimericin A (3). Induction levels for com-
pounds 1, 2, and 3 were quantified from SPE fractions using
extracted ion chromatograms (EIC) from LR-LCMS and de-
termined to be 1.2-, 123-, and 38.7-fold increase in

Table 1 Summary of natural
products isolated from termite-
associated actinobacteria and their
reported antimicrobial activity

Active Metabolite Producing Strain Activity Reference

Fungichromin 2392,a 2545,a 2338a Antifungal Shih et al. 2003

Dactinomycin 2338, 2545 Antibacterial Hollstein 1974

Bafilomycin C1 4231a Antifungal and Antibacterial Bowman et al. 1988

Bafilomycin B1 4231 Antifungal and Antibacterial Bowman et al. 1988

Bafilomycin D 4231 Antifungal and Antibacterial Bowman et al. 1988

Nataxazole 4231 inactive Sommer et al. 2008

16-deethylindanomycin 4233a Antifungal and Antibacterial Larsen et al. 1988

Mycotrienin 4326a Antifungal and Antibacterial Sugita et al. 1982

Berninamycin A 2083Ba Antibacterial Reusser 1969

Berninamycin B 2083B Antibacterial Reusser 1969

Streptonigrin 2404b Antibacterial Rao et al. 1963

Strain genus identification: a Streptomyces sp., bKitasatospora sp.
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produced by termite-associated
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production, respectively, when grown in the presence of
30 μM bafilomycin C1 opposed to on 1/5 PDA for the same
amount of time. The bafilomycin C1 containing solid agar
plates were prepared by the addition of 1 mL of a 3 mM
solution of bafilomycin C1 in DMSO to 1 L of freshly
autoclaved 1/5 PDA media.

Determining Relative Configuration of Cryptenol Using
Acetonide Protection An aliquot of cryptenol (1, 0.25 mg)
was dissolved in 300 μL of ethanol (EtOH) and treated with a
small amount of 10% Pd/C and H2 (g) at room temperature (rt)
for 4 h. at which point the reaction mixture was filtered
through a glass plug containing celite. The reaction product
was dried under vaccum, then dissolved in 0.6 mL (3 × 0.2 mL
rinses) of dry DCM and transfered to a 10 mL pear flask that
was previously charged with a small amount of activated 3 Å
molecular sieves. Subsquently, the pear flask was treated with
p-toluenesulfonic acid monohydrate (28 μg, 0.15 μmol) in
0.2 mL of DCM and 2,2-dimethoxypropane (4 μL). The re-
action mixture was stirred at room temperature for 16 h. At
which point, 1 mL of saturated NaHCO3 (aq) was added and
the mixture was extracted three times with DCM. The organic
layer was dried using Na2SO4, filtered over celite, and dried
under vacuum. The reaction product was then analyzed by 1H
NMR using a 3 mm NMR tube (160 μL) in C6D6. The

1H
NMR spectrum of the product was compared (Fig. S8) to two
standards – threo-5,6-dodecanediol and erythro-5,6-
dodecanediol – which were synthesized following the above
procedure, assigning the relative stereoconfiguration as
erythro.

Cryptenol (1): pale yellow oil; [α]26D − 16.8 (c 0.34,
MeOH); UV (MeOH) λmax (log ε) 232 (4.11), 255 (4.20),
265 (4.27), 275 (4.20) nm; NMR (600 MHz, CDCl3) and
13C NMR (125 MHz, CDCl3) see Table 2; HRESIMS [M +
Na]+ m/z 229.1196 (calcd for C13H18NaO2 229.1205, Δ
3.9 ppm). See supporting inforamtion figs. S1-S8.

T22-azaphilone (2): amorphous yellow solid;
[α]26D − 70.6 (c 0.31, MeOH); UV (MeOH) λmax (log ε)
208 (2.87), 282 (2.80), 355 (2.95) nm; NMR (600 MHz,
C6D6) 7.21 (1H, s), 6.53 (1H, dd; 15.2, 11.0), 5.86 (1H, dd;
15.0, 11.0), 5.64 (1H, m), 5.50 (1H, s), 5.28 (1H, d; 15.2), 5.16
(1H, s), 4.24 (1H, m), 2.49 (1H, dd; 13.8, 9.0), 2.30 (1H, dd;
13.7, 3.2), 1.53 (3H, d; 6.8), 1.53 (3H, s), 1.08 (3H, d; 6.2);
13C NMR (125 MHz, C6D6) 192.0 × 2, 171.4, 155.4, 152.5,
141.5, 136.4, 135.3, 130.5, 119.5, 114.2, 109.5, 107.7, 85.1,
65.7, 43.0, 22.3, 21.8, 17.7; HRESIMS [M + H]+ m/z
345.1315 (calcd for C19H21O6 345.1338, Δ 3.7 ppm). See
supporting information figs. S9-S16.

Spot-on-lawn Antimicrobial and Induction Assays
Antimicrobial potential of reduced complex fractions and pure
compounds were assessed using a modified disc-diffusion as-
say. For fungal assays, an aliquot (75–120 μL) of the fungal

spore stock (in 25% glycerol) was added to a 12 mL conical
vial containing 10 mL of 1/5 PDA soft agar (55 °C, 0.75%
agar). The mixture was vortexed and then poured over a plate
of 1/5 PDA (25 mL; 100 × 15 mm Petri dish). For the
B. subtilus assays, 100 μL of an overnight culture (in LB)
was added to 10 mL of the soft agar, and was similarly
vortexed and poured over a LB plate. Upon solidifying
(~10 min), 1.5 μL of each fraction or pure compound resus-
pended in 50% ACN/H2O at 10 mg/mL, was spotted on the
agar along with a solvent control, trying to minimize the sur-
face diffusion. The inoculated assay plates were subsquently
incubated at 30 °C for either 24 h or 72 h for the bacteria and
fungi, respectively, at which point the zones of inhibition were
measured and photgraphed. Determining the induction poten-
tial of fractions from Streptomyces sp. 4231 were assessed in a
similar manner. See previous publication for detailed method
(Mevers et al. 2016).

Determining Minimum Inhibition Concentration of T22-
azaphilone on Solid Agar A parent stock solution of freshly
purified t22-azaphilone was prepared by dissolving an aliquot
in DMSO at 15 mg/mL. A subsequent 1:10 dilution with 100%
water yielded a 1.5 mg/mL solution in 10% DMSO (aq). This
solution was then further diluted to form six working stock
solutions with the final concentrations of 1.5, 0.75, 0.375,
0.190, 0.094, and 0.047 mg/mL. A 0.5 mL aliquot of each
of these working solutions was added to a 50 mL conical vial
containing 14.5 mL of 1/5 PDA (55 °C; 1.5% agar). The
solutions were vortexed and dispensed in 1 mL aliquots per
well into a 24-well sterile plate with each plate containing

Table 2 1H and 13C NMR assignments for cryptenol (1) in d6-DMSO

position δC
b δH (J in Hz)a H2BCa HMBCa COSYa

1 17.8 1.71 (d; 6.7) 2 2, 3 2, 3

2 128.0 5.63 (dq; 15.3, 6.7) 1, 3 1, 4 1, 3

3 131.4 6.03 (dd; 15.3, 10.7) 2, 4 1, 5 1, 2, 4

4 130.0 6.11 (dd; 15.3, 10.7) 5 1, 2, 6 3, 5, 6

5 132.0 5.60 (dd; 15.3, 5.6) 4, 6 3, 6 4, 6

6 74.5 3.86 (t; 5.6) 5, 7 4, 5, 7, 8 4, 5

7 74.5 3.89 (t; 5.6) 6, 8 5, 6, 8, 9 8, 9

8 136.1 5.81 (dd; 15.0, 5.6) 7, 9 7, 10 7, 9

9 129.6 6.20 (dd; 15.0, 10.4) 8, 10 7 7, 8, 10

10 133.3 6.27 (dd; 14.9, 10.4) 9, 11 11, 12 9/11

11 132.1 6.23 (m) 10 10, 12 10, 12, 13b

12 137.1 6.36 (dt; 16.9, 10.1) 13 10 11, 13a, 13b

13a 117.1 5.22 (d; 16.9) 12 11, 12 10, 12, 13b

13b 5.07 (d; 10.1) 12 11, 12 11, 12, 13a

OH(a) 4.87 (bs)

OH(b) 3.42 (bs)

a 600 MHz for 1 H NMR, H2BC, HMBC, and COSY
b 125 MHz for 13C NMR
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three wells per concentration. In addition to the six concentra-
tions of t22-azpahilone, three controls (two wells each) were
plated on every plate – DMSO control (0.5 mL of 10% aque-
ous DMSO), negative control (1/5 PDA), and positive control
(Penicillin-Streptomycin at 500 units and 0.5 mg/mL, respec-
tively). Upon solidifiying, each well was inoculated with 1 μL
of one of the bacterial suspension, Streptomyces sp. 4231 and
2083B and Kitasatospora sp. 2404, adjusted to 1 × 108 cfu/
mL (Wiegand et al. 2008). Plates were incubated for 48 h at
30 °C, at which point the plates were analyzed for bacterial
growth and photographed.

Results

Identification of Antimicrobial Agents Produced by
Termite-Associated Actinobacteria Nine termite-associated
actinobacterial strains – 7 Streptomyces and 2 Kitasatospora
strains (Table 1) – were chosen for chemical investigations
based on their antimicrobial activity, previously reported in
Chouvenc et al. (2013b). These strains exhibited a range of
inhibitory activity against both bacteria and ecologically rele-
vant soil fungi in a binary competition assay. Upon extraction
of either solid or liquid cultures from each strain and succes-
sive rounds of reverse-phase (RP) chromatography, eleven
known metabolites were identified, including fungichromin,
dactinomycin, 16-deethylindanomycin, streptonigrin,
berninamycin A and B, bafilomycin B1, C and D, nataxazole,
and mycotrienin (Table 1 and Figs S18-S29). Several new
analogs of dact inomycin, berninamycin, and 16-
deethylindanomycin were observed by mass spectrometry
but were not isolated or characterized. Of this diverse
group, only one of the metabolites (fungichromin) exhib-
ited selective antifungal activity, four compounds
(dactinomycin, berninamycin A and B, and streptonigrin)
exhibited antibacterial activity against B. subtilus, and five
metabolites (bafilomycin B1, C1 and D, mycotrienin, and
16-deethylindanomycin) exhibited both antibacterial and
antifungal activity in spot-on-lawn assays, which agreed
with previous literature on each of the secondary metabo-
lites (Hollstein 1974; Shih et al. 2003; Reusser 1969; Rao
et al. 1963; Sugita et al. 1982; Bowman et al. 1988; Larsen
et al. 1988).

Induction and Identification of Antibacterial Metabolites
Produced by T. harzianumWC13One particularly interest-
ing binary competition assay revealed a chemical interaction
between Streptomyces sp. 4231 and T. harzianum WC13,
where a small molecule produced and excreted by the bacteria
changed the growth morphology and upregulated the produc-
tion of pigments in the fungus (Fig. 2). Bioassay-guided iso-
lation identified bafilomycin C1 (4), a well-known antifungal
agent, as the bacterial-derived small molecule responsible for

inducing pigment formation, but two structural analogs,
bafilomycin B1 and D, exhibited no appreciable ability to
elicit this response (Figs S31-S32).

Identification of the upregulated fungal metabolites re-
quired largescale cultivation of T. harzianum WC13 on solid
media that was conditioned with either sterilized spent liquid
media from a 14-day culture of Streptomyces sp. 4231 or with
purified bafilomycin C1 (30 μM). In both cases, the growth of
T. harzianumWC13 was significantly stunted, with almost no
visible mycelia formation or sporulation, though robust pig-
mentation of the agar was observed after just four days.
Extraction of the solid agar plates and subsequent rounds of
RP HPLC purification yielded the isolation of three natural
products , cryptenol (1 ) , t22-azaphi lone (2 ) , and
homodimericin A (3). Both t22-azaphilone (2) and
homodimercin A (3) have been previously reported (Vinale
et al. 2006, 2009; Mevers et al. 2016). The production of both
2 and 3 are strongly upregulated, approximately 123- and 38-
fold, respectively, when grown in the presence of 30 μM of
bafilomycin C1, while the production of 1 remains relatively
unchanged (1.2-fold increase) (Fig. S17). Subsquently, all
three metabolites were found to be consitutively expressed
in T. harzianum T22 (ATCC 20847), a strain that is commonly
used as a biocontrol agent (Vinale et al. 2006).

Cryptenol (1) was isolated as a pale-yellow oil having a
molecular formula C13H18O2 based on ESI-QTOF data and
requiring five degrees of unsaturation (Fig. S7). The 1H and
13C NMR data suggested the pressence of five olefins and are
responsible for all degrees of unsaturation with 10 carbon
resonances between 117 and 138 ppm (δC 137.1, 136.1,
133.3, 132.1, 132.0, 131.4, 130.0, 129.6, 128.0, and 117.1),
and 11 proton resonances between 5.0 and 6.4 ppm (Fig. S2).
Planar structure elucidation was greatly facilitated by the fact
that cryptenol contains only one spin-system that could easily
be pieced together using gH2BC correlations. Further analysis
of the complete 2D NMR dataset [gHSQC, gCOSY,
gc2HMBC, and gH2BC (Table 2 and Fig. S1-S6)] led to the
identification of the planar structure of cryptenol as trideca-
2,4,8,10,12-pentaene-6,7-diol (Fig. 1).

The configuration of the four internal olefins of 1 were
determined by 3J coupling constant analysis, while the rel-
ative configuration of the diol was determined using semi-
synthetic methods. Measured coupling constants of 15.3
(H-2 and H-3), 15.3 (H-4 and H-5), 15.0 (H-8 and H-9),
and 14.9 Hz (H-10 and H-11) are all indicative of E con-
figurations for the four internal olefins. The relative con-
figuration of the diol at C-6 and C-7 was determined by
preparing the acetonide analog and comparing proton
chemical shifts of H-6/H-7, as well as the introduced di-
methyl moiety in the acetonide, to two synthetic standards.
The acetonide analog of cryptenol was prepared by first
reducing all of the olefins with 10% Pd/C and H2 (g), and
then reacting with 2,2-dimethoxypropane. 1H NMR
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analsysis of the derivatived natural product led to the rela-
tive assingment of erythro (Fig. S8).

Cryptenol (1), homodimericin A (3), and t22-azaphilone
(2) were each evaluated for antimicrobial activity against a
range of ecologically relevant microbes, including eight
strains of termite-associated actinobacteria, and six soil fungi
(T. harzianum, A. nomius, Penicillium sp., M. anisopliae,
Trichoderma viride, and B. bassiana). T22-azaphilone exhib-
ited moderate antibacterial activity against every
actinobacteria strain tested, including Streptomyces sp. 4231,
the bafilomycin producerwithMICs ranging from5 to 25μg/mL
(Fig. S34). No toxicity against any of the fungal pathogens
was observed. Cryptenol and homodimericin Awere found to
be inactive against all microbes screened up to a maximum of
30 μg per spot in a spot-on-lawn assay (Fig. S33).

Discussion

The carton material in a subterranean termite nest defines a
specialized niche, as the fecal material provides nutrients for
the growth of a diverse profile of microbes, including
chemically-rich actinobacteria that provide chemical defenses
against other microbes. Our earlier study showed that a termite
colony greatly benefits from the presence of a wide variety of
actinobacterial strains present in the carton in preventing in-
fections from pathogenic soil fungi. In fact, inclusion of just
one strain of biologically active actinobacteria to the carton
material significantly reduces M. anisopliae infection rates to
termite colonies (Chouvenc et al. 2013b). However, the mi-
crobes within the carton material are also in a constant com-
petition with one another for limited nutrients and this con-
tinuing competition would be expected to drive a chemical
interaction between the competing microbes. The molecules

underlying this chemical interaction would have a range of
functions from chemical defense to signaling to acquisition
of nutrients. The strong selection pressure on termite-
associated actinobacteria to develop an effective and diverse
suite of biologically active small molecules is supported by
previous studies (Carr et al. 2012; Kang et al. 2016).

Most of the research into insect-associated microbes has
been focused on the toxic metabolites produced by the sym-
biotic bacteria, which have inhibitory activity against ecolog-
ically relevant pathogenic fungi with little attention being paid
to the chemical response of the pathogen. Constant exposure
to an antibiotic pressures the pathogen to evolve response
mechanisms, such as detoxification of select antimicrobials,
counters to the general effects of antimicrobial such as reactive
oxygen species (ROS), repression of antibiotic biosynthesis in
the producing organism, active efflux of the antibiotic, and/or
production of antibiotics to neutralize the chemical defenses
(Duffy et al. 2003; Brakhage and Schroeckh 2011). In this
study, we propose that T. harzianum WC13 is capable of up-
regulating the production of its own small molecules in order
to counter the effects of the bacterial derived antifungal agent.
The release of bafilomycin C1 by Streptomyces sp. 4231 in-
duces the production of several natural products –
homodimericin A (3), t22-azaphilone (2), and cryptenol (1)
by T. harzianum WC13. The prodigious upregulation of
homodimericin A and t22-azaphilone production suggests that
both have an ecological role in defending T. harzianum from
the effects of bafilomycin C1. The bafilomycins are known
potent and specific inhibitors of fungal vacuolar-type H+-
ATPases, which when inhibited causes increases in both cel-
lular pH and oxidative stress (Werner et al. 1984; Dröse and
Altendorf 1997). We suggest that the production of
homodimericin A, which requires a six-electron non-enzymat-
ic oxidation from its starting material (Mevers et al. 2016; Ma

Fig. 2 Induction of pigment
formation in T. harzianum WC13
when co-cultured with
Streptomyces sp. 4231
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et al. 2017), would relieve the oxidative stress caused by
bafilomycin C1, while t22-azaphilone neutralizes the active
threat by inhibiting the growth of Streptomyces sp. 4231 and
thus ceasing the production of bafilomycin C1.

Our study reveals that the interactions among microbes
within a subterranean termite nest are far more complex than
previously thought. A subterranean termite colony represents
an important resource of essential nutrients for a diverse array
of microbes, including strains that are both beneficial and
detrimental to the termites. While antibiotic-producing
actinobacteria protect the colony from harmful pathogenic
fungal infections, some fungi can develop mechanisms to
overcome the antibiotic’s effect, such as how T. harzianum
WC13 upregulates the production of homodimericin A and
t22-azaphilone in order to combat and neutralize the effect
of bafilomycin C. This observation may explain how
T. harzianum WC13 is able persist in a termite’s nest and
saprophytically take over the nest resource once the termite
colony and associated actinobacteria community have col-
lapsed (Chouvenc et al. 2013a). This study demonstrates that
interactions among microbes in a termite nest is not bipartite,
but a complex multipartite system where all organisms com-
pete for resources in antagonistic and beneficial ways.
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