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Abstract In fungus-growing termites, fungi of the subge-
nus Pseudoxylaria threaten colony health through substrate
competition with the termite fungus (7ermitomyces). The
potential mechanisms with which termites suppress Pseu-
doxylaria have remained unknown. Here we explore if
Actinobacteria potentially play a role as defensive sym-
bionts against Pseudoxylaria in fungus-growing termites.
We sampled for Actinobacteria from 30 fungus-growing
termite colonies, spanning the three main termite genera
and two geographically distant sites. Our isolations yielded
360 Actinobacteria, from which we selected subsets for
morphological (288 isolates, grouped in 44 morphotypes)
and for 16S rRNA (35 isolates, spanning the majority of
morphotypes) characterisation. Actinobacteria were found
throughout all sampled nests and colony parts and, phylo-
genetically, they are interspersed with Actinobacteria from
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origins other than fungus-growing termites, indicating lack
of specificity. Antibiotic-activity screening of 288 isolates
against the fungal cultivar and competitor revealed that most
of the Actinobacteria-produced molecules with antifungal
activity. A more detailed bioassay on 53 isolates, to test the
specificity of antibiotics, showed that many Actinobacteria
inhibit both Pseudoxylaria and Termitomyces, and that the
cultivar fungus generally is more susceptible to inhibition
than the competitor. This suggests that either defensive sym-
bionts are not present in the system or that they, if present,
represent a subset of the community isolated. If so, the anti-
biotics must be used in a targeted fashion, being applied to
specific areas by the termites. We describe the first discovery
of an assembly of antibiotic-producing Actinobacteria occur-
ring in fungus-growing termite nests. However, due to the
diversity found, and the lack of both phylogenetic and bioactivity
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specificity, further work is necessary for a better understanding of
the putative role of antibiotic-producing bacteria in the fungus-
growing termite mutualistic system.

Introduction

In order to survive, organisms need to defend themselves
against antagonism from other organisms, while antagonists
try to overcome the defence. Thus, there is a continuous need
for both organisms to evolve/adapt their strategy: formalised in
the Red Queen hypothesis [46]. Defences can be behavioural,
immunological or involve mutualisms with defensive sym-
bionts. In the latter case, symbionts provide a benefit for
their partner in the form of defence against parasites. Acti-
nobacteria occur as defensive symbionts in several insect
species: European beewolves (Philanthus species) harbour
Actinobacteria in their antennae, where the bacteria produce
antibiotics that help protect the wasp larvae from fungal
infections [17, 20]; in Southern Pine Beetles (Dendroctonus
frontalis) Streptomyces bacteria selectively inhibit a com-
petitor fungus of the mutualistic fungus of the beetles [30,
40]. However, in other systems where Actinobacteria are
known to be present, their ecological role has not yet been
established, like in Ambrosia beetles [10] and bark beetles
[14]. In fungus-growing ants, one of the two mutualistic
symbioses between basidiomycete fungi and social insects
(the other being fungus-growing termites), Actinobacteria
are typically harboured in special structures on the ant
cuticle, for defending their fungal cultivar against mycopar-
asitic fungi of the genus Escovopsis (Ascomycota: anamor-
phic Hypocreales) [4-6, 30]. In the case of the fungus-
growing termites, the presence and potential role as defensive
symbionts of Actinobacteria has never been investigated.
Fungus-growing termites (Blattodea—previously Isoptera:
Termitidae: Macrotermitinae) live in mutualistic symbiosis
with Termitomyces (Basidiomycota: Agaricales: Lyophylla-
ceae). This association is responsible for a large amount of
plant material degradation in Sub-Saharan Africa and South-
east Asia [15, 19, 23, 25]. Enhanced by the warm, moist and
stable climate of the termite mound, Termitomyces aids in
degrading the plant material of faecal deposits, shaped into a
comb by the termites, and produces nodules (primordial
fruiting bodies). The termites eat the nodules and digested
parts of this fungus comb—a nitrogen-rich food source
compared to the original, often woody, plant material. Fun-
gal cells from the nodules survive gut passage and act as the
inocula for newly added comb substrate [24, 39, 53].
Individual nests harbour Termitomyces in monoculture
[1, 18, 26, 42], but species of the Xylaria subgenus Pseu-
doxylaria (Ascomycota: Xylariales: Xylariaceae) are latent-
ly present in fungus-growing termite nests [11, 12, 50]. It is
possible that other weed or competitor fungi, e.g. Fusarium
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or Trichoderma spp., may affect fungus-growing termite
nests but, to our knowledge, no work has shown that those
fungi play a role in the symbiosis (but see [45]). In contrast,
fruiting bodies of Pseudoxylaria frequently occur in aban-
doned termite nests [35, 36], and fungus gardens without
termites are rapidly overgrown by species of Pseudoxylaria
[38, 45, 50]. Previous experiments have shown reduced
growth of Termitomyces when interacting with Pseudoxy-
laria as well as overlap in carbon source use [49]. Thus,
Pseudoxylaria may compete with Termitomyces for the sub-
strate provided by the termites, thereby potentially having a
negative impact on fungus garden productivity. Fungus-
growing termites are thus predicted to have evolved strate-
gies to suppress Pseudoxylaria within nests.

The presence of termite workers affects the incidence of
Pseudoxylaria on the fungus comb, with Pseudoxylaria
only appearing when workers are absent, suggesting active
suppression of Pseudoxylaria by the termites [42, 48].
Chemical secretions from the termites (e.g. antimicrobial
peptides) may be used for this purpose [8, 21], but their
effects have not yet been tested on Pseudoxylaria. Conse-
quently, although termite workers suppress Pseudoxylaria,
the underlying mechanism by which this is achieved, i.e.
weeding/grazing, secretions like antimicrobial peptides,
compounds produced by additional symbionts or a combi-
nation of several or all of these, has remained unresolved.

Because fungus gardens likely attract exploiters, fungus-
growing insects are expected to employ symbionts as de-
fence against parasites [16] and so are fungus-growing
termites. Actinobacteria are good candidate defensive sym-
bionts in fungus-growing termites as they are well-known
antibiotic producers and occur as defensive symbionts in
other insect—fungus symbioses [6, 40]. We address this
hypothesis by exploring the presence of Actinobacteria in
the three main genera of fungus-growing termites in South
Africa. The majority (288 isolates) of the isolated Actino-
bacteria (360) was screened for their selective antibiotic
effect against Pseudoxylaria using a single Pseudoxylaria
and Termitomyces strain. In order to explore the specificity
of antibiotic effect in more detail, we subsequently tested a
subset (53) of the Actinobacteria against four Pseudoxylaria
and six Termitomyces strains. We discuss the presence,
distribution, specificity and potential of Actinobacteria iso-
lated from fungus-growing termite nests as defensive sym-
bionts in this symbiosis.

Materials and Methods
Colonies Sampled

Termite colonies of Macrotermes natalensis (9), Micro-
termes sp. (16) and Odontotermes sp. (5) were sampled in
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January 2010 from two locations in South Africa: Pretoria
(S 25°43'47.1" E 28°14'07.2", elevation 1,345 m) and
Mookgophong (previously Naboomspruit, S 24°40'30.5" E
28°47'50.4", elevation 1,045 m). Microtermes colonies were
all collected from the walls of Macrotermes mounds. Fun-
gus comb and termites were collected in clean plastic bags,
stored at 5°C, and processed within 1 day after collecting.
See Supplementary Table S1 for an overview of the sampled
colonies and isolated fungal strains.

Microbial Isolations

Isolations for Actinobacteria were made both from ter-
mite workers and from fungus comb material. The ter-
mites were individually washed in demineralised water
(DEMI), and subsequently separated into abdomen and
head (including pronotum). Each termite sample was
processed separately and thoroughly fragmented and
mixed in 700 pl of DEMI. The same procedure was
used for fungus comb samples (using about 0.1 cm? per
sample). Bacteria were isolated by plating 350 pl of the
mixtures described above on two different selective low-
nutrient media: chitin (per litre: 4 g chitin, 0.7 g K,HPOy,
0.3 g KH,PO,, 0.5 g MgS0,45H,0, 0.01 g FeSO,4-7H20,
0.001 g ZnSOy, 0.001 g MnCl, and 20 g of agar [13]) and
microcrystalline (per litre: 5 g microcrystalline and 20 g of
agar) medium. Suspensions resulting from the initial wash,
one per worker, were plated in the same way, representing
bacteria present on the exoskeleton.

Isolates with Actinobacteria-like morphology on
these low-nutrient media were transferred to a richer
malt yeast extract agar medium (MYA, see [50]), and
sub-cultured until pure. This resulted in a total of 360
Actinobacteria isolates, which were morphologically divid-
ed into 44 morphotypes (Supplementary Table S2). To
assess if morphotype was a good proxy for classifying
strains, we amplified a region of the 16S rDNA gene
for 35 strains using general primers [8F and 1540R or
27F and 1492R [7, 22]] and previously published DNA
extraction and PCR protocols [4, 33]. The obtained PCR
products were subsequently direct-sequenced at the Univer-
sity of Wisconsin Biotechnology Center (http:/www.
biotech.wisc.edu/).

Pseudoxylaria was isolated from hyphal cords or stroma
appearing on fragments of ~15 g of fungus comb that had
been incubated for 7-14 days, in the absence of termites, in
sealed styrofoam cups with paper tissue soaked in DEMI to
preserve humidity. Termitomyces strains were obtained by
placing nodules from fresh fungus comb directly onto MYA.
In some cases, one or more transfers to new plates were
needed to obtain a pure culture.

All incubations of bacteria and fungi were kept in the
dark at 25°C.

Screening Bioassay

To explore the antifungal effects of the Actinobacteria iso-
lates, we screened 288 Actinobacteria cultures (selected
based on capability to grow on MYA) for their effect against
one Pseudoxylaria (P2) and one Termitomyces strain (T1),
both isolated from a Macrotermes natalensis nest. The
fungal strains belong to the largest clades in their respective
phylogenetic trees [2, 28, 50].

Termitomyces mycelium and nodules were placed in an
Eppendorf tube with 0.5 ml saline solution (0.8% NaCl
w/v), after which the material was fragmented and
suspended by mashing and twisting with a pestle. Pseudoxy-
laria inoculum was grown in Erlenmeyer flasks with
+125 ml of liquid broth (malt 2% and yeast 0.2% w/v).
The broth was inoculated with a piece of MYA with Pseu-
doxylaria mycelium and macerated with a blender to frag-
ment and mix the inoculum. Macerating was repeated 3 and
4 days after inoculation. Fifty microlitres of the mycelium
suspensions of either Termitomyces or Pseudoxylaria were
used to inoculate bioassay plates (with MYA, diameter
85 mm), and the inoculated suspensions were spread on
plates by shaking with 5—-15 sterile glass beads (diameter
3 mm). The glass beads were removed and the plates were
incubated overnight before Actinobacteria were added; this
allowed for plates to dry and prevented Actinobacteria from
floating across the plate.

Actinobacteria were inoculated by placing a 3 x3X3-mm
cube of 2-3-week old MYA cultures upside-down on the
Pseudoxylaria and Termitomyces plates. Groups of five
Actinobacteria were tested on each plate, at 10 mm from
the edge of the plate and at equal distance from each other
(Fig. 3). The effects of Actinobacteria secretions on fungal
growth were evaluated 8 days after inoculation of the bac-
teria. Measurements were done using the edge of the bacte-
rial colony as the point of reference (Fig. 3a). The zone of
effect (ZOE) was equal to the distance between the bacteria
and the point where the fungus grew normally, and often
included a zone where the fungus was completely inhibited
(only shown in supplementary tables).

Detailed Bioassay

To further explore the specificity of antibiotic effect, we
tested a subset of the Actinobacteria against four Pseudoxy-
laria and six Termitomyces strains. Actinobacteria strains (a
total of 53) were selected based on their effects in the
screening bioassay (Supplementary Table S3): a group of
19 bacterial strains with a large effect on Pseudoxylaria but
no (or little) effect on Termitomyces (selection P), 21 with a
large effect on both Pseudoxylaria and Termitomyces
(selection P and T) and 13 that had an effect on Termitomyces
but no effect on Pseudoxylaria (selection T).
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For both fungi, representative strains from three different
termite genera were used: Macrotermes, Microtermes and
Odontotermes (Supplementary Table S1). The choice of
Pseudoxylaria and Termitomyces strains was based on their
respective phylogenetic placement [28, 50]. The methodol-
ogy for inoculations and for activity assessment was as
described above for the screening bioassay.

The bioassays described above are different from those
published for other fungus-growing insects [4, 30, 32, 40] in
that the target of the candidate defensive symbiont was
inoculated on the whole surface of the test plates.

Primary Antibiotic Production Assay

To explore antibiotic effects caused by metabolites produced
by the Actinobacteria in the absence of another organism
(primary antibiotics), we tested agar plugs obtained in close
proximity to Actinobacteria colonies growing in pure cul-
ture on one Pseudoxylaria and one Termitomyces strain.
This was done simultaneously with the screening bioassay.
We randomly chose nine Actinobacteria strains, although
only strains with colonies far enough apart to allow plugs
being taken without including bacteria could be used. The
plugs were placed in the same positions on the fungal plates,
and measurements were done in the same way as described
in the screening bioassay.

Data Analysis

Isolates were analysed for specificity to their origin (location,
host, colony and colony part). A phylogenetic analysis was
conducted with the 16S sequences obtained from termite-
associated strains (GenBank accession numbers JN409351-
385), as well as the top hit for each of the termite strains from a
BLASTn search in GenBank (http://blast.ncbi.nlm.nih.gov/
Blast.cgi), and the most closely related type strain for each
termite-strain obtained from a type-strain search in the
Ribosomal Database Project (RDP; https:/rdp.cme.msu.
edu/). Actinobacteria strains from Ambrosia beetles ([10];
GenBank accession number GL877172) and Southern Pine
beetles ([40]; GenBank accession numbers EU798707-8)
were also included. A neighbour-joining (NJ) distance tree
[37] was estimated using the software MEGAS.02 [44], after

automatic and manual alignment of the sequences, and
bootstrap support under maximum likelihood conditions
were obtained after 100 pseudo-replications, also using
MEGAS.02.

Statistical tests were done in SPSS Inc PASW Statistics
version 17. A paired ¢ test with Hy: ZOEpseudonyiaria >
ZOE 1eymitomyces Was done to test the hypothesis that Actino-
bacteria selectively suppress Pseudoxylaria. To test for dif-
ferences between Actinobacteria with respect to their origin,
ANOVA was done for differences in ZOE between termite
genera, between fungus comb and different termite body
parts, and between isolation media. Student’s ¢ tests were
done to further explore the difference in ZOE between
Actinobacteria from Microtermes and those isolated from
the other two termite genera.

Results

Occurrence and Distribution of Actinobacteria
with Fungus-Growing Termites

Actinobacteria were isolated from both geographic loca-
tions, all termite genera and colonies, and all types of
colony parts that were sampled (Supplementary Table S1
and S2). An overview of the 360 Actinobacteria isolated is
given in Table 1. Isolates showed no apparent specificity for
origins—Actinobacteria were frequently isolated from each
geographical location, each termite genus, each type of
colony part sampled—and the number of Actinobacteria
isolated showed no bias towards one of the isolation media.
In the phylogenetic analysis, Actinobacteria from fungus-
growing termites did not form a monophyletic group, but
were interspersed with Actinobacteria from other origins
(frequently from soil), but also with clades containing Acti-
nobacteria from fungus-growing Ambrosia and Southern
Pine Beetles (Supplementary Table S4, Fig. 1). The assigned
morphotypes were not supported by the sequencing data:
strains with the same morphotype occurred in different
clades of the phylogenetic tree, while sequences of strains
assigned to different morphotypes occurred in the same
terminal branches (Fig. 1, Supplementary Table S4). Thus,
morphotypes were not used in further analyses.

Table 1 Overview of Actinobacteria (% of total number of Actinobacteria isolated) per sampling origin and isolation medium

Site Termite genus Colony part Medium
Mookgophong (8 colonies) 36.4% Macrotermes 58.6% Abdomen 38.5% Chitin 59.1%
Pretoria (22 colonies) 63.6% Microtermes 24.7% Head 19.5% Microcrystalline 40.9%
Odontotermes 16.7% Comb 24.4%
Wash 17.6%
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69 Ma. natalensis 107-1 wash (AV131)
HM367878 Streptomyces sp.

Ma. natalensis 103-1 abd
X79852 Streptomyces galbus (Type)
‘Ma. natalensis 105-4 wash (AV112)
AB245392 Streptomyces ginsengisoli

52

ABS562508 Streptomyces sp.
9L Microtermes sp. 104F comb (AV269)
{{ AB184301 Streptomyces sparsogenes (Type)

88| GU458296 Streptomyces sp.
84| Ma. natalensis 103-5 wash (AV229)
AB249917 Streptomyces glomeratus (Type)

8% HQ143632 Streptomyces sp.

83| | Ma. natalensis 102 young comb (AV089)
-Microtermes sp. 106C comb (AV013)
99 591 EF 178683 Streptomyces spiralis (Type)

ST LAF306658 Streptomyces thermosacchari

Microtermes sp. 104G-2 abdomen (AV208)
AJ781371 Streptomyces variegatus (Type)
93 DQ026631 Streptomyces diastaticus (Type)

fMicratermes sp. 106E body (AV260)
Microtermes sp. 106D-1 body (AV107)
GU 191140 Streptomyces sp.
HQ267533 Streptomyces fradiae
Microtermes sp. 106D-3 body (AV113)
NRO026343 Actinomadura madurae

(=N
kN
— R

23|

731 F1486485 Micromonospora chokoriensis

%824 1454 Micromonospora chokoriensis (Type)
Odontotermes sp. 114-1 abdomen (AV203)
99 95 X92617 Micromonospora citrea (Type)
AJ560635 Micromonospora endolithica (Type)
93\ | Ma. natalensis 106-5 abd (AV137)
81 Ma. natalensis 105 old comb (AV135)
0.02 EU714258.1 Micromonospora sp.

FJ911539 Micromonospora sp.

Figure 1 An unrooted neighbour-joining distance tree showing the
phylogenetic placement of a subset of the Actinobacteria obtained from
fungus-growing termites interspersed with strains from other origins
(for origin details, see Supplementary Table S4). Termite strains are
highlighted in bold, and host names (M. natalensis, Microtermes sp.
and Odontotermes sp.) are given as identifiers. Colony number, worker
number and isolation origins are also given. In addition to termite
Actinobacteria, we include the top hit for each of the termite strains

Antibiotic Effect of Actinobacteria on Pseudoxylaria
and Termitomyces

In the screening bioassay with 288 Actinobacteria, Pseu-
doxylaria was overall significantly less affected than Termi-
tomyces (Fig. 2, Supplementary Table S3, p=0.0001). In the
detailed bioassay with 53 Actinobacteria, average ZOE on
Pseudoxylaria strains was again less than the ZOE on

AJ781342 Streptomyces laurentii (Type)
31| AB184541 S. polychromogenes subsp. arenicolus

ABI184266 Streptomyces cinnabarinus (Type)

AB184580 Streptomyces longwoodensis
(AV253)

AB184533 Streptomyces misawanensis
77|, Ma. natalensis 105 young comb (AV247)
69! Ma. natalensis 110-10 carcasse (AV259)

AJ399491 Streptomyces griseochromogenes (Type)

EU798707 Streptomyces sp. SPB-074 (Southern Pine Beetle)
EU798708 Streptomyces sp. SPB-171 (Southern Pine Beetle)

Tt AB331652 Actinomadura bangladeshensis (Type)

T00 L(Ma. natalensis 106-1 head (AV280)
8
50| Microtermes sp. 106D-1 head (AV056)

91,FJ486369 Streptomyces ginsengisoli
57| L Ma. natalensis 106-5 abd (AV221)
42| - AB184155 Streptomyces murinus (Type)
LA‘Y999785 Streptomyces durhamensis (Type)

F1857946 Streptomyces sp.
54| 99! Microtermes sp. 104G-1 abdomen (AV110)
GQ867034 Streptomyces sp.
Ma. natalensis 104-5 abd (AV242)
ABI184175 Streptomyces virginiae (Type)
94| Odontotermes sp. 112-10 carcasse (AV117)
AY999794 Streptomyces cirratus (Type)
HQ143606 Streptomyces sp.
GL877172 Xyloborinus saxeseni W1 (Ambrosia beetle)
HQ143595 Streptomyces griseus
AB184256 Streptomyces alboviridis (Type)
Odontotermes sp. 112-6 gut (AV109)
HQ143607 Streptomyces anulatus
62/ EU647478 Streptomyces anulatus
Microtermes sp. 106D-2 head (AV061)
GU722178 Streptomyces sp.
AB184656 Streptomyces floridae (Type)
Ma. natalensis 105-4 abdomen (AV025)
AB249957 Streptomyces drozdowiczii (Type)
{ EU908199 Streptomyces sp.
Ma. natalensis 106-1 abd
_[ DQ663147 Streptomyces sp.
Microtermes sp. 106E-1 head (AV050)
| |AB448720 Streptomyces sp.
Ma. natalensis 103-4 head (AV186)
ABI184806 Streptomyces pulveraceus (Type)
DQO026636 Streptomyces gelaticus (Type)
AB184305 Streptomyces umbrinus (Type)

6

S

57

61
(AV101)

95\
85

Ma. natalensis 104-2 abd (AV258)
FJ222818 Streptomyces sp.
FJ222810 Streptomyces sp.
63L Ma. lensis 104-5 abd (AV047)

Odontotermes sp. 114-7 carcasse (AV014)
GTLABIS4130 Streptomyces filamentosus (Type)
781GU294695 Streptomyces sp.

100 | EU621880 Streptomyces sp.

Microtermes sp. 104E comb (AV275)

61 Ma. natalensis 106-5 head (AV073)

77/ Ma. natalensis 107-5 wash (AV049)
EU413901 Streptomyces sp.

ABO022869 Kitasatospora phosalacinea (Type)
GQ495652 Streptomyces sp.

AY207608 Streptomyces aureofaciens (Type)
1001 Ma. natalensis 109-2 wash (AV267)

73
86
I

36 70

from a BLASTn search in GenBank (http://blast.ncbi.nlm.nih.gov/
Blast.cgi; see Supplementary Table S4), the most closely related type
strain for each termite-strain from the Ribosomal Database Project
(https://rdp.cme.msu.edu/; see Supplementary Table S4), and Strepto-
myces Actinobacteria associated with Ambrosia and Southern Pine
Beetles (see Supplementary Table S4). Bootstrap support values above
50 after 100 pseudo-replications under ML conditions are given

Termitomyces strains (t=—4.795, df=52, p<0.0001; Supple-
mentary Table S5), and this difference remained apparent
even at a detailed level when Actinobacteria were grouped
according to isolation origin (Fig. 3).

Table 2 summarises the effects of Actinobacteria by
showing only ZOE values that exceeded 2% of the total
ZOE values observed within each of the fungal strains
concerned. Twelve Actinobacteria that did not have ZOE
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Figure 2 Distribution of 120 e R S

Actinobacteria zone of effect
(ZOE) sizes on Pseudoxylaria
(grey) and Termitomyces (black)
in the screening bioassay, with
“occurrence ZOE” being the 100
number of bioassay pairings
with a given ZOE outcome

2 3 4

values exceeding this 2% threshold for any of the ten fungal
strains tested are thus not shown (see Supplementary
Table S5 for the complete dataset). Only two Actinobacteria
had a pronounced and consistent antibiotic effect exclusive-
ly on Pseudoxylaria strains, and three had a strong effect
exclusively on Termitomyces (top and bottom rows of Ta-
ble 2). Single Actinobacteria strains varied considerably in
their effect on Pseudoxylaria and Termitomyces; the catego-
ries by which Actinobacteria were selected in the screening
bioassay (with one strain for each fungus), did not match the
results of the detailed bioassay in half of the cases (Table 2).
Certain Actinobacteria caused a large ZOE for only a part of
the Pseudoxylaria strains, not affecting other Pseudoxylaria
strains, and the same was observed for Termitomyces strains.
Placement of Actinobacteria in the NJ tree was not correlat-
ed with the effect on Pseudoxylaria or Termitomyces in the
screening bioassay (Fig. 1).

Actinobacteria did not show specific activity against
fungi isolated from the same host (Fig. 3c—f). The only trend
observed was that Actinobacteria from Microtermes colonies
seemed to have a stronger effect on average on all fungal
strains (Fig. 3¢, d). Consequently, the effects of Actinobac-
teria differed significantly between termite genera in the
detailed bioassay (F=3.338, df=50, p=0.044). ZOE of
Actinobacteria isolated from Microtermes was significantly
higher with both Pseudoxylaria and Termitomyces (t=2.355,
df=51, p=0.022 and ¢=2.602, df=51, p=0.012), but no
significant effects were found for Microtermes Actinobac-
teria in the screening assay. There were no significant differ-
ences in the average antibiotic effect between Actinobacteria
strains isolated from comb, head (including pronotum) or
abdomen; and neither was there a difference in effect
concerning the medium on which Actinobacteria were isolated.

In the primary antibiotic production assay, agar blocks cut
from positions adjacent to pure Actinobacteria colonies had
effects on Pseudoxylaria and Termitomyces that were similar
to the effects of the Actinobacteria themselves (Table 3).
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Discussion
Actinobacteria in Fungus-Growing Insect Nests

Comparisons of the fungus-growing termite symbiosis
with other fungus-growing insects are frequently done,
in particular with the New World fungus-growing ants
(e.g. [27, 29]). The independent origins of fungus-growing
termites and other fungus-farming mutualisms make com-
parisons particularly valuable, because it is possible to test if
the same “solutions” to evolutionary problems have inde-
pendently arisen multiple times, or if different solutions
arose in different associations.

Over the course of evolution, the ubiquitous Actinobac-
teria have become integrated in microbial defence in several
symbiotic associations [6, 16, 17, 40]. Here, we investigated
whether the fungus-growing termite symbiosis involves Acti-
nobacteria with the potential to defend colonies against Pseu-
doxylaria, a competitor of the termite fungus. Although we
take a culture-based approach, and consequently miss uncul-
turable microbes (cf. [34, 47]), our results show that Actino-
bacteria with antifungal properties are abundant in fungus-
growing termite nests: isolates were obtained from (1) col-
onies from two geographically distant locations, (2) three
termite genera, (3) all colonies examined and (4) all
colony parts examined. This indicates that Actinobacteria are
present, and thus have the potential to play a role in the
fungus-growing termite mutualism.

Specificity of Actinobacteria for Fungus-Growing Termite
Nests

We found no indication of specificity of Actinobacteria
to fungus-growing termites, either at the broad level (i.e.
a specific group of bacteria associating across different
termite genera) or at the species or genus levels (i.e.
specific groups of bacteria associating with specific
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Figure 3 Results of the detailed
bioassay. Examples of effect of
Actinobacteria on Pseudoxylaria
(A) and Termitomyces (B), and
bar graphs showing the zone of
effect (ZOE) caused by Actino-
bacteria averaged for each fun-
gal strain per termite host genus
(C, D) and per origin material
(E, F) from which the bacteria
were isolated. Whiskers on bars
show the standard error of the
mean. Ma M. natalensis, Mi
Microtermes, Od Odontotermes
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fungus-growing termites). Instead, our phylogenetic
analysis showed that Actinobacteria isolated from
fungus-growing termites are genetically intermingled
with Actinobacteria occurring outside termite nests
(e.g. isolates from soil), and that grouping isolates based
on morphotype is insufficient for distinguishing isolates
to being the same strain/species.

Actinobacteria are ubiquitous in soil and related substrates,
suggesting that their presence in the system might represent
environmental strains entering fungus-growing termite nests

Termitomyces strain

via workers performing nest-building and foraging activities.
However, given that 16S was sequenced for only 35 of the 360
strains of Actinobacteria obtained, and because 16S rRNA
sequencing provides limited phylogenetic resolution [43], we
cannot reject the hypothesis that additional sequencing
would reveal specific phylogenetic clades of Actinobacteria
associated with the termites. A comparison of the Actino-
bacteria communities between the termites and the soil
environment could be an important next step towards un-
derstanding the level of specificity with the termites.
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Table 2 Summary of the detailed bioassay showing only the effects of the Actinobacteria that exceeded 2% of the total zone of effect (ZOE) values

observed within each of the Pseudoxylaria and Termitomyces strains

Strain Effect in screening  Effect in detailed ZOE Pseudoxylaria (mm) ZOE Termitomyces (mm)
bioassay on (this) bioassay on
Pl P3 P4 P5 Average TI T2 T3 T4 T5 T6 Average

AV156* P Pseudoxylaria only 11 10 9 7 9.3 * 1.4
AV092* Pand T 12 10 11 9.5 * * * 5.4
AV040 P 10 8 7.3 6.3
AV222 P 11 5.5 4.1
AV067 PandT 8 3.5 1.9
AV210 PandT 4 out of 4 Pseudoxylaria 27 20 15 12 18.5 9 21 15 19 18 14 17.3
AV240 T strains and Termitomyces 21 19 17 11 17.0 15 25 13 17 16 15 15.9
AV212  PandT 14 20 15 12 15.3 14 15 12 13 16 15 13.1
AV057 Pand T 17 17 16 10 15.0 18 20 20 23 17 16 17.3
AV030 PandT 15 14 12 17 14.5 16 18 16 20 20 17 17.9
AV213  PandT 19 16 9 8 13.0 20 20 15 17 19 18 17.4
AV090* Pand T 15 14 12 11 13.0 * 19 13 * * 13 13.0
AV255  Pand T 20 12 12 8 13.0 18 20 12 20 15 14 16.1
AV086" Pand T 13 15 12 10 12.5 * 17 12 * * 15 14.4
AV007 PandT 13 12 11 13 12.3 20 20 15 20 17 17 17.6
AV080 PandT 3 out of 4 Pseudoxylaria 23 * 11 15 16.3 17 19 15 19 19 17 17.0
AV00l PandT strains and Termitomyces 13 14 18 13.0 20 22 19 22 20 20 19.6
AV266 P 14 17 14 12.6 13 21 14 15 17 17 15.6
AV055 PandT 14 14 10.5 12 13 10 14 9.6
AV027 T 13 10 9.0 9 17 17 11 16 14 15.3
AV063 Pand T 9 8 8.0 15 13 15 17 12 14.1
AV053 PandT 2 out of 4 Pseudoxylaria 13 12 9.0 20 20 10 15 14 14.4
AV054 P strains and Termitomyces 12 73 15 13 11 8.0
AV072  Pand T 10 6.3 23 10 13 14 10.5
AV082 P 1 out of 4 Pseudoxylaria 22 8.8 12 13 10 11 16 11 11.9
AV264 T strains and Termitomyces 13 5.0 10 73
AV215 Pand T 12 6.8 13 14 11 12 14 11 12.1
AV206 P 11 6.5 10 10 12 10 10.6
AVI18 Pand T 10 7.0 * 18 10 39
AV123 P 3.0 10 3.5
AV272 T 6.8 15 11 10 10 10.0
AV044 P 5.0 11 3.0
AV037 P 53 11 5.5
AVI38* T 4.5 * 20 14 23 15 17 12.7
AV145* P Termitomyces only 3.5 * 12 4.6
AVO81 T * 53 15 5.0
AV062 T 3.5 10 10 4.8
AV039 P 3.8 12 11 7.0
AV166 T 1.8 12 15 14 10 8.4
AV035 Pand T 33 11 17 10 12 15 8.3
AV270 P 4.5 14 19 14 15 15 16 15.1

See Supplementary Table S5 for the complete data for this assay

? A subset of the combinations (indicated with asterisks) could not be measured due to contamination
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Table 3 Effect of primarily produced metabolites (zone of effect agar)
versus effect of presence of Actinobacteria (zone of effect bacteria) on
the growth of Pseudoxylaria (P2) and Termitomyces (T1) in
millimetres

Strain Pseudoxylaria P2 Termitomyces T1
ZOE ZOE by ZOE ZOE by
by agar  Actinobacteria by agar  Actinobacteria

AV001 12 15 17 18

AV009 0 0 8 1

AV033 1 0 23

AV057 1 9 20 15

AV083 9 0 14

AV105 0 4 3

AV132 0 4 17 10

AV209 6 7 20 15

AV225 3 8 23 22

Total effect 32 47 145 91

The Role of Actinobacteria in Fungus-Growing Termite
Nests

Our bioassays, exploring whether fungus-growing termite-
associated Actinobacteria inhibit the invasive fungus Pseu-
doxylaria, and whether they affect the cultivar fungus 7er-
mitomyces, revealed a high degree of bioactivity. Both
bioassays showed that most of the isolated Actinobacteria
secrete compounds with antibiotic properties, some of
which inhibit the invasive fungus Pseudoxylaria. Agar
plugs taken adjacent to pure Actinobacteria cultures caused
similar, but not always identical, inhibition of both fungi,
suggesting constitutive production of antibiotics, irrespec-
tive of the presence of another microorganism. Generally,
Actinobacteria inhibited the termite cultivar fungus Termi-
tomyces more often and more severely than Pseudoxylaria.
A possible explanation for Pseudoxylaria being less suscep-
tible than Termitomyces is the origin of the fungi in the
association with the termites: if Pseudoxylaria occurs met-
abolically active in niches (i.e. plant-biomass-degrading
systems) that involve competition with Actinobacteria [9],
and only relatively recently—compared to Termitomyces—
engaged in the association with fungus-growing termites, it
is conceivable that Pseudoxylaria has been under stronger
selection to evolve resistance to Actinobacteria-produced
compounds than Termitomyces.

The bioassays did not establish Actinobacteria as specific
defensive symbionts targeting Pseudoxylaria, as the Actino-
bacteria caused stronger inhibition of Termitomyces. How-
ever, we need to acknowledge the possibility that they may
still play a specific defensive role under natural conditions,
including against other potential fungal weeds or compet-
itors that enter termite nests. Actinobacteria typically only

produce a small fraction of the small molecules encoded in
their genomes under artificial conditions on an artificial
medium (e.g. [51, 52]), so we may miss molecules mediat-
ing these interactions in the in vitro assays. Another reason
why in vitro antagonism observed in Petri plate assays may
not fully reflect natural interactions is the expectation that
antibiotic dose in pure cultures of bacteria is much higher
than in bacterial populations in the environment (cf. [32]).
Nonetheless, previous work has shown that observations in
Petri plates (in vitro) can match what happens in miniature
colonies (in vivo) and thus can mimic some of the dynamics
within nests [31].

Even if the in vitro effects observed are stronger on
Termitomyces than Pseudoxylaria, the responsible com-
pounds may play a role in the suppression of Pseudoxylaria
if they are applied in a directed way, i.e. in a way that allows
for the suppression of Pseudoxylaria without affecting Ter-
mitomyces. Active directed application has been suggested
for Actinobacteria-derived antibiotics in fungus-growing
ants [3, 32], where the bacterial secretions also have inhib-
itory properties against the ants’ cultivar fungus in vitro [31,
41], but apparently not in vivo [32]. Whether the secretions
with in vitro inhibitory properties against Termitomyces also
affect the mutualistic fungus in vivo remains to be tested.

There are some notable major differences in the biology
of the two convergent cases of fungus-growing social
insects, which lead to the prediction that fewer additional
symbionts are present in fungus-growing termites (as noted
in [29]). First, in fungus-growing termites the substrate
passes through the termite gut before it is being deposited
on the fungus garden. Potentially, this gut passage facilitates
a higher control over the fungus garden (either by the
termites themselves or by gut symbionts). Second, most
fungus-growing termites have horizontal symbiont trans-
mission, associated with sexual reproduction, contrasting
with fungus-growing ants, which by default transmit the
fungus clonally and vertically. Theory predicts that the
consequently higher genetic variability of the termite fungi
provides a benefit in the arms races with parasites, compared
to clonal vertically transmitted fungi.

Concluding Remarks

Our work describes the first discovery of a large assembly of
Actinobacteria occurring in fungus-growing termite nests.
Actinobacteria were found throughout all sampled nests and
materials, and the bioassays showed that many strains in-
hibit both the substrate competitor Pseudoxylaria and the
termite cultivar Termitomyces. This, in combination with the
high Actinobacteria diversity and lack of phylogenetic spec-
ificity, means that the role of Actinobacteria as defensive
symbionts with fungus-growing termites remains unproven.
Nevertheless, documenting the presence of antibiotic-
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producing Actinobacteria in the termite environment implies
the potential for an influence of bacteria on the fungus-
growing termites mutualistic system. It is therefore a first
step towards gaining a better understanding of additional
associates potentially playing a role in the symbiosis. Future
work is needed for a better understanding of the antibiotic-
producing bacteria in this system. Finally, even if none of
the Actinobacteria found are specialised defensive sym-
bionts within the fungus-growing termites system, it is con-
ceivable that Actinobacteria—by being present in the
mounds, surrounding soil and forage material—can be ben-
eficial to the mutualistic system if useful antibiotics are
produced and can be obtained by the termites.
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