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Investigation into how Odontotermes
obesusmaintains a predominantly
Termitomycesmonoculture in their
fungus combs suggests a potential
partnership with both fungi and bacteria
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Fungus-growing termites, like Odontotermes obesus, cultivate Termitomyces as their sole food
source on fungus combs which are continuously maintained with foraged plant materials. This
necessary augmentation also increases the threat of introducing non-specific fungi capable of
displacing Termitomyces. The magnitude of this threat and how termites prevent the invasion of such
fungi remain largely unknown. This study identifies these non-specific fungi by establishing the pan-
mycobiota of O. obesus from the fungus comb and termite castes. Furthermore, to maximize the
identificationof such fungi, themycobiota of thedecaying stagesof the unattended fungus combwere
also assessed. The simultaneous assessment of the microbiota and the mycobiota of these stages
identified possible interactions between the fungal and bacterial members of this community. Based
on these findings, we propose possible interactions among the crop fungus Termitomyces, theweedy
fungus Pseudoxylaria and some bacterial symbiotes. These possibilities were then tested with in vitro
interaction assays which suggest that Termitomyces, Pseudoxylaria and certain potential bacterial
symbiotes possess anti-fungal capabilities. We propose a multifactorial interaction model of these
microbes, under the care of the termites, to explain how their interactions can maintain a
predominantly Termitomyces monoculture.

Termites primarily utilize plant-derived lignocellulosic materials as sources
of nutrition. Lignocellulose is a recalcitrant material that only some basi-
diomycete fungi can digest completely1. Termites have evolved symbiotic
associations with different groups of organisms (bacteria, protists, and
fungi) to achieve lignocellulose digestion2. In all non-Termitidae termites
and some Termitidae, it is achieved directly through nutritional symbiosis
with gut-dwelling microbial symbionts3. However, the termites of the sub-
family Macrotermitinae (Family: Termitidae) have evolved an indirect way
of utilizing the lignocellulose-degrading capabilities of the basidiomycete
fungus,Termitomyces. This fungus subsists on plantmaterials, brought into
the termite mound by workers, and thrives on a spongy lignocellulosic
structure called the fungus comb4,5. Termitomyces utilizes the lignocellulose

to grow6, whereas termites use the growing fungal nodules as food7. This
association, which first evolved in tropical Africa around 35 MYA5,8,9, has
become so successful that fungus cultivation in termites is considered a
canonical example of the evolution of agriculture in animal societies10. As
this crop fungus has become the sole source of nutrition for these termites, it
has led to the evolution of many unique behavioral phenotypes associated
with their successful cultivation11. These phenotypes include, but are not
limited to, (1) the construction of the specialized fungus-growing beds
(combs) and the earthen mounds10,12 to protect them; (2) the use of semi-
digested plant material13, feces and soil14,15 to build the combs and in
the process seeding the combs with the inoculum of Termitomyces13,16

regulation of temperature16, relative humidity16,17and CO2 levels17 and
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(4) continuous maintenance of fungus gardens to ensure ideal growing
conditions for Termitomyces.

However, these ideal growing conditions for Termitomyces can also be
conducive to the growth of other, non-desirable fungi, similar to the inva-
sion of weeds in human agricultural fields. In addition, the continuous and
unidirectional flow of dead and decaying plantmaterials into thesemounds
increases the threat of introducing potential non-specific fungi from the
environment. These decaying plant materials can harbor a diverse array of
saprotrophic communities of fungi and bacteria18,19. Indeed, several such
non-specific fungi have been isolated from different fungus-growing
termites15,20–22. Many of these have the potential to outcompete the fungal
cultivar Termitomyces and can result in a severe reduction of available
nutrients for the termites. The termite-fungus symbiosis, therefore, should
be under strong selection pressure to evolve mechanisms that can prevent
the growth of such non-specific fungi. This selection pressure can act on the
termites directly, enabling them to constantly seek out non-specific fungi for
elimination through digestion23. However, recent reports20 indicate that
such a strategy of selective de-weeding does not reduce non-specific fungal
load as these spores survive the passage through the termite gut. The near
absence of any other active fungi in healthy fungus combs, which are
dominated by Termitomyces24, points to mechanisms that actually prevent
these fungi from proliferating within the combs. This could be due to the
direct or indirect use of the resident microbial community of the fungus
comb, by the termites, in preventing the growth of any non-specific
fungi25–28. Some indirect evidence for this hypothesis canbederived from the
compositional similarity of the microbiota of many different fungus-
growing insects29. This is a remarkable example of convergent evolution as
most of these symbiotic microbial communities are dominated by the
bacteria Pseudomonas30–32 which has also been shown to inhibit weedy
fungus33. The ubiquitous presence of Pseudomonas can be evidence for
selection33 to include bacterial symbiotes34 within the resident microbiota,
which can hinder the growth of weedy fungi. Accordingly, some in vitro
studies have found many resident bacteria acting as secondary symbiotes
capable of preventing Pseudoxylaria35–37, the most prevalent non-Termito-
myces fungal growth observed within decaying termite fungal gardens.
Several such bacterial secondary symbiotes have since been identified,
including Bacillus26,37, Streptomyces38,39, Burkholderia33 and Pseudomonas33

which can act as anti-fungal agents. Another line of evidence for this
hypothesis comes from the ability of Termitomyces themselves to hamper
the growth of some non-specific fungi when cultured on plates that pre-
viously grew Termitomyces24,40. However, what remains unknown is how
and to what extent Termitomyces can act against them.

The current research on how fungus-growing termites raise a weed-
free crop has primarily been restricted to mechanisms by which Pseudox-
ylaria is controlled. However, these studies lack a comprehensive assess-
ment of the threat from other non-specific fungi. Many sequencing
approacheshave revealed variations in thebacterial communities fromthese
fungus combs33,41,42, but since there areno reports of the corresponding core-
mycobiota fromany fungus-growing termites, it is difficult to know the roles
of other fungi in this symbiosis and the relationship between themicrobiota
and the mycobiota. In this study, we try to answer these questions by using
the widespread fungus-growing termite from India, Odontotermes obesus.
First, to assess the threat from the non-specific fungi, we identify the pan-
mycobiota of this symbiosis by amplifying the internal transcribed spacer
(ITS) gene fragment andgenerating amplicons on theNanoporeplatformof
the fungal comb and termite castes. We augment this estimation by
including samples from the decaying stages of the fungus comb, after
removal of the termites, to identify which non-specific fungi remain sup-
pressed in an active comb but become visible with the progressive decay.
Second, to identify any interactions between the myco- and microbiota of
these combs, we characterize the community-wide changes in the abun-
dance of microbes from these decaying combs by using nanopore platform
and confirm the results using qPCR for three specificmicrobes proven to be
important in this association33. Third, as these temporal changes of the
decaying community of microbes highlight the possibility of a few

important interactions, we empirically validate these by isolating different
fungi from the colonies and testing their growth in the presence of specific
microbes. Fourth, we test whether putative bacterial symbiotes, identified in
a previous study using these same termite mounds33, also show anti-fungal
properties against these non-specific fungi. Finally, we propose a model to
explain the role of these interactions in the disease-free growth of Termi-
tomyces in the fungus gardens of O. obesus.

Results
O. obesus colonies harbor a vast array of non-specific fungi
The pan-mycobiota of O. obesus established from the combs (fresh and
decaying), alates, workers and nymphs (Fig. 1 and Supplementary Fig. S1)
yielded over 3.9 × 105 high-quality Nanopore reads (Table 1), with the
highest number of reads from female alates (~1.06 × 105 reads) and the
lowest from the 120 h-old comb (~4.0 × 103 reads). The rarefaction curves
(Supplementary Fig. S4a) showed an exhaustive sampling of major workers
and female alates, indicating sufficient coverage. The number of identified
fungalOTU’s ranged from197 (inmajorworkers) to 51 (inminorworkers),
with 418 unique fungal genera across O. obesus. Figure 2 indicates the
presence of the fungal OTU’s having a relative abundance of greater than
0.05% in any one of the eleven samples. The termite-free incubation
of the comb yielded 236 different non-specific fungi other than
Pseudoxylaria24,43,44. These include 81 fungi alone from the 24 h-old comb,
which reduced to 69 after 120 h of incubation. The highest fungal diversity
was found from 72 h-old comb which showed 110 different fungi. This
indicates that many of these fungi are actively suppressed in the combs for
Termitomyces to flourish. The detailed taxonomic classification and abun-
dances of these OTU’s are tabulated in supplementary data 1. Community
similarities, using UniFrac distances in a weighted PCoA plot, indicated
greater similarity among themycobiota of the decaying combs and between
both alates andmajorworkers (Supplementary Fig. S4c). Though the combs
were collected from just two mounds, the number of reads and the fungal
diversity that this studyhasuncovered represent a farmoredetailedestimate
of the microbial data for any other fungus-growing termite.

The dynamics of the micro- and mycobiome in the decaying
fungus comb
To determine how themicro- andmycobiota of fungus combs change after
the removal of termites, we incubated fresh fungus combs for 120 h and
enumerated their temporal changes every 24 h (Supplementary
Data 1 and 2). Over 1.59 × 105 fungal OTU’s were identified across 120 h of
incubation. The highest number of reads were obtained from the 24 h-old
comb (0.58 × 105) and the lowest from 120 h-old comb (0.04 × 105). The
mycobiota survey confirmed (Fig. 2, Supplementary Tables S5, and Sup-
plementary Data 1) previous observations of a fresh comb being dominated
by Termitomyces24,45 as 89% of the OTU’s were identified as Termitomyces.
However, with each passing day, these combs revealed the proliferation of
various other fungi. The relative abundance of Termitomyceswas highest in
the fresh fungus combs (90.7%), which drastically decreased after 24 h
(2.1%) and was almost undetectable by 72 h (Fig. 3 and Supplementary
Fig. S8). This was accompanied by a corresponding increase in Pseudox-
ylariaOTU’s (Fig. 3 and Supplementary Fig. S8)which increased from2.6%
by24 handreached themaximumin48 h (26.1%)but thenalso experienced
a reduction by 120 h (12.2%). The temporal changes in the abundances of
these two fungi were also accompanied by a steady increase of the non-
specific fungal OTU’s which jumped from~10% in fresh comb (0 h) to 81%
by 96 h of incubation. Thus, the increase in abundance of these non-specific
fungi seems to be negatively correlated with Termitomyces and Pseudox-
ylaria (Supplementary Fig. S8).

qPCR estimation to confirm the OTU abundance from the
nanopore platform
Since qPCR is a more sensitive estimator of actual abundance46, we con-
firmed the OTU data with qPCR estimation of copy number variations of
Termitomyces and Pseudoxylaria using the same DNA sources used to
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generate the OTU’s. The 95% confidence intervals of these copy numbers
were used to assess the changes (Supplementary Table S6) and indicate a
similar pattern of dynamics between theOTUand qPCRdata for both these
fungi (Fig. 3 and Supplementary Fig. S6). As expected, the OTU data
revealed a lower threshold of the number of reads in comparison to qPCR
estimates.

The corresponding microbiota of this incubation was estimated from
over 1.16 × 105 high-quality Nanopore reads (Supplementary Table S7)
across these same six samples, with the highest number of identified reads

from48 h-old comb (~0.36 × 105 reads) and the lowest from the fresh comb
(~0.12 × 105 reads). The rarefaction curves (Supplementary Fig. S5a) indi-
cated relatively exhaustive coverage of bacterial species diversity except for
48 h-old comb. A weighted PCoA analysis of the Unifrac distances among
these samples showed a limited clustering (Supplementary Fig. S5c), indi-
cating differential temporal abundances of some of these bacterial genera
(Supplementary Fig. S6). Significantly, the magnitude of the changes in the
bacterial community was far less severe than in the mycobiome. This
indicates relativelymore resilient bacterial communities than fungal ones in

Fig. 1 | Colony structure of O. obesus. a, b Show the two mounds of O. obesus used in the study, c closeup view of fungus comb of O. obesus, d different worker castes of
termites present over the fungus comb, emale and female alates emerging out from the gaps in themound during the monsoon season from one of themounds in this study.

Table 1 | Number of reads obtained to identify the mycobiota of O. obesus

Sample source Total reads
(initial)

Total reads (post-
cleanup)

Reads
identified

Fungal genera
identified

Chao1 Shannon Simpson InvSimspon

Major worker 0.92 × 105 0.76 × 105 0.76 × 105 197 170.0 0.32 0.89 1.09

Minor worker 0.04 × 105 0.04 × 105 0.04 × 105 51 40.7 0.71 0.30 1.43

Nymph 0.22 × 105 0.19 × 105 0.17 × 105 87 110.4 0.50 0.21 1.27

Female alate 1.15 × 105 1.06 × 105 1.06 × 105 185 284.3 0.85 0.52 2.09

Male alate 0.19 × 105 0.14 × 105 0.12 × 105 98 126.0 1.28 0.64 2.82

Fresh comb (0 h) 0.58 × 105 0.54 × 105 0.54 × 105 111 199.3 0.53 0.20 1.25

Decaying
comb (24 h)

0.62 × 105 0.60 × 105 0.58 × 105 83 116 0.47 0.17 1.20

Decaying
comb (48 h)

0.16 × 105 0.18 × 105 0.14 × 105 103 157.4 1.67 0.75 4.04

Decaying
comb (72 h)

0.16 × 105 0.17 × 105 0.14 × 105 110 152.5 1.97 0.80 5.24

Decaying
comb (96 h)

0.17 × 105 0.18 × 105 0.15 × 105 99 184 1.54 0.70 3.43

Decaying
comb (120 h)

0.04 × 105 0.04 × 105 0.04 × 105 71 126.1 1.47 0.63 2.73

418 unique fungal
genera

The table also shows different diversity indices for all the samples. The details of the taxonomic distribution, as well as abundance, for all the identified reads are given in Supplementary Data 1.
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these combs. Subsequently, to determine the correlation between the
potential bacterial symbiotes that have inhibitory effects against
Pseudoxylaria33, the abundances of Pseudoxylaria and the bacterial sym-
biotes were analyzed by comparing their number of OTU’s. This compar-
ison also revealed a negative association (Supplementary Fig. S7a, b). This
shows the possibility that symbiotic bacteria may play a defensive role
against the weedy fungus which results in healthy combs having low inci-
dence of Pseudoxylaria.

To test any interaction between the bacteria and the fungi, we
selected Pseudomonas, a secondary symbiote identified from these same
mounds33. The number of copies of Pseudomonas remained largely
unchanged till 48 h, then increased after 72 h and came down after 120 h
(Supplementary Fig. S7b). One-way ANOVA conducted with Termito-
myces, Pseudoxylaria and Pseudomonas showed significant variation
between the groups (P = 0.00081, F = 7.512, df = 2). Post hoc Tukey tests
revealed insignificant pairwise site differences in the copy numbers of
Termitomyces and Pseudoxylaria (P = 0.102) and Pseudoxylaria and Pseu-
domonas (P = 0.364).

Thus, these complex patterns of the abundances of the three major
microbes, Termitomyces, Pseudoxylaria and the bacterial symbiotes, raises
the possibility of a synergistic role in preventing non-specific fungi.

Members of both the micro- and mycobiota can prevent non-
specific fungi
The temporal dynamics of the micro- and mycobiota, detailed above, sug-
gested a crucial role for both Termitomyces and Pseudoxylaria. It appears
that the initial high abundanceofTermitomyces, and from48 honwards, the
abundance of Pseudoxylaria is negatively correlated with the presence of
other non-specific fungi (Supplementary Fig. S8). Therefore, we tested
whether these two fungi can inhibit the growthof someof these non-specific
fungal strains in culture. We began by looking at the capability of Termi-
tomyces against Pseudoxylaria and found that Pseudoxylaria easily grew
overTermitomyces (Supplementary Fig. S9), indicating that the crop fungus
cannot prevent the most prominent weedy fungus. However, as Fig. 4
indicates,Termitomyces can inhibit fourteenother fungi indirect interaction
assays (Supplementary Fig. S12). Termitomyces showed maximum

Fig. 2 | The pan-mycobiota ofO. obesus. Fungal OTU’s that accounted for >0.05% abundance in any of the six samples are shown in the heatmap. The numbers below each
pie chart indicates the percentage of Termitomyces OTU’s obtained. The genera mentioned in bold were also obtained in culture.
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inhibition (more than 50%) against Alternaria-MN913751, Curvularia-
MN913753, Rhizomucor-MN913756, Syncephalastrum-MN913763 and
Ustilago-MN913772 (Fig. 4, Supplementary Fig. S12 and Supplementary
Table S8) and limited inhibition (less than 50%) against nine other fungi,
Aspergillus-MN913749, Aspergillus-MN913750, Diaporthe-MN913762,
Fusarium-MN913754, Lasiodiplodia-MN913758, Paraconiothyrium-
MN913759, Penicillium-MN913771, Phialotubus-MN913760 and Phoma-
MN913761 (Fig. 4, Supplementary Fig. S12, and Supplementary Table S8).
However, the interaction with Rhizomucor-MN913756 and Diaporthe-
MN913762, was not conclusive as the patterns of growth were too ambig-
uous to clearly differentiate these two fungi from Termitomyces. The two
fungi, Mucor-MN913757 and Trichoderma-MN913767 overgrew Termi-
tomyces, showing no sign of inhibition. However, these results indicate that
Termitomyces possess the capability of preventing many ecologically rele-
vant non-specific fungi to a variable degree.

Pseudoxylaria showed variable degrees of inhibition against all of the
non-specific fungi tested (Fig. 4 and Supplementary Fig. S13). The max-
imum degree of inhibition (more than 50%) was shown againstAlternaria-
MN913751, Diaporthe-MN913762, Penicillium-MN913771, Rhizomucor-
MN913756, Syncephalastrum-MN913763, Trichoderma-MN913767, and
Ustilago-MN913772 (Fig. 4 and Supplementary Fig. S13) and limited
inhibition (less than 50%) was shown against Aspergillus-MN91375049,
Aspergillus-MN913750, Curvularia-MN913753, Fusarium-MN913754,
Lasiodiplodia-MN913758, Mucor-MN913757, Paraconiothyrium-
MN913759, Phialotubus-MN913760 and Phoma-MN913761 (Fig. 4 and
Supplementary Fig. S13). Interaction of Pseudoxylaria against Alternaria-
MN913751 and Syncephalastrum-MN913763 showed vertical growth of

both these interacting fungi. However, the two fungi could still be identified,
and their zones of growth were easily evaluated (Fig. 4 and Supplementary
Fig. S13).

These interaction assays reveal that both Termitomyces and Pseudox-
ylaria mirror each other in their inhibitory effects (Table S8). As Fig. 4
indicates, certain non-specific fungi are inhibited by both. The exceptions
are Mucor-MN913757 and Trichoderma-MN913767 where the major
inhibition is shown only by Pseudoxylariawhile Phialotubus-MN913760 is
mostly inhibited by Termitomyces. However, Aspergillus-MN913749,
Aspergillus-MN913750, Fusarium-MN913754, Lasiodiplodia-MN913758,
Mucor-MN913757, and Phoma-MN913761were onlymarginally inhibited
by Termitomyces and Pseudoxylaria and hence these fungi were then
assayed with the bacterial symbiotes (Bacillus, Burkholderia, Pseudomonas,
and Streptomyces).

Seven of the eight non-specific fungi were inhibited by at least one of
the bacterial symbiotes. Fusarium-MN913755 was not inhibited by any of
the bacterial strains (Fig. 5 and Supplementary Figs. S15–S22). As Fig. 5
indicates, out of the eight bacterial strains, six showed a significant capability
to prevent the growth of some of these fungi (Supplementary Table S8).
These in vitro interaction assays suggest that termites possess the multi-
faceted capability of preventing the growth of non-specific fungi through
Termitomyces, Pseudoxylaria and bacterial symbiotes.

Discussion
The fungus gardens of O. obesus appear to be a monoculture of Termito-
myces, but the pan-mycobiota indicates that the threat frommany potential
non-specific fungi remain suppressed in a fresh comb. A total of 418

Fig. 3 | The dynamics of the mycobiome. a Changes in the physical appearance of
the decaying fungus comb, b the relative abundances, and c copy numbers of Ter-
mitomyces and Pseudoxylaria in decaying fungus comb as determined by Nanopore
Sequencing (bubble plot) and qPCR (box plot). Fungal OTU’s that had relative

abundance of at least >0.3% in any of the six samples are shown in the bubble plot
and the size of the bubble indicates the abundance of the fungus. (Uncult. =
Uncultured fungus).
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different fungal genera were successfully annotated from the nearly
2.69 × 105OTU’s generated fromtheNanoporeplatform(Table 1),with236
unique genera from the fungus comb. This remains a conservative estimate
as rarefaction curves of the fungal OTU’s from many samples (Supple-
mentary Fig. S4a) did not reach saturation. These results are contrary to the
studies inMacrotermes bellicosus by Bos et al.20 andMacrotermes natalensis
and different species of Odontotermes by Otani et al.24, which reported
significantly fewernon-specific fungiwith relatively lowabundances of non-
Termitomyces genera from fungus combs which ranged from <0.001%
(454 sequencing datasets) to 0.07% relative abundances (MiSeq sequencing
datasets) of non-specific fungi20,24. Only one of the four samples from ref. 20
identified 75% of the reads as Termitomyces and 24% as Xylaria. These
discrepancies could be the result of methodological differences or could be

characteristic of O. obesus colonies. Our initial assumption of workers
bringing in potentially non-specific fungi was also supported as the major
workers revealed the presence of 197 different fungal OTU’s. The abun-
dance of such fungi in the alates, with only 0.6–12% relative abundance of
Termitomyces (Fig. 2), also suggests vertical transmission of these non-
specific fungi. How these fungi are suppressed by alates during nest
founding and establishing Termitomyces monocultures merits future
studies47. Thus, our results suggest that the ideal growing conditions for
Termitomyces can also harbor a vast array of non-specific and weedy fungi
and identify themagnitude of the ‘fungal threat’ that this symbiosis needs to
overcome. Consequently, these results indicate the efficiency of termites
suppressing the growth of non-cultivar fungi, together with the efficiency of
Termitomyces and bacterial strains. These combined actions of these

Fig. 4 | A comparison of the percentage of inhibition (left panel) of non-specific
fungi by Termitomyces and Pseudoxylaria obtained fromO. obesus colonies. The
middle panel shows representative pictures of Termitomyces and Pseudoxylaria
interactions with the non-specific fungi with the top panel showing the growths in

control plates. The phylogenetic analysis of ITS sequences (as shown in the right
panel) was run onMEGAXwith the K2+g substitutionmodel using Talaromyces as
the outgroup. (represents >75 bootstrap values).
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microbial symbiotes ensure successful proliferation of healthy termite
colonies.

Termites are reported to select the best candidates among the different
strains ofTermitomyces available for cultivationandpropagation8,48.Natural
selection should favor both choosing (termites) and the chosen (cultivar
strain) partners if the cultivar is adept at preventing the proliferation of non-
specific fungi. As Fig. 4 indicates, Termitomyces can indeed inhibit several
non-specific fungi obtained from these samemounds, but strikingly, not the
most prominent weed, Pseudoxylaria (Supplementary Fig. S9). However, as
Supplementary Fig. S8 illustrates, the presence of both Termitomyces and
Pseudoxylaria is correlated with the non-specific fungi being in check for at
least the first 24–48 h. This can be crucial evidence for the synergistic effects
of both Termitomyces and Pseudoxylaria in preventing other non-specific
fungi and maintaining a healthy comb. Therefore, we tested Pseudoxylaria
for anti-fungal properties and, as Fig. 4 indicates, it shows some inhibitory
effects against almost all the fungi tested. Moreover, the eight bacterial
symbiotes previously identified33 also show similar growth inhibitory cap-
abilities. Thus, our results point to the presence of microbes, both bacterial
and fungal, with fungicidal capabilities present in this symbiosis. Given the
magnitude of the “fungal threat” to this monoculture, this seems unsur-
prising. However, what remains unknown is what role, if any, selection has
played in bringing about the composition of this community and how
precisely these microbes bring about a successful monoculture.

These results further confirm the presence of termites is indispensable
for a functioningmonoculture, as their removal initiates the proliferation of
non-specific fungi. This indicates that the termites need constantweeding to
keep any such non-specific fungi at bay. Previous studies23 reported thatO.
obesus workers bury any visible Pseudoxylaria when given portions of
cultured hyphae, indicating that they can recognize this as a contaminant to
be removed, possibly through olfactory cues49. However, the qPCR data
indicated thatPseudoxylaria is present in appreciable numbers even in fresh
combs (Supplementary Fig. S8) and is obviously prevented from pro-
liferating. This can be indicative of a dynamic equilibriumwhere the growth

of Pseudoxylaria is tolerated by the termites to some extent, perhaps to
prevent other non-specific fungi, but is also simultaneously inhibited from
taking over the comb. This can be achieved by constant weeding out of
Pseudoxylariaoutbreakswithin a functioning comb.However, how termites
perform such a selective de-weeding remains unknown. As Fig. 3 indicates,
Pseudoxylaria starts proliferating after 24 h and the termites probably have
less than48 h to remove it as by that timeTermitomyces experiences adrastic
reduction (Supplementary Fig. S8). This decline progresses steadily with
the corresponding increase of other non-specific fungi. Thus, if termites
weed out Pseudoxylaria by 48 h, then the comb can still perhaps be used to
grow Termitomyces, but beyond 72 h, Termitomyces is all but wiped out by
the proliferation of other non-specific fungi (Fig. 3 and Supplemen-
tary Fig. S8).

Pseudoxylaria, with its faster growth and constitutive fungicidal
activity (Fig. 4, Supplementary Fig. S13, and Table S8), can be a more
efficient inhibitor of non-specific fungi than Termitomyces. This hints
towards its potential beneficial role in this symbiosis, but such a contention
remains controversial. Pseudoxylaria has been considered to be an oppor-
tunistic fungus which can take over the crop monoculture when conditions
are suitable50. As termites cannot feed on any other fungi51, the invasion of
Pseudoxylaria is considered to be indicative of the collapse of this
symbiosis52. However, the weedy or parasitic nature of Pseudoxylaria also
raises some questions. Both in vitro and in vivo studies show that Pseu-
doxylaria can easily takeoverTermitomyces53–55, thenwhy “sit-and-wait” if it
can easily take over Termitomyces? Which microbe or what forces keep it
under check in a healthy comb? How does Pseudoxylaria remain viable for
the duration of its “sit-and-wait” phase and not be displaced by other
microbes? Therefore, amore parsimonious explanation than “sit-and-wait”
is that Pseudoxylaria keeps on flourishing but is prevented from taking over
a comb by the termite workers and bacterial symbiotes as several such
bacterial strains have been identified from these same mounds33. For, only
upon the removal of termites do the proliferation of Pseudoxylaria begins.
Therefore, if the anti-fungal capabilities ofPseudoxylaria andTermitomyces,

Fig. 5 | Percentage of inhibition (left panel) of the non-specific fungi by the 8
bacterial symbiotes (right panel) obtained from O. obesus colonies. The right
panel shows the pictures of each assay where bacteria were streaked at the center and
fungal plaques were placed equidistant to the bacterial growth. Whisker over

horizontal bars represent standard deviation, and number indicates the type of
inhibition shown by the bacterial strains (1= clear zone of inhibition, 2= reduced
growth near bacteria, 3= contact inhibition, 4= negligible inhibition).
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as seen in culture assays (Fig. 4), are a reliable indicator of their capabilities
within a fungus comb, then it is clear that Termitomyces is a less efficient
inhibitor of non-specific fungi than Pseudoxylaria. This efficiency of Pseu-
doxylaria can point towards the acquisition of trait that provides benefits to
compete and survive in the pool of other microbes or acts as a selection
pressure for the accommodation of Pseudoxylaria into this symbiosis. Some
evidence towards the symbiotic role of Pseudoxylaria is provided by its
presence in the core-mycobiota (Fig. 2 and Supplementary Data 1) and also
in the alates of O. obesus (Fig. 2) which hints at successful transmission
across generations. The extensive taxonomic review of this group56,57 puts
Pseudoxylaria to be exclusively associated with Macrotermitinae termites.
Therefore, Pseudoxylaria is either an active member of this symbiosis or is
an extremely specialized weed or parasite. Second, Fricke et al.53 reported
that the genome architecture ofPseudoxylaria is consistent with a symbiotic
lifestyle as they reveal significantly reduced genome sizeswith a loss of lignin
metabolizing capabilities. Therefore, this could be indicative of amutualistic
role for Pseudoxylaria, involved in preventing other fungi, while simulta-
neously being dependent on Termitomyces for nutrition through lig-
nocellulose digestion. Third, a mutualistic role of Pseudoxylaria predicts its
presence in appreciable amounts even in a fresh comb. As Fig. 3 indicates,
the OTU data barely supports this as only 51 reads identified as Pseudox-
ylaria from the fresh fungus comb. However, qPCR estimates, indicate the
presence of 6.0 × 105 copies (95% confidence intervals; Supplementary
Table S6). When taken together, these two estimates prove the presence of
Pseudoxylaria in fresh combs and are contrary to previous estimates24.
However, whether these numbers represent actively growing Pseudoxylaria
or not remains to be seen. Fourth, Visser et al.50 reported that both Pseu-
doxylaria and Termitomyces can use the same Carbon sources to grow,
making them strong competitors with the potential of one eliminating the
other within a fungus comb. However, that does not seem to be true in O.
obesus, as Pseudoxylaria is widely present in this symbiosis (Fig. 2 and
Supplementary Data 1). Moreover, upon the removal of termites Pseu-
doxylaria starts proliferating and very quickly displaces Termito-
myces (Fig. 3).

We propose a complex and interdependent relationship between
Termitomyces,Pseudoxylaria, and the symbiotic bacteria inmaintaining this
nutritional symbiosis. The broad outlines of these arguments are detailed in
Fig. 6 as a verbalmodel. Thismodel posits thatTermitomycesmonocultures
face a constant threat fromincomingnon-specific fungi, possibly broughtby
foragers into the mound. Since termites construct an ideal growth chamber
to grow Termitomyces, the presence of these non-specific fungi can be
detrimental as they can easily compete upon the same resources. However,
these fungi are prevented by Termitomyces (Fig. 4 and Supplementary
Fig. S12), Pseudoxylaria (Fig. 4 and Supplementary Fig. S13), as well as by
some bacterial symbiotes (Fig. 5 and Supplementary Figs. S15–S22) from
proliferating. The second prediction of this model assumes the presence of
bacterial symbiotes in the fresh comb, possibly for the prevention of both
Pseudoxylaria andothernon-specific fungi. SupplementaryData 2 indicates
the presence of 991 OTU’s from the four genera of bacterial symbiotes in
fresh comb samples33. As a representative of thesemutualists, we undertook
qPCR estimation of Pseudomonas and found 3.0 × 105 copies (95% con-
fidence intervals; Supplementary Table S6) in the same fresh comb samples.
Therefore, the presence of these bacteria indicates that the control of
Pseudoxylaria can perhaps be enforced by secondary symbiotic bacteria in
these colonies with additional control by termites through weeding23.
However, how such precise control of these various microbes is achieved
remains to be investigated.

The hypothesis thatPseudoxylaria is an additional symbiont still needs
to be established as the culture-dependent studies do not replicate the full
complexity of these interactions as they occur in nature. Theory suggests
that two or more mutualistic partners cooperate and benefit each other
without harming the other partner58,59. The instances where one partner
attempts to exploit the relationship by not reciprocating the benefits leads to
the extinction of the mutualism. In this case, by inhibiting the sole crop of
termites, Pseudoxylaria does not meet the criteria of a symbiont in this
system.Thepresence ofPseudoxylaria in fresh fungus combsmight indicate
their less harmful role, initially, for entry into the colony. This can change
with the age of the colony, where it can overtake the termite garden and
behave as a typical parasite or weed of these fungus gardens. As our study
used fresh and mature combs, additional work is needed to definitively
demonstrate a role for Pseudoxylaria in the early stages of the comb for-
mation, and a particularly important question to resolve in this regard is
how a growing culture of Termitomycesmight be immune from the generic
anti-fungal properties of this weed. Moreover, as our study also viewed the
microbial dynamics after removing the termites, it is not entirely clear at this
point if bacterial symbiotes play a role in defending Termitomyces against
Pseudoxylaria. However, for Pseudoxylaria to be a mutualist, it must be
present in a fresh fungus comb in appreciable numbers.Wehave shown that
this is true for the two mounds of O. obesus used in this study. However, if
such further evidence is not obtained fromothermounds, then this evidence
can be considered as incidental and an artifact of the two mounds used.
Several studies have discussed the coevolution of Pseudoxylaria with the
fungus-farming termites, yet there still remains some confusion on the
ecological role of Pseudoxylaria in this symbiosis52,53. While some reports
propose its role in biomass degradation39,53, others suggest an antagonistic
relationship based on culture-dependent studies54. Several aspects of Pseu-
doxylaria functioning remains unclear, like its role during the formation of a
comb as it necessitates the demonstration of the anti-fungal effects of
Pseudoxylaria54 even in these early stages. Some of the experiments detailed
here are relatively difficult to do because they involve sampling substantial
amounts of fungus combs and consequently, only large andmature colonies
can be used, which are few and far between. Therefore, these studies need to
be confirmed with additional sampling from different fungus-growing
termites. Thus, the role of Pseudoxylaria in fungus-growing termites is
mostly considered that of a weed and a threat to the termite colony unless
concrete evidence emerges to the contrary. Therefore, our verbal model
awaits empirical validation as future studies with more mounds and dif-
ferent species of termites are needed to establish whether this model is
validated or the role ofPseudoxylaria remains that of aweed and/or parasite.

Fig. 6 | A proposed model for understanding the interactions among the
microbes, fungi and termites in O. obesus colonies to maintain weed-free agri-
culture of Termitomyces. It suggests a possible mutualistic role of the weed, Pseu-
doxylaria, as it can control the growth of many non-specific fungi brought in by the
termites. It alsoproposes thatPseudoxylaria, which canovergrowTermitomyces, is kept
in control by bacterial symbiotes in fresh fungus combs. The non-specific fungi that
compete for resources can also be inhibited by the Termitomyces and bacterial sym-
biotes. These interactions suggest a complex network ofmicrobialmanagement, and is
important for understanding the role of Pseudoxylaria within these termite colonies.
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Methods
Collection of termites, fungus combs, and their DNA extraction
Different castes (major workers, minor workers, male and female alates and
nymphs) and fungus combs of O. obesus were collected from two different
mounds within the IISER Mohali campus (Fig. 1). These are the same
mounds fromwhich the core-microbiotawas obtained in aprevious study33.
Male and female alateswere collected from thesemounds during swarming,
which began after the first rains in June 2018, while other castes (major
workers, minor workers, and nymphs) were collected alongwith the fungus
combs (Fig. 1). The details of the collection andDNAextraction are detailed
in Supplementary Notes 1 and 2.

Fresh fungus combs were collected across three months
(August–October 2018) from the same twomounds asmentioned above and
were set up to decay for 120 h. The collected combs were immediately
removed from their resident termites, kept in sterile plastic containers, then
crushed with autoclaved pestles, divided into roughly 0.5 g portions, and
incubated at 30 °C inside sterilized glass containers whichwere then screwed
shut to prevent any possible contamination (Supplementary Fig. S1). For
each incubation assay, three such containers were set up from each mound
with 12 such incubation assays in all. DNA was extracted from these combs
consecutively for six days, i.e., Fresh comb (0 h) to 120 h. For fresh comb,
DNA was extracted from each portion separately within 3 hours of the
collection. DNA samples were amplified in replicates and then the
PCR products from the same day were pooled in equimolar concentra-
tions (20-25 ng µl−1) into a single sample. Six such pooled PCRproducts, one
from each day (Fresh comb (0 h)– 120 h), were prepared for microbiota and
mycobiota analysis on the Nanopore platform (Supplementary Table S3).

In total, we have sampled 12 pieces of fresh fungus comb, 30 termites
across different castes and 36 samples of the decaying comb across various
stages for Nanopore sequencing to have a far better understanding of how
the microbes within a termite mound functions.

Isolation and identification of fungal strains
Termitomyces was directly isolated from fresh nodules growing on the
fungus comb, successively washed with 50% ethanol and sterilized water,
inoculated on plates containing Potato Dextrose Agar (PDA) with Yeast
Malt Extract (PYME)22 and incubated at 30 °C. Pseudoxylaria hyphae were
obtained from a 48–72 h old post-collection fungus comb and directly
cultured on Potato Dextrose Agar (PDA) plates. To isolate other fungi,
comb fragments and termite castes were washed with sterilized water,
homogenized in 500 µl of sterile 1× PBS buffer (pH −7.4) and a dilution
series (10×–10−6×) of these homogenates were plated on PDA plates con-
taining 250 μg/mL chloramphenicol (Himedia), and incubated at 30 °C for
4–7 days. Fungal cultures obtained were initially screened visually for
unique growth characteristics and identified by sequencing the Internal
Transcribed Spacer (ITS) region, which was amplified with the primer set
ITS4/ITS560 (Supplementary Note 3). Any fungal cultures with more than
one Single Nucleotide Polymorphism (SNP) were considered unique and
used in the study (Supplementary Table S1). The sequences of these fungi
have been submitted to GenBank accession number (MN913749
–MN913772). Since multiple strains within some fungal genera were
obtained, the nomenclature of these strainswasmodified to read as “Genus-
NCBI Accession Number” (Supplementary Table S1).

Running the nanopore platform and obtaining fungal and bac-
terial operational taxonomic units (OTU’s)
The mycobiota was obtained by amplifying the ITS fragment with the
primer set ITS5/ITS460, while the V3-V4 region of the 16 S rRNA gene was
amplified to characterize the microbiota using the primers 341F/806R61.
DNA from different castes and six different comb samples of varying
degrees of incubation were used to obtain the pan-mycobiota (Supple-
mentary Tables S2 and S3). These six comb samples were also amplified to
characterize their microbiota (Supplementary Table S3).

The sequencing library was run on FLO-MIN106 flowcell for 48 h
using MinKNOW software with the protocol NC_48 h_sequencing_FLO-

MIN106_SQK-LSK108_plus_Basecaller (Supplementary Note 4). All the
cleaned sequences were deposited to NCBI Sequence Read Archive (SRA).
The five mycobiota were deposited under the BioProject PRJNA665655
(SAMN16262892–SAMN16262897), the microbiota of decaying
comb samples were deposited under BioProject PRJNA758817
(SAMN21036816–SAMN21036821) and the mycobiota of decaying comb
as PRJNA758827 (SAMN21037110–SAMN21037115), respectively.

Taxonomic identification of OTU’s
The fungal OTU’s were identified by comparing them against the fungus
repository from the NCBI FTP site with an additional modification. Initial
annotation revealed several “Pseudoxylaria-like” sequences, whichwere not
identified till the genus level. Therefore, to refine the annotationwe used the
previous study by Hsieh et al.57 to phylogenetically characterize these
sequences from NCBI to see whether these belong to Pseudoxylaria or not.
This was done by amplifying the α-actin gene using the primer set ACT-
512F/ACT-783R57 and comparing it with the other members of the
Xylariaceae family. The α-actin sequences accession number (OQ503187
and OQ503188) from the Pseudoxylaria isolated from the two mounds
under studywere initially alignedwithClustalOmega62 andmanually edited
in Bioedit v 7.0.5.363. Phylogenetic analysis of these sequences was per-
formed in MrBayes v 3.2.764. After confirming that the two sequences
belonged to the Pseudoxylaria clade, we aligned them with sequences from
NCBI annotated as Xylaria, Xylariaceae, and Xylariales and performed
another phylogenetic analysis. Sequences that formed amonophyletic clade
with these two previously identified Pseudoxylaria sequences were renamed
as Pseudoxylaria (Supplementary Figs. S2 and S3 and Supplementary
Data 1) and updated in the reference database used for annotation.
Annotation was done using LAST v 973, with the following parameters:
match score of 1, gap opening penalty of 1, and gap extension penalty of 165.
The identified reads were sorted from the phylum to the genus level and
their relative abundanceswere calculated. To estimate the sequencingdepth,
rarefaction curves were generated using the Vegan package v 2.5-4 in R v
3.6.2. The estimated community richness (Chao1) and diversity indices
(Evenness, Shannon, Simpson, and Inv Simpson)were also calculated inR v
3.6.2. To test how representative these communities are across the different
fungus-growing termites, a comparison was done with the data obtained in
this study with previously published data from refs. 20 and 24.

The bacterial sequences generated from the six comb samples (Fresh
comb (0 h)–120 h) were identified by comparing them against the custo-
mizedmicrobial repository made by combining 16 S rRNA gene fragments
from NCBI FTP site and the DictDb v 3.0 database66. The OTU’s for the
potential four bacterial symbiotes were filtered, combined and compared
with the absolute abundances of Termitomyces and Pseudoxylaria.

Quantitative PCR for Termitomyces, Pseudoxylaria, and Pseu-
domonas in fungus combs
The decaying comb samples (0–120 h) were also used to quantify Termito-
myces, Pseudoxylaria, and Pseudomonas copy numbers. For qPCR analysis,
72 samples of degrading comb (12 for each stage) were used to quantify the
absolute abundances of Termitomyces, Pseudoxylaria and Pseudomonas
(details in SupplementaryTable S6).Moreover, eachof these sampleswas run
as a triplicate for the qPCRassays to increase the accuracy of the analysis. The
specificity of the designed primers was checked with Primer-BLAST (last
performed in July 2021). The sequence of these primers and their respective
annealing temperatures are given in Supplementary Table S4.

qPCRwas performed in a CFX96TM Real-Time System (Bio-Rad) with
SYBR Green I assay. The amplification reaction was prepared to a final
volume of 10 µl containing 2.7 µl of sterilized distilled water, 5 µl of iTaq
Universal SYBR® Green Supermix (BIO-RAD), 0.05 µl (10 µM) of each
primer, 0.2 µl of Bovine SerumAlbumin (BSA) and 20 ng of templateDNA.
The qPCR amplification began with an initial incubation for 3minutes at
95 °C, followedby40 cycles of 95 °C for 10 s anda30 s incubation for primer
annealing (Supplementary Table S4). All the reactions were set up in tri-
plicates and a mixture of DNA from other non-target fungi was used as the
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negative control, while autoclaved distilled water was used as the non-
template control. DNAof pure cultures ofTermitomyces,Pseudoxylaria and
Pseudomonas were amplified using their specific primer sets (Supplemen-
tary Table S4) in a serial dilution of 10−1× to 10−5 to obtain the standard
curve. Target copy numbers for each reaction were calculated from the
standard curves67 using the formula:

Number of copies/µl = ((amount used in ng) * (6.022 * 1023 mole-
cules/mole))/(length of amplicon) * (650 g/mole).

The specificity of the reactions was assessed by the analysis of the
melting curve. The copy numbers obtained were then used to generate the
number of amplicons in the target samples with the following formula68:

Xosample = EAMPsample [babs *log (EAMPsample EAMPabs)-Cqsample]
Xosample = number of copies
EAMPsample= Exponential amplification of the sample
EAMPabs= Exponential amplification of the standards
Cqsample= Quantification cycle for the sample
babs= Standard curve of the intercept.
The statistical significance of these copy number variations was done

with a two-tailed t test at P < 0.05.

In vitro anti-fungal assays withPseudoxylaria and Termitomyces
In vitro interaction experiments were done to identify whether Termito-
myces and Pseudoxylaria can prevent the growth of the non-specific fungi
(Supplementary Note 5). The magnitude of inhibition by test fungi was
evaluated by using the following formula from ref. 69:

% Inhibition = ((total area of test fungus in control in mm2) – (total
area of test fungus in the interaction inmm2)) * 100/total area of test fungus
in control in mm2.

For easy comprehension, the interactions were categorized into the
following three categories: more than 50% inhibition, less than 50% inhi-
bition, and no inhibition. To explore the effect of Termitomyces, the spread
method was used33 where a liquid suspension of Termitomyces nodules/
mycelia was prepared in 1× PBS and spread on PYME22 plates (Supple-
mentary Fig. S12). These plates were first incubated for 36 h at 30 °C before
placing a plug of the test fungus at the center. The pre-incubation time of
36 h was selected on the basis of the pilot experiments where Termitomyces
was grown for both 24 h and 36 h before the introduction of the competing
fungus. We found no difference in the results after 7 days of interaction
(Supplementary Fig. S10). In nature fresh fungus combs are dominated by
Termitomyces. Therefore, we wanted to mimic this feature of the fresh
fungus comb in our in vitro plates, as far as possible, and tried covering the
entire plate with Termitomyces culture, before the introduction of the test
fungus. Going beyond the 36 h of incubation time may not yield accurate
results as any inhibition seen can be attributed to the depletion of nutrients
from the media or Termitomyces dying than to the anti-fungal activity of
Termitomyces. For interaction with Pseudoxylaria, a dual plug assay was
used (Supplementary Fig. S13) in 90mm diameter Petri dishes containing
PDA and 250 µg/mL chloramphenicol. Pseudoxylaria being a fast-growing
fungus can fill an entire platewithin 5 days, therefore plugs ofPseudoxylaria
were used (Supplementary Fig. S11). Plates were inoculated separately with
a 1-cm2 disc of actively growing Pseudoxylaria, 10 mm away from the edge
of the plates. In all, 1-cm2 disc of the test fungus was placed separately in the
same plate but 60mm away from the Pseudoxylaria plug (Supplementary
Fig. S13). The control growth plates were set up for the test fungi and
Pseudoxylaria. These were then incubated in the dark at 30 °C in
HerathermTM Compact Microbiological Incubator (Thermo-Fisher Scien-
tific). All the interaction plates (with bothPseudoxylaria andTermitomyces)
were evaluated for growth inhibition by taking photographs using the
Panasonic Lumix G2 camera. Photographs from the 7th day were taken as
the final data andwere analyzed inAdobe PhotoshopCS6 bymeasuring the
area of test fungi growth in their respective interactions (both test and
control plates) in pixels and converting it into millimeters (100 pixels =
1mm). All interaction assays were repeated with sample sizes ranging from
3 to 5. Representative figures for all the interaction assays are given in
Supplementary Figs. S12 and S13.

In vitro anti-fungal assays with symbiotic bacteria
The non-specific fungi which were inhibited to less than 50% by both the
Termitomyces and Pseudoxylaria were further selected for the bacterial-
fungal assays. Paper disc diffusion assays were performed to identify whe-
ther the previously identified eight bacterial symbiotes from the same
mounds33 prevented the growth of these non-specific fungi. We tested four
strains of Bacillus (MN908297, MN908298, MN908304 and MN908305),
single strain of Burkholderia (MN908310), two strains of Pseudomonas
(MN908321 and MN908322), and a single strain of Streptomyces
(MN908327) against five non-specific fungi. The interactions were cate-
gorized into four broad categories of clear zone of inhibition, reduced
growth of fungus near the bacteria, contact inhibition, and negligible
inhibition33. The magnitude of inhibition of the fungal growth by these
bacteriawas evaluatedusing the formulamentioned above from ref. 69. The
cultures of Phoma and Fusarium grow much slower than the other fungi
tested. To avoid any discrepancy in the results due to differences in growth,
the spreadmethodwas used for these two fungi and four bacterial discswere
placed compared to a single disc. The culture of Paraconiothyrium-
MN913759 was lost during this study and therefore, bacterial interactions
against this fungus could not be done.

Statistics and reproducibility
Fresh fungus combs were collected over three months (August–October
2018) from two mounds. For each day, three containers were set up from
each mound. Three separate DNA extractions, per mound, were pooled in
equimolar concentrations, and these pools were further combined with
DNA from the other mound, creating a total of six replicates for each
decaying time point. For termite castes, three replicates per mound were
used and pooled, resulting in a total of six replicates per caste. For alates,
collections were done from one mound, where three individual DNA
extractions frommales and femaleswere pooled. ForNanopore sequencing,
no data were excluded from the analyses and no statistical methodwas used
to predetermine sample size. Diversity indices were calculated using the
phyloseq package in Rstudio v3.6.2. The heatmap for the myco- and
microbiota was generated using the pheatmap package in Rstudio v3.6.2.
Details of the phylogenetic analysis are provided in theMethods section. All
the statistical analysis for the qPCR data can also be found in Methods
section, with data values available in the supplementary data files. The
interaction assays were conducted with a minimum of three replicates and
graphs for these assays were prepared in Rstudio v3.6.2. The data values for
all graphs can be found in the supplementary data files.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The mycobiome dataset generated is available as Supplementary
Data 1 and 2 files of this article. ITS gene fragments obtained have been
submitted to GenBank accession number (MN913749–MN913772) and
Nanopore sequencing generated have been submitted to NCBI Sequence
Read Archive (SRA) under the BioProjects PRJNA665655
(SAMN16262892–SAMN16262897), PRJNA758817 (SAMN21036816–
SAMN21036821) and PRJNA758827 (SAMN21037110–
SAMN21037115). Source data for graphs presented in the main figures can
be found in Supplementary Data 3–5. All other data are available from the
corresponding author upon reasonable request.
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