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A unique symbiosis exists between subterranean termites and the sclerotium-forming fungus Athelia termitophila,
which forms termite-egg-mimicking sclerotia called ‘termite balls’. While the sclerotia gain a competitor-free
habitat by being harboured by termite eggs, A. termitophila mycelia have to compete with wood-decay fungi
in the life stage without termites. To understand its relationship with termites, the factors that affect the ability of
A. termitophila to compete with other wood-decay fungi must be clarified. Here, we show that A. termitophila is
competitive against other wood-decay fungi at low temperatures. In Petri dish experiments to evaluate the effects
of the physicochemical conditions, that A. termitophila experiences in termite nests, on its competitive ability, A.
termitophila overcame surrounding fungi in the winter, when termites are less active. Further studies quantifying
the effects of A. termitophila on termites in winter will help us to understand this relationship.

1. Introduction

The relationships between insects and fungi range from mutualistic
to antagonistic (Hajek and St. Leger, 1994; Vega and Blackwell, 2005).
The degree of dependence on insects in the fungal life cycle also varies.
Athelia termitophila (Atheliaceae, Agaricomycetes, Basidiomycota) forms
a relationship with subterranean termites of the genera Reticulitermes
and Coptotermes by mimicking termite eggs (Matsuura et al., 2000;
Matsuura and Yashiro, 2010; Ye et al., 2019), while little is known of its
life stage independent of termites. Understanding the termite-free life
stages is essential for a proper understanding of the relationship between
termites and this fungus.

Athelia termitophila is a wood-decaying fungus that forms sclerotia
mimicking a termite egg called a ‘termite ball’ (TMB hereafter; Fig. 1A).
These are frequently observed in egg piles in termite nests (Matsuura,
2005; Matsuura et al., 2000; Nagy et al., 2016; Yashiro and Matsuura,
2007). By mimicking termite eggs chemically and physically, this fungus
successfully enters termite nests to the extent that, in some colonies,
there are more sclerotia in the egg pile than termite eggs (Matsuura,
2006; Matsuura et al., 2000, 2009) (Fig. 1B). The TMBs within the egg
piles are frequently groomed by workers, as are termite eggs, to protect
them from dryness and pathogens (Matsuura, 2006; Matsuura et al.,
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2000). Once in a termite nest, A. termitophila achieves a competitor-free
environment through egg mimicry, avoiding the substantial time and
energetic costs of grooming (Matsuura, 2006). In addition, TMBs may
germinate and absorb the surrounding eggs when the percentage of
TMBs in the egg pile becomes too high to be groomed by workers
(Matsuura, 2006). Therefore, in this relationship, A. termitophila is
considered parasitic (Matsuura, 2006). While A. termitophila is
frequently detected in mature termite colonies (Matsuura, 2005; Yashiro
and Matsuura, 2007), its route to new termite colonies remains un-
known. Although alates may carry spores (Matsuura et al., 2000), spore
formation has rarely been confirmed (Maekawa et al., 2020) and no
TMB has been observed in the egg piles of incipient termite colonies
(Matsuura, 2005). Therefore, A. termitophila may have another life stage
independent of termites (Maekawa et al., 2020; Matsuura, 2005).
Indeed, A. termitophila has also been isolated from wood and locations
unrelated to termites such as shiitake bedlog of Quercus serrata and dead
wood of broad-leaved trees on Mt. Chokaisan, Akita Pref., which is too
cold for termites to inhabit (Maekawa et al., 2020). Basidiomes of A.
termitophila have been observed in the field in seasons with lower tem-
peratures (3.9°C-17.5 °C), whereas sclerotia were produced at 15 °C-30
°C on MA media (Maekawa et al., 2020). This suggests that the tem-
peratures suitable for sclerotium formation and basidiome formation of
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A. termitophila are different. We consider that TMBs, i.e., sclerotia pro-
duced in termite nests, play an important role in the survival strategy of
A. termitophila during summer when the fungus is not able to form
basidiomes. Characterisation of this fungus under conditions without
termites is important for estimating the degree of dependence of A.
termitophila on termites.

If A. termitophila had another life stage independent of termites, the
fungus would have to compete with surrounding wood-decaying fungi
for resources and space. Various environmental variables affect the
competitive relationships among fungi (Boddy, 2000), so the specific
environmental parameters that A. termitophila experiences in termite
nests may affect its ability to compete with surrounding fungi. During
the warm season, when termites are active, a specific physicochemical
environment is created within termite-colonised deadwood. For
example, the air in termite nests has less oxygen and more carbon di-
oxide than that in termite-free deadwood (Tasaki et al., 2020), and
specific pheromones are released by the queen (Matsuura et al., 2010)
and soldier caste (Mitaka et al., 2017). Queen and soldier pheromones
affect the mycelial growth of A. termitophila (Matsuura and Matsunaga,
2015; Mitaka et al., 2017). During the cold season, termite activity de-
clines and most termites burrow underground (Fig. 1C). During this
period, there are no eggs in termite nests (Matsuura et al., 2007) and the
TMBs are not groomed by workers. New TMBs form in termite-infested
wood when the termites move underground in winter (Fig. 1C). If A.
termitophila is highly cold-tolerant, it might be able to compete with
surrounding wood-decaying fungi as mycelia to obtain resources in
termite-colonised deadwood.

In this study, we performed a competition experiment to evaluate the
effects of termite nest gas, termite queen and soldier pheromones, and
low temperature on the ability of A. termitophila to compete with four
wood-decaying fungi commonly found in Pinus densiflora deadwood.

2. Material and methods
2.1. Fungal strains

The ability of A. termitophila strains TMB-I (culture collection at
Kyoto University: TK160513) and TMB-II (UR160523), collected from
termite nests in rotten P. densiflora wood in Kyoto, Japan, to compete
with other wood-decaying fungi was tested. Another strain TMB-III
(culture collection at Kyoto University: MY211102) was collected
from termite nests in rotten P. densiflora wood in Miyagi, Japan for
hyphal growth experiment. The strains were isolated following the
method of Mitaka et al. (2017): briefly, sclerotia collected from termite
colonies were washed with sterile water and cultured on potato dextrose
agar (PDA; Difco Laboratories) containing 4 ppm benzimidazole after
field collection. The subterranean termite Reticulitermes speratus nesting
in pine deadwood always harbour TMBs in egg piles (Matsuura et al.,
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2000). Therefore, four species of wood-decaying fungi isolated from P.
densiflora deadwood (Fukasawa, 2018) were used as competitors:
Cryptoporus volvatus (C.v; NBRC no. 110166), Trichaptum abietinum (T.a;
NBRC no. 110190), Fomitopsis pinicola (F.p; NBRC no. 110169), and
Neolentinus suffrutescens (N.s; NBRC no. 110181). All fungal cultures
were maintained on PDA at 25 °C until they were used for the compe-
tition experiment.

2.2. Competition experiment

Five-mm-diameter mycelial discs were cut from the growing margin
of 4-week-old cultures of A. termitophila and one of the four competing
fungi on PDA using a sterilised cork borer, and inoculated upside-down
onto the center of a newly prepared PDA plate (20 mm apart) (Fig. 2A).
To test the effect of temperature on competition, the dishes were incu-
bated at 5 °C and 25 °C in the dark for 6 weeks. To test the effect of
atmosphere regimes, the dishes were incubated under conditions
mimicking a termite nest (16.6% Oy and 4.9% CO) and ambient air
(20.5% O3 and 0.04% CO-) in a multi-gas incubator (9000EX; Waken B
Tech) at 25 °C for 6 weeks (Tasaki et al., 2020). To test the effect of
queen pheromone, a mixture of 5 pL of the pheromone component (2:1
nBnB:2M1B) and 15 pL of hexane was dropped on a 1 cm square of filter
paper. For the soldier pheromone treatment, 20 pL of one individual
equivalent of the soldier pheromone component, (—)-f-elemene (1
pg/pL) was dropped onto a 1 cm square of filter paper (Mitaka et al.,
2017). The pheromone solutions were dropped onto the filter paper in
glass Petri dishes on a clean bench. After 5 min (to allow the hexane to
volatilise), the filter papers were placed on a 20 x 25 mm glass slide, in
turn placed on PDA medium in the Petri dish (Fig. 2B). Control dishes
were prepared without pheromones, but with hexane. The dishes were
incubated for 6 weeks in the dark at 25 °C. Ten replicates were set up for
each combination and treatment. The results of mycelial interactions
were recorded as the replacement of one mycelium by another, or
deadlock, where neither mycelium gained territory from the other,
following (Boddy, 2000).

2.3. Effect of temperature on colony growth

To examine the effect of temperature on hyphal growth of A. termi-
tophila in comparison with other wood-decaying fungi, the hyphal
growth of TMB-III (MY211102) at different temperature conditions (5,
15, 25 and 35 °C) were measured following the method of Fukasawa
(2018): 4 mm-diam hyphal plugs of TMB-III cultured in malt extract agar
(MA) plate were cut using a sterilised cork borer and placed at the center
of the MA plate in a 9 cm-diam Petri dish. The plates were incubated at
either 5, 15, 25 or 35 °C under the dark. Five replicates were made for
each temperature. After five days, the radial growth of each fungal
colony was measured. The data of TMB-III was compared with that of C.v

Fig. 1. Termite balls in the nest of a subterranean termite, Reticulitermes speratus. (A) Termite balls in an egg pile in July (summer). The termite eggs are transparent
and oval, whereas termite balls are brown and spherical. (B) Termite balls in an egg pile in September (early autumn). The egg production season is over and most of
the eggs have hatched, leaving only termite balls in the egg pile. (C) Termite balls formed in a R. speratus nest in February (winter). Most termites move from
aboveground to underground in winter, and the termite balls left in the nest germinate and grow. The scale bars represent 2 mm.
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Fig. 2. Experimental set-up of the competition experiments. (A) One of the TMB strains and one of the four basidiomycete species were incubated at 5 °C or 25 °C, or
under the gaseous conditions mimicking a termite nest, or (B) under termite queen pheromone, soldier pheromone, or hexane-only (control) conditions. The results of
the mycelial competition were classified into three categories: (C) replaces the opponent, (D) deadlock, and (E) replaced by the opponent.

(NBRC no. 110166), T.a (NBRC no. 110190), F.p (NBRC no. 110169),
and N.s (NBRC no. 110181) reported in the previous study (Fukasawa,
2018).

2.4. Data analysis

The frequencies of the interaction outcomes between A. termitophila
and wood-decaying fungi were compared between treatments using
Fisher’s exact probability test. The results for the two A. termitophila
strains were analysed statistically.

The hyphal growth of TMB-III at each temperature was compared
with the data of the other four wood decaying fungi collected by
Fukasawa (2018). The generalized linear model (GLM) with Gaussian
distribution was used to examine the effect of species, temperature and
their interaction on hyphal growth. For each temperature condition, the
significance of differences between the hyphal growth of the five species
were determined by Tukey’s Honestly Significant Difference (HSD) test
at a significance level of p < 0.05. All analyses were performed in R
version 4.1.3 (R Core Team, 2022).

3. Results

At low temperature (5 °C), the competitiveness of TMB against other
fungi was significantly increased compared to the control condition (25
°C) (Fisher’s exact test; TMB-I vs. C.v, p = 0.003; TMB-II vs. C.v, p =
0.003; TMB-1vs. F.p,p < 0.001; TMB-II vs. F.p, p < 0.001; TMB-Ivs. N.s, p
< 0.001; TMB-II vs. N.s, p < 0.001; Fig. 3), except against T.a (TMB-I vs.
T.a, p > 0.05; TMB-II vs. T.a, p = 0.474). In the nest gas condition (Oy:
16.6% and COs: 4.9%), the competitiveness of TMB against F.p and N.s
was significantly reduced (TMB-I vs. F.p, p = 0.003; TMB-II vs. F.p, p =

0.011; TMB-I vs. N.s, p = 0.023; Fig. 3).

Queen pheromone negatively affected the competitiveness of TMB-II
against F.p (TMB-II vs. F.p, p = 0.003), but had no effect on TMB-I (TMB-I
vs. F.p, p > 0.05; Fig. 4). Soldier pheromone also negatively affected the
competitiveness of TMB-II against F.p (TMB-II vs. F.p, p = 0.020), but
had no effect on TMB-I (TMB-I vs. F.p, p > 0.05; Fig. 4). Neither queen
nor soldier pheromone had any effect on the competitiveness against C.
v, T.a, or N.s (Fig. 4).

The effects of temperature, fungal species, and their interaction were
significant for hyphal growth (likelihood ratio test, temperature: y? =
29.36, p < 0.001; species: ;(2 =18.82, p < 0.001; temperature x species:
2% =17.55, p = 0.0015). Under low temperature condition (5 °C), hy-
phal growth of TMB was significantly greater than that of other fungi (p
< 0.001, Tukey’s HSD, Fig. 5). At 25 °C, which is the optimum growth
temperature for all fungi, hyphal growth of TMB was significantly less
than that of other fungi (p < 0.001, Tukey’s HSD). Under high tem-
perature condition (35 °C), hyphal growth of TMB and T. abietinum were
significantly less than that of C. volvatus, F. pinicola, and N. suffrutescens
(p < 0.001, Tukey’s HSD), while no significant difference between TMB
and T. abietinum (p = 0.974, Tukey’s HSD, Fig. 5).

4. Discussion

This study suggests that low temperatures have a strong positive
effect on the competitive ability of A. termitophila against other wood-
decaying fungi. In the competition experiment, A. termitophila invari-
ably replaced the opponents at 5 °C (Fig. 3). This result is consistent with
the results of the hyphal growth experiment, in which only A. termito-
phila was able to grow at 5 °C, while the other fungi were unable to grow
at all (Fig. 5). A. termitophila tends to be superior to C. volvatus and T.
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Fig. 3. Effects of gas and temperature con-
ditions on the competitiveness of TMB. The
four basidiomycetes are used as competitors
of Athelia termitophila strains (TMB-I and II):
(A) Cryptoporus volvatus; (B) Trichaptum
abietinum; (C) Fomitopsis pinicola; and (D)
Neolentinus suffrutescens. Control: incubated
at 25 °C under ambient gaseous condition
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abietinum at 25 °C, which suggests that A. termitophila outcompetes some
wood-decaying fungi for habitat and resources during the warm season.
However, deadlock was observed in all combinations, and A. termitophila
tended to be inferior to N. suffrutescens and F. pinicola at 25 °C (Fig. 3). In
the hyphal growth experiment, the growth of A. termitophila was inferior
to that of any other fungus at 25 °C (Fig. 5). Therefore, A. termitophila is
highly dependent on termites for avoiding unfavourable competition
during the warm season. The benefits obtained during this period may
be so great that they are frequently detected in termite nests.

In Reticulitermes speratus nests, no eggs were observed in winter
(Matsuura et al., 2007), so A. termitophila sclerotia were inevitably left
behind. In such situations, A. termitophila cannot obtain habitat and
resources without defeating other wood-decaying fungi. The strong cold
tolerance of A. termitophila should facilitate the capture of organic re-
sources, resulting in the high observation rate in mature termite nests
(Matsuura, 2005). A. termitophila is often found in termite nests in
temperate regions, but not in subtropical regions (Yashiro and Matsuura,
2007). This might be because A. termitophila cannot overcome other
fungal species inside the termite nests in winter due to the relatively
high temperatures in subtropical regions. A related species, Athelia
arachnoidea, is a phytopathogen that becomes aggressive at low tem-
peratures (Yurchenko and Golubkov, 2003), and the ancestral A. ter-
mitophila strain may also have been very cold-tolerant. Cold tolerance

likely functioned as a pre-adaptive trait, and some of the sclerotia that
formed from the resources acquired during the cold season were selected
for termite egg recognition, resulting in strains with smooth structures
that closely resemble termite eggs (Matsuura, 2006). A. termitophila may
also have a competitive advantage due to its high relative abundance in
the termite colony when the termites become inactive. At this time many
TMBs are present in the nest and can germinate in order to colonize part
of the nest wood before other fungi enter the nest.

The queen and soldier pheromones had a negative effect on A. ter-
mitophila in competition with F. pinicola. Queen pheromones inhibit A.
termitophila mycelial growth (Matsuura and Matsunaga, 2015), and this
might also have a negative effect on competitive abilities. Although the
soldier pheromone promoted A. termitophila growth in monoculture
(Mitaka et al., 2017), it did not enhance its competitiveness against
other fungi in this study. It may be that, when competing with certain
unfavourable fungi, A. termitophila shifts from active growth tactics to
endurance tactics in termite nests.

The gas composition mimicking termite nests had a negative effect
on A. termitophila in competition with F. pinicola and N. suffrutescens. Gas
composition influences interspecific competition between wood-
decaying fungi (Chapela et al., 1988). In deadwood, it is assumed that
gas composition is not identical between sapwood and heartwood,
where the heartwood, with its dense tissues, becomes more hypoxic
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Fig. 4. Effects of termite pheromones on the competitiveness of TMB. Four basidiomycetes were used as competitors of Athelia termitophila strains (TMB-I and II): (A)
Cryptoporus volvatus; (B) Trichaptum abietinum; (C) Fomitopsis pinicola; and (D) Neolentinus suffrutescens. Control: incubated with hexane only at 25 °C under the
ambient gas condition. Queen pheromone: incubated with termite queen pheromone compounds (2:1 nBnB:2M1B) at 25 °C under the ambient gas condition. Soldier
pheromone: incubated with the termite soldier pheromone compound (—)-f-elemene at 25 °C under the ambient gas condition. Ten replications were made for each
treatment. Asterisks indicate that the result of mycelial interaction differed significantly from the control (Fisher’s exact test, n.s. p > 0.05, *p < 0.05, **p < 0.01,

*#x5p < 0.001).

because gas exchange is less likely. Both F. pinicola and N. suffrutescens
are heartwood-decaying fungi (Table 1), so they may have become
competitive against A. termitophila under hypoxic conditions.

The competitive relationships among fungal species observed in
media tend to represent fungal community succession during wood
decomposition (Boddy, 2000). Since C. volvatus and T. abietinum are
found in the early to middle decay stages, while F. pinicola and N. suf-
frutescens are found in the middle to late decay stages (Table 1), A. ter-
mitophila might be found in deadwood classified as early to middle decay
classes, even without termites. The results of the competition experi-
ment suggest that A. termitophila adapts not to the physicochemical
characteristics of termite nests, but rather to the low temperature when
termites become inactive. Therefore, A. termitophila may have a life

stage in which it actively competes with other wood-decaying fungi to
obtain resources in deadwood during the cold season, and escapes
competition with other fungi by mimicking eggs during the warm sea-
son, when termites begin to lay eggs.

Curiously, termite colonies invaded by A. termitophila are common,
despite the substantial time and energetic costs (Matsuura, 2006). We
speculate that A. termitophila conquers not only wood-decaying fungi,
but also entomopathogenic fungi during the cold season. If the ability of
A. termitophila to conquer entomopathogens at low temperature is
verified, it would suggest a seasonal benefit for termites. That is, during
the warm season, termites protect A. termitophila from competition with
surrounding wood-decaying fungi, while during the cold season, when
termites burrow underground, A. termitophila excludes termite
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Fig. 5. Comparison of hyphal growth of TMB and other wood-decaying fungi
under different temperature conditions. The growth data of Athelia termitophila
(TMB-III) was compared to the data of other wood-decaying fungi (C.v: Cryp-
toporus volvatus; T.a: Trichaptum abietinum; F.p: Fomitopsis pinicola; N.s: Neo-
lentinus suffrutescens) from the previous study Fukasawa (2018). All fungal
strains were isolated from rotten P. densiflora wood. A base-10 log scale was
used for the Y-axis, facilitating the visualization of the difference at low tem-
perature. Different letters denote significant difference at each temperature
(Tukey HSD test, p < 0.05). Error bar indicate the log (mean + 0.5) + standard
error (TMB, n = 5; C.v, T.a, F.p, and N.s, n = 3).

Table 1

Fungal species used in the competition experiment with A. termitophila. Decay
class indicates the decay stage of logs when the fungi were observed in a five-
decay class system (I, least decayed; V, most decayed). Position indicates the
dominant wood, either sapwood (Sap) or heartwood (Heart).

Fungal species Decay Position ~ Reference
class
Cryptoporus volvatus 1 Sap Fukasawa et al. (2015)
Fomitopsis pinicola 11, 111 Heart Deflorio et al. (2008), Ovaskainen
et al. (2013)
Neolentinus I, IV Heart Fukasawa et al. (2015)
suffrutescens
Trichaptum I, 11, 111 Sap Fukasawa et al. (2015)
abietinum

pathogens from the nest due to its strong cold tolerance. Further studies
of the dynamics of the microbial community in termite nests throughout
the year will help us to better understand the relationship between
termites and A. termitophila.
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