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Abstract

Fungus-farming termites cultivate a mutualistic fungus Termitomyces inside their nest mounds in CO,-rich environments.
For sustainable harvests, termites must control weedy parasitic fungi such as Pseudoxylaria that may exploit resources
meant for cultivar growth. Earlier, we discovered that termites exploit fungal scents to distinguish between crop and weedy
fungi leading to weed burial that could contribute to its control. While chemical antifungals have been reported in termite
farms, live burial per se as an antifungal activity has never been investigated. In this study, major and minor worker castes of
termites buried the weedy fungus with soil to a significantly greater extent than the crop fungus. This live burial by worker
termites led to greater decrease in the survival of the weedy fungus compared to the crop fungus, even after controlling for
the differential amount of soil deposition. Such a decrease in parasite survival could result from local hypoxia generated by
the burial process. Our experiments with artificial burial revealed that, in the absence of chemical factors such as fungicides,
weed survival is indeed negatively affected by the resulting hypoxia alone. However, hypoxia associated with artificial burial
also decreased crop survival, explaining why natural burial of crop fungi is minimal. Farmer termites may, therefore, contain
weeds in their fungus farms by selectively burying weed-infested areas, resulting in antifungal activity which in part could
be due to local hypoxic conditions. These results show how organisms may exploit the abiotic effects of behavioural actions
as an effective defence against parasites.

Keywords Antifungal mechanism - Burial behaviour - Fungus-farming termite - Hypoxia - Pseudoxylaria - Termitomyces

Introduction

In the natural world where antagonistic interactions such as
competition, parasitism and predation are rampant, mutual-
istic associations between organisms are also widespread.
However, such mutualistic associations also need protec-
tion against antagonists. For example, myrmecophytic plants
enlist the help of ants which behaviourally protect them
from herbivores (Heil and McKey 2003); endophytic fungi
produce metabolites which mediate host grass resistance
to herbivores (Saikkonen et al. 2013), and Actinobacteria
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produce antifungal compounds inhibitory to the parasitic
fungi of fungus-growing ant cultivars (Currie et al. 1999).
Similarly, in fungus-farming termites, bacteria produce anti-
fungal compounds (Visser et al. 2012; Um et al. 2013; Kim
et al. 2014; Beemelmanns et al. 2017), many of which are
non-specific in their action, and may be utilized by termites
to inhibit their fungal crop parasites. Alternatively, the fun-
gal crop could “enlist” and domesticate termites (Nobre and
Aanen 2012) to behaviourally protect them from parasites.

The crop parasites commonly found in the nests of
Macrotermitinae termites belong to the subgenus Pseu-
doxylaria (Ascomycota) (Visser et al. 2009; Hsieh et al.
2010; Katariya et al. 2017b). These weedy Pseudoxylaria
fungi can compete with the mutualistic crop Termitomyces
(Basidiomycota) for nutrition as (1) they utilize the same
carbon sources, and (2) grow faster than the crop (Vis-
ser et al. 2011). Therefore, any emerging threat of Pseu-
doxylaria weeds should be speedily dealt with before the
parasite overtakes the fungal farms, by using chemical
compounds for example. Our previous studies showed that
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the farmer termites have the behavioural capacity to dif-
ferentiate between their crops and weedy fungi (Katariya
et al. 2017a). Following recognition, termites engage in
live burial of Pseudoxylaria, raising the speculation that
this behaviour may be an antifungal defence response,
comparable to the behavioural defences of fungus-growing
ants that groom their gardens to protect against parasitic
fungi (Currie and Stuart 2001; Little et al. 2006). How-
ever, whether the burying behaviour itself can contribute
to antifungal defence against weedy parasites has not been
investigated in fungus-farming insects.

Burying behaviour is a common response of termites to
the presence of cadavers of nestmates that have succumbed
to pathogenic infections such as caused by fungi (Myles
2002; Chouvenc et al. 2008, 2012). On the other hand, burial
seems to be an atypical ant behaviour (Renucci et al. 2011).
Rather, waste management in ants includes dumping refuse
along with cadavers in waste chambers as occurs in fungus-
growing ant nests (Bot et al. 2001; Hart and Ratnieks 2001;
Hart 2002). Burial may limit the negative impacts of rotting
cadavers due to the presence of faecal material, saliva and
glandular secretions in the depositions which have antimi-
crobial and fungistatic properties (Rosengaus et al. 1998,
2000, 2004; Lamberty et al. 2001; Chouvenc and Su 2012).
Alternatively, burying may limit decomposition due to (1)
enhanced desiccation (e.g. in sandy soil) or (2) low dif-
fusibility of O, and CO, (e.g. in wet and clayey soil) that
prevents rapid, aerobic microbial action (Lopez-Riquelme
and Fanjul-Moles 2013). Whatever the nature of the mecha-
nism involved, burying termite corpses ultimately leads to
decrease in the fungal load of the cadavers (Rosengaus et al.
1998; Chouvenc et al. 2012; Chouvenc and Su 2012). Simi-
larly, in human agriculture, burying of seeds of weedy plants
has negative effects on seedling germination (Chauhan and
Johnson 2011). Factors implicated in the decreased seed ger-
mination of weeds include hypoxia and hypoxia-associated
processes resulting from burial, as happens during tillage
(Benvenuti and Macchia 1995).

We hypothesized that fungus-growing termites may be
burying the weedy fungus (Katariya et al. 2017a) to inhibit
its growth. This is because Pseudoxylaria grows within the
termite mound environment only in the absence of contact
with termites, for example in mounds abandoned by termites
(Batra and Batra 1979; Katariya, pers. obs.), or when incu-
bated within termite-proof enclosures within active mounds
that allow circulation of mound air (Katariya et al. 2018).
Therefore, using a locally prevalent fungus-farming termite,
Odontotermes obesus, as our model system, we investigated
if live burial is associated with antifungal activity. We esti-
mated the decrease in Pseudoxylaria survival post-burial
and compared it with that of the mutualistic Termitomyces.
For the present study, we restrict ourselves to experimentally
examining the effect of hypoxia alone.

@ Springer

Materials and methods
Termite collection and fungal cultures

Only freshly collected workers of the fungus-growing ter-
mite Odontotermes obesus were employed in the assays.
They were collected during the day (10 a.m.—2 p.m.) from
a termite mound present in the Indian Institute of Science
campus (13°01'32.2”N 77°33'45.6”E) (Bangalore, India).
To decrease mortality owing to desiccation, the different
castes (minor and major workers) were kept (separately)
in glass petri-plates containing moist tissue paper. Tested
termites were never re-used.

Termitomyces and Pseudoxylaria fungi used in the
assays were cultured on potato dextrose agar at 30 °C. For
the experiments, plugs (diam. = 3.75 mm) were punched
from 7- to 12-day-old Termitomyces cultures growing as
spread plates (Visser et al. 2011) and 3- to 5-day-old Pseu-
doxylaria cultures (from an actively growing culture edge)
point-inoculated in the centre of the petri-plates.

Soil assay

We used sterile garden soil (mesh size =75 p) (amount
equivalent to ~3 mL) in sterile 6-well plates (Nest Bio-
tech, flat bottom with low evaporation) for this assay
(Fig. 1a). Termites utilize wet soil (a natural substrate) to
make agglomerations called boluses and deposit them on
the fungal plugs (Katariya et al. 2017a). To wet the soil,
autoclaved MilliQ water (1.65 mL) was added and a disc
(diam. = 8.8 mm) of sterile aluminium foil was positioned
in the centre of the dish for placing the fungal plug. The
Pseudoxylaria (or Termitomyces) plug (diam. = 3.75 mm)
was placed in an inverted position inside a PCR cap (Axy-
gen, flat 0.2 mL PCR strip caps, thin walled) to prevent
direct contact of soil deposited by termites with myce-
lia. The PCR cap was kept over the aluminium disc and
incubated in the dark at room temperature with termites
(either 3 major workers or 6 minor workers). Wells without
termites served as controls. After 24 h, all the soil boluses
deposited on and around the inverted plugs were care-
fully removed (from the aluminium disc) and stored for
weighing. Only those plugs that were completely covered
with soil were used, i.e. the fungal plug was concealed
under the soil layer and not visible to the observer’s eyes.
Survival of both control and test plugs of Pseudoxylaria
(or Termitomyces) was quantified using a colorimetric
MTT assay (see below). For this, plugs were first washed
thrice with 200 pL saline (0.9% w/v) in a 96-well plate
to remove any soil particles adhering to the fungal plugs,
before proceeding with the assay. We used a Termitomyces
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Fig. 1 Antifungal activity of soil boluses deposited by worker ter-
mites. (Anti-clockwise) a Assay setup showing presentation of Ter-
mitomyces (T) or Pseudoxylaria (P) fungi inside PCR caps placed
over aluminium discs to termites in a 6-well plate containing soil
(well diam. X depth=35 mmXx17 mm). b Dot plots representing
mass of soil boluses (mg) deposited on the plugs of Termitomyces
and Pseudoxylaria fungi by major and minor workers in 24 h (N=38).
Horizontal bars represent means. Paired observations (filled cir-

strain (16T2) which was isolated from a termite nest in the
study site (Katariya et al. 2017b). For the parasitic fungus,
we used the G4X3 isolate which is a common genotype
found across termite nests (the most common genotype of
the most prevalent OTU) (Katariya et al. 2017b). There
were 3-9 technical replicates for each of the four groups (2
Fungi X 2 Castes) in each experiment which was repeated
to give eight biological replicates.

Local hypoxia assay: artificial burial
Experiments were set up in sterile 48-well plates (Nest

Biotech, flat bottom with low evaporation) containing auto-
claved agar (250 pL) (Fig. 2a). Fungal plugs (Termitomyces
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cles) are joined with solid lines. ¢ Dot plots representing % survival
(y) (mg~! of deposited soil) of Termitomyces and Pseudoxylaria
plugs on which major or minor workers had deposited soil boluses
for 24 h (N=8). Paired observations (filled circles) are joined with
solid lines. d Statistical interaction between fungus (Termitomyces or
Pseudoxylaria) and worker caste (major or minor) identity. Data are
adjusted means + SEM of N=8 in each group. *Significant difference
(P <0.05) in pairwise comparisons using Wilcoxon signed rank tests

or Pseudoxylaria) (diam. = 3.75 mm) were placed in the
centre of the wells and covered with PCR caps. Caps were
gently pressed into the agar layer to create a closed enclo-
sure around the plugs (i.e. artificial burial) resembling soil
deposition by termites (i.e. natural burial), leading to local
hypoxia. For sham burial, we used PCR caps that had four
holes on the top for gaseous exchange, thus leading to the
absence of local hypoxia.

To compare the effect of artificial burial on the survival
of Termitomyces and Pseudoxylaria under conditions preva-
lent within the termite mounds, incubations were performed
under two different conditions in a CO, incubator (Thermo
Scientific Steri-Cult Model 3307): 25 °C and 95% RH for
24 h with (1) 3.2% CO, (high ambient CO,; more hypoxic
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Fig. 2 Effect of hypoxic conditions on Termitomyces and Pseudoxy- »
laria fungi. a Schematic of assay setup showing plugs of Termito-
myces (T) or Pseudoxylaria (P) fungi artificially buried, i.e. covered
inside PCR caps without holes (local hypoxia present), or sham bur-
ied, i.e. PCR caps with holes (local hypoxia absent), in a 48-well
plate containing agar (well diam. X depth=11 mmXx 17 mm). b Box
plots representing survival (ODssy) of Pseudoxylaria and Termito-
myces fungi under the presence/absence of local hypoxic conditions
for 24 h when incubated under high (N=10) or low (N=11) ambient
CO, levels. ¢ Box plots representing % survival of artificially buried
fungi when incubated under high (N=10) or low (N=11) ambient
CO, levels (using data from b). Horizontal lines inside boxes repre-
sent medians. Filled circles represent outliers. *Significant difference
(P<0.05) in b pairwise comparisons using Wilcoxon signed rank
tests and ¢ Kruskal-Wallis rank sum tests

surroundings) (Katariya et al. 2018) and (2) atmospheric
CO, levels (low ambient CO,; less hypoxic surroundings). In
this way, artificial burial (local hypoxia present) resembles
natural burial by termites inside the mound under contrast-
ing CO, levels (high and low) and thus captures the com-
bined effect of hypoxic conditions on fungi generated by
burial and mound environment. Importantly, artificial burial
(PCR caps) excludes the effect of any antifungal chemicals
that may be deposited with soil boluses, and can thus test
the effect of hypoxia alone on fungal survival. After 24-h
incubation, the colorimetric MTT assay (see below) was per-
formed to compare the survival of sham-treated (PCR cap
with perforations; local hypoxia absent) and test (PCR cap
without perforations; local hypoxia present) fungal plugs.
Caps were moved from their positions before proceeding
with the MTT assay. We used two isolates each of Pseudoxy-
laria (57X4 and G4X3) and Termitomyces (90T6 and 16T2)
fungi, which belonged to the most prevalent OTUs, for these
assays. The relative positions of four isolates (with sham
treatment and test) and one blank (for subtracting the back-
ground value) in the 48-well plate were randomly changed
in every experiment (number of technical replicates =4-5).
We also randomized the sequence of ambient CO, levels
(low and high) used on different days such that there were
10 and 11 biological replicates for high and low CO, levels,
respectively.

Colorimetric growth assay

In order to quantify the survival of Termitomyces or Pseu-
doxylaria, colorimetric assays were performed using MTT
([3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide]) as described by Meletiadis et al. (2000) with
necessary modifications. Fungal plugs were incubated in
a 96-well plate in the dark at 30 °C with potato dextrose
broth (180 puL) and MTT (20 pL, 5 mg/mL) for colour
development. After ~6 h, all the media were decanted
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and 200 pL of acidic-isopropanol (1N HCI) was added to
each well to lyse the cells. Plates were incubated at 25 °C
at 150 rpm. After 20 min, 100 pL of coloured solution
from each well was used for measuring absorbance (abs)
at 550 nm (ODss,) in a 96-well plate.
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Statistical analysis

All analyses were performed in RStudio 1.1.419 (RStudio
Team 2016), user interface for R 3.4.3 (R Core Team 2017),
using ggplot2 v2.2.1 (Wickham 2009) to produce figures.
All figures were processed in Inkscape v0.91 (http://www.
inkscape.org) and GIMP v2.8.14 (http://www.gimp.org).

Soil assay

We first calculated the % survival of individual plugs (Ter-
mitomyces or Pseudoxylaria) using the formula: % sur-
vival = [(Test,, — Blank,, ) X 100]/(uControl,, ), where
uControl,, . is the average of the six technical replicates
(Control,, — Blank,, ). Each plug was regarded as a tech-
nical replicate and % survival was normalized by dividing
by the weight (mg) of the soil deposited on that particular
plug. This quantity was denoted as y or weight normalized
% survival. Finally, we calculated the mean of 3-9 techni-
cal replicates which we regarded as a biological replicate.
There were eight such biological replicates for each of the
four groups (2 Fungi X 2 Castes). We used Wilcoxon signed
rank tests for pairwise comparisons (at @ =0.05) between %
survival (y) of Termitomyces and Pseudoxylaria for both
major and minor workers. Pairwise comparisons between
weight of soil deposited on Termitomyces and Pseudoxylaria
by both major and minor workers were also analysed with
Wilcoxon signed rank tests (at a=0.05).

We also ran an ANOVA model to analyse the effect of
fungal genus and worker caste (as predictor variables) on y
(as the response variable). Our inferences were based on the
model that included both the main effects and their interac-
tion (at a=0.05). MASS package v7.3.47 was used for this
analysis. The interaction plot of % survival (y) of fungi and
worker castes showing adjusted means (Fig. 1d) was drawn
using the phia package version 0.2.1 in R. Adjusted means
(least square means) are predicted values from a multiple
regression equation (here ANOVA model) and thus adjusted
for the imbalances arising as a result of interacting variables
(here fungal genus and worker caste).

Local hypoxia assay

We calculated fungal isolate survival (ODss, or absorb-
ance 550 nm) from the average of 4-5 technical replicates
(Sample,,  — Blank,; ) and performed pairwise comparisons
(Wilcoxon signed rank tests; a=0.05) between sham-treated
(local hypoxia absent; Controlg,,.;,,) and artificially buried
(local hypoxia present; Testy,.iva) conditions. These com-
parisons were made for incubations done under both high
(N=10) as well as low (N=11) ambient CO, levels or more
hypoxic and less hypoxic surroundings, respectively. We also
calculated % survival of artificially buried fungi, for each

isolate using the formula: % survival = (Testg,. iya X 100) /
(Controly,,.iva)- We used Kruskal-Wallis rank sum tests (at
a=0.05) to compare the % survival among all isolates under
both high and low ambient CO, conditions (i.e. hypoxic and
non-hypoxic surroundings).

Results

Effect of soil deposition by worker termites
on Pseudoxylaria and Termitomyces survival

Both worker castes deposited significantly more amount of
soil on Pseudoxylaria compared to Termitomyces (T vs. P
Wilcoxon signed rank test: major workers: N=8, P=0.008;
minor workers: N=8, P=0.008; Fig. 1b). The average soil
deposited on weed fungi was almost twice as that on the crop
(major workers: 2.25X; minor workers: 2.10X). Also, even
though major workers were tested in only half the numbers
than minor workers, the average amount of soil deposited by
the former was similar to the latter, whether on the weed or
the crop fungus (Fig. 1b). The pairwise weight normalized
% survival () for Termitomyces was greater than for Pseu-
doxylaria but significantly different only for soil deposited
by major workers (T vs. P Wilcoxon signed rank test: major
workers: N=8, P=0.008; minor workers: N=8, P=0.078;
Fig. 1c). Thus, a unit amount of deposited soil lowers the %
survival of the weed more than the crop. Interestingly, the
maximum  for weed fungi was still lower than minimum
y for crop, when major workers deposited soil. Also, there
was a significant interaction effect between worker caste
and fungal genus on survival (y) (ANOVA: F, 5,3 = 5.06,
P=0.032) (Fig. 1d, Table S1). The y of Pseudoxylaria when
major workers deposited soil was lower than minor workers,
but the reverse was true for Termitomyces.

Effect of local hypoxic conditions (artificial burial)
on Pseudoxylaria and Termitomyces survival

The presence of local hypoxia caused by artificial burial sig-
nificantly decreased the survival (ODss,) of Pseudoxylaria
and Termitomyces isolates, when compared to the absence
of local hypoxia in sham burials. This was true for all fungal
isolates incubated under high levels of ambient CO, (arti-
ficial vs. sham burial Wilcoxon signed rank test: G4X3:
N=10, P=0.037; 57X4: N=10, P=0.010; 90T6: N=10,
P=0.004; 16T2: N=10, P=0.006; Fig. 2b) and all but one
isolate (16T2) incubated under low ambient CO, (artificial
vs. sham burial Wilcoxon signed rank test: G4X3: N=11,
P=0.005;57X4: N=11, P=0.007; 90T6: N=11, P=0.002;
16T2: N=11, P=0.147; Fig. 2b). Thus, artificial burial
decreased fungal survival under both less hypoxic and more
hypoxic surroundings. Moreover, % survival of artificially
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buried fungi with respect to sham burial did not differ sig-
nificantly among the two fungi which were incubated under
different ambient CO, concentrations (low and high levels)
(Kruskal-Wallis rank sum test: ;{2 =4.297,df=7, P=0.745;
Fig. 2c). Thus, the effect of local hypoxia due to artificial
burial (as reflected by % survival) is similar between the
contrasting high and low CO, levels of the surroundings and
among the two fungi.

Discussion

Our results show that fungus-growing termites bury the
weedy Pseudoxylaria to a significantly greater extent than
the Termitomyces crop which results in relatively lowered
survival (y) of the former compared to the latter. We also
found that both the termite-associated fungi are susceptible
to local hypoxia, which may occur as a result of the burying
behaviour and lead to reduction in survival. Interestingly,
this reduction due to local hypoxia resulting from artificial
burial, not only occurred under less hypoxic surroundings
(low ambient CO, levels) but also under more hypoxic sur-
roundings (high ambient CO, levels), conditions resembling
the variable CO, levels within the mound. Therefore, the
increased burial of the fungal parasite can accrue benefits
against the parasite in two ways. Firstly, since enhanced bur-
ial is specific towards the weedy fungus, burial-associated
hypoxia will decrease weed survival selectively irrespective
of whether the mound CO, levels are high or not. Secondly,
lesser burial of the crop fungus will diminish the negative
effect of burial-associated hypoxia on crop survival. There-
fore, the burying behaviour, directed primarily at the para-
sitic weed, is coupled with antifungal activity which, in part,
appears to be due to the effect of local hypoxic conditions.

Termites buried both fungal plugs with soil boluses when
offered a natural substrate, i.e. wet soil, where the deposition
was lower on the Termitomyces. This is interesting because
in our previous study (Katariya et al. 2017a), we found work-
ers depositing significantly more boluses on the weedy fun-
gus when both fungi or weed and blank plugs were offered
simultaneously in the same dish, but here termites were
offered only one fungus at a time. This lends further support
to our earlier results that the greater burial of weed is inde-
pendent of crop presence (Katariya et al. 2017a). Indeed,
preparation and deposition of soil boluses appear to be a
constitutive activity in these termites (Zachariah et al. 2017).
However, the similarity between major and minor workers in
the amount of soil deposition, whether on Pseudoxylaria or
Termitomyces, is suggestive of labour stoichiometry, where
it appears to be 1 major:2 minor workers.

Fungal burial resulted in lower survival for Pseudoxy-
laria than Termitomyces and was significantly different for
boluses deposited by major workers (Fig. 1¢). Minor workers
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demonstrated a similar but weaker effect (P=0.078). This
decreased fungal survival associated with burial shows that
termite burial behaviour is coupled with antifungal activ-
ity. Similar burial behaviour, although towards corpses, is
shown by both farmer and non-farmer termites where similar
positive outcomes from this sanitary behaviour are expected
(Chouvenc et al. 2012; Chouvenc and Su 2012). Specifically,
burial of corpses, which are potential sources of pathogens,
isolates this potential threat, and if pathogens are present,
it contains them locally (Cremer et al. 2007; Chouvenc and
Su 2010, 2012; Chouvenc et al. 2012). Fungus-growing
ants also couple behavioural defences of grooming with
chemical defences where they utilize antibiotic-producing
bacteria against crop parasites (Little et al. 2006). Interest-
ingly, even though y is a normalized estimate of % survival
which accounts for the differential amount of soil deposition
between Pseudoxylaria and Termitomyces, still a difference
in survival is evident between the two fungi. This shows the
apparent higher specificity of the antifungal activity against
Pseudoxylaria. In another insect—fungus symbiosis, a similar
high specificity towards the parasitic fungi is seen, with the
beetle’s mutualistic fungi experiencing only a mild inhibi-
tion by the antifungal compounds (Scott et al. 2008; Oh et al.
2009). Such specificity may result from higher susceptibil-
ity of the parasite to the antifungal agent(s) compared to
the mutualist which may be adapted to withstand antifungal
exposure. It should also be noted that our conclusions based
on y are independent of the number of termites present (e.g.
3 major or 6 minor workers per dish in this study); a unit
amount of soil can be deposited by any number of termites to
cause the observed lowering of fungal survival. Additionally,
a significant interaction between worker caste and fungal
genus (Fig. 1d) shows the higher efficiency of the major
workers as a “defensive” caste. This is because major work-
ers reduce weed survival more than what minor workers can
accomplish. Equally important, major workers reduce crop
survival less than the minor workers. Fungus-growing ants
also show caste specialization in sanitary work with major
workers specialized in weeding and minor workers in fun-
gus grooming (Abramowski et al. 2011). Although, fungus-
growing termites demonstrate age and caste polyethism in
food supply and processing (Badertscher et al. 1983) and
in gut bacterial microbiota (Hongoh et al. 2006), and age
polyethism in queen care and foraging (Hinze and Leuthold
1999), it is not known if such age or caste polyethism exists
in sanitary work. Similarly, it is unclear why termites bury
the crop at all, but soil deposition on crop could be a pro-
phylactic mechanism similar to the chemical prophylaxis
in wasps (Kroiss et al. 2010) or proactive self-cleaning in
farmer ants (Morelos-Juarez et al. 2010).

The decrease in fungal survival could be due not only
to chemical compounds (Rosengaus et al. 1998; Chouvenc
and Su 2012) present in the soil boluses but also the local
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hypoxic condition generated by burial (Benvenuti and Mac-
chia 1995; Lopez-Riquelme and Fanjul-Moles 2013) or a
combination of both mechanisms. In fact, our initial experi-
ments indicated a strong possibility of the negative effect of
hypoxia (resulting from artificial burial) on Pseudoxylaria,
as all the four isolates with different levels of growth-rate
showed decreased survival (ODss,) (Fig. S1). This effect
is similar to the negative impact of high CO, levels of the
ambient environment on these Pseudoxylaria isolates, as
reported earlier (Katariya et al. 2018). In fact, any Pseu-
doxylaria sprouting inside a termite mound will experience
hypoxia not only due to burying but also because of the
hypoxic surroundings, since mounds are known to have high
(but variable) ambient CO, levels (Korb and Linsenmair
1999; Katariya et al. 2018). Experiments mimicking such
conditions revealed a clear negative effect of artificial burial
on Pseudoxylaria survival (Fig. 2b), highlighting the role of
local hypoxia as an antifungal mechanism. Importantly, local
hypoxia decreased weed survival (ODss,) even when ambi-
ent CO, levels were low. This may be particularly signifi-
cant during periods of low mound CO, concentrations (Korb
and Linsenmair 1999; Katariya et al. 2018). Interestingly,
Termitomyces crop showed similar results, with decreased
survival (ODss,) due to local hypoxia under both high and
low ambient CO, levels (except for the 16T2 isolate; low
ambient CO,). This shows the possible negative effect of
burying the crop fungus and explains why termites always
deposit less soil on Termitomyces. Also, no difference in %
survival could be detected between the weed and crop fungi
after artificial burial. This was in contrast to natural burial by
termites which resulted in lower survival (y) for the weed.
Thus, the non-specificity of the artificial burial-associated
(local) hypoxia was in contrast to the specificity of the natu-
ral burial-associated antifungal action towards the weedy
fungi. Therefore, antifungal chemicals and hypoxia must be
acting together during the natural burial process.

It is important to note that the degree of local hypoxia
generated by the PCR caps in these experiments is the same
for both the crop and the weed, unlike the different levels
of burying by termites that they experience. Similarly, the
hypoxia experienced by fungi in this assay may be more
adverse than the natural conditions. Therefore, in order to
mimic natural deposition, an ideal experiment would have
been to deposit a fixed amount of soil instead of generating
hypoxia via the PCR cap enclosure. However, these experi-
ments have proven difficult to conduct, partially owing to the
inability to match the packing efficiency of soil by termites
(which has important consequence for the porosity of the
deposited mass) (Zachariah et al., unpub. results). None-
theless, these results provide us important insights into the
antifungal role of hypoxia.

In conclusion, our results highlight the possibility of bur-
ying behaviour per se as an antifungal mechanism deployed

by farmer termites against weedy fungi like Pseudoxylaria.
These results also show the important role of an abiotic
process (local hypoxia) as an anti-parasite mechanism and
indicate its role in the burying-associated decrease of weed
survival. However, we cannot rule out the additional pres-
ence of antifungal chemicals in the burial materials. It is also
possible that antibiotic-producing bacteria and their products
are deposited along with soil on the weedy fungi. Thus, fur-
ther studies using soil deposited by termite workers to isolate
antifungal compounds are warranted and are underway. The
relative role of hypoxia and antifungal chemicals should be
investigated to determine if they act additively or synergisti-
cally. Finally, caste polyethism in antifungal defence should
be investigated to uncover the role of major workers as a
specialized “defensive” caste.
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