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Fungus-growing termites (Isoptera: Macrotermitinae) dominate African savannah

ecosystems where they play important roles in ecosystem functioning. Their ecological

dominance in these ecosystems has been attributed to living in an ectosymbiosis

with fungi of the genus Termitomyces (Lyophyllaceae). Evolutionary theory predicts that

the transmission mode of a symbiont determines cooperation and conflict between

host and symbiont with vertical transmission (co-transmission of host and symbiont

offspring to the next generation) leading to less conflict than horizontal transmission

(symbionts are acquired by the host from the environment). Thus, one can hypothesize

associations with vertical transmission to be ecological more successful than those with

horizontal transmission. We tested this by analyzing whether there is an association

between transmission mode and fungus-growing termite species abundance and

distribution in West-African savannah and forest ecosystems. We used data from a

total of 78 study sites comprising protected National Parks as well as anthropogenically

disturbed ecosystems, covering Benin, Côte d’Ivoire, and Togo. Our results showed

that, in contrast to expectation, species with horizontal symbiont transmission were

more common. We encountered more often species with horizontal than vertical

transmission. This result might be due to the fact that only five out of the 25

identified fungus-growing termite species had vertical transmission. Yet, species with

horizontal transmission also had higher relative abundances within study sites than those

with vertical transmission. Thus, transmission mode is unlikely to explain abundance

differences between fungus-growing termite species.
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INTRODUCTION

Fungus-growing termites (Isoptera: Macrotermitinae) thrive in
African savannah ecosystems where they often make up more
than 50% of termites’ species diversity and the large majority
of termites (e.g., Hausberger et al., 2011; Hausberger and Korb,
2015, 2016; Schyra et al., 2019a; and reference therein) and
where they play pivotal roles in ecosystem functioning (e.g.,
Bignell and Eggleton, 2000; and references therein). Within the
ecological food web, they are main macro-detrivores, essential
for decomposition of dead plant material, and are prey for
a wealth of animals from invertebrates (such as ants) to
vertebrates (such as birds and mammals). Some species are even
specialized on termites as prey, like the ant Megaponera analis
or aardwarks (Orycteropus afer), aardwolfs (Proteles cristata) or
pangolins. Termites also provide important ecosystem services
as their activity enhances soil quality, for instance by increasing
soil fertility and improving water infiltration rates (Lee and
Wood, 1971; Holt and Lepage, 2000; and references therein).
Additionally, the “termitaria” of mound-building species present
new habitats for plants and animals which are partly obligatorily
dependent on them (e.g., Darlington, 1989; Erpenbach et al.,
2017). Thus, fungus-growing termites foster biodiversity and are
essential for its maintenance, especially in savannah ecosystems.

The ecological dominance of fungus-growing termites in
savannah ecosystems, which are characterized by dry seasons,
has been attributed to their ectosymbiosis with Termitomyces
fungi (reviewed in Korb, 2020). The termites cultivate these
fungal symbionts within their nests where they provide constant
optimal conditions for fungal growth, including high humidity.
This allows the fungal symbiont to be active all year round and
relatively independent of environmental conditions, while other
decomposing fungi and microbes are mainly restricted to the
rainy season. Thus, Termitomyces symbionts flourish together
with their termite hosts which benefit from reliable and more
efficient plant decomposition compared to other termites (e.g.,
Rouland et al., 1991; Rouland-Lefèvre, 2000; Poulsen, 2015; da
Costa et al., 2019). Yet, species of fungus-growing termites differ
in distribution and abundance (e.g., Pomeroy et al., 1991; Bagine
et al., 1994; Lepage and Darlington, 2000; Schyra et al., 2019a),
and thus potentially in ecological importance. In this study,
we tested whether the fungal transmission mode (i.e., how the
symbiont is transmitted to the next generation) may contribute
to explaining the ecological success of different fungus-growing
termite species.

Evolutionary theory predicts that the transmission mode
of a symbiont can be an important factor in explaining the
degree of cooperation and conflict in symbiotic associations,
and thus their “success” (Frank, 1994, 1996, 1997, 1998; Foster
and Wenseleers, 2006; Leeks et al., 2019). Associations in
which symbiont offspring are strictly co-transmitted with host
offspring to the next generation (vertical transmission) are
predicted to have less conflict than associations in which
the symbiont can disperse independently of their host and
infect new hosts (horizontal transmission). In the former, the
fitness interests of host and symbiont are largely aligned and
symbionts can mainly increase their fitness by enhancing host

fitness. This leads to less potential conflict between host and
symbiont. Additionally, evolutionary theory predicts that vertical
transmission of symbionts, especially if uniparental (i.e., via a
single host parent), further reduces potential conflict because
it results in increased genetic homogeneity (i.e., increased
relatedness) of symbionts within hosts. In the case of strict
uniparental, vertical transmission, symbionts are expected to be
clonally propagated. Thus, conflict among different symbiont
strains within a host is prevented which would, for instance,
reduce availability of resources to hosts.

In fungus-growing ants, fungal symbiont transmission is
generally vertical and per default uniparental as colonies are
founded by a single female (the queen) (Nobre et al., 2011c). This
contrasts with fungus-growing termites (e.g., Korb and Aanen,
2003; Nobre et al., 2011c). Most association are characterized
by horizontal transmission with Termitomyces fungi producing
fruiting bodies (mushrooms) which release spores that are picked
up by foraging termite workers (Johnson et al., 1981; Koné
et al., 2011). The few exceptions are Macrotermes bellicosus and
Microtermes species (Grasse and Noirot, 1955; Johnson, 1981;
Johnson et al., 1981; Korb and Aanen, 2003; Nobre et al., 2011a,
c). Strikingly, in both taxa vertical transmission is uniparental
(in M. bellicosus the winged males carry fungal spores, in
Microtermes the winged females) although the default option
would be biparental as colonies are founded by a male (king)
and a female (queen). This variation in transmission mode in
fungus-growing termites offers the unique possibility to test for
an effect of transmission mode on the ecological success of
fungus-growing termites.

For a long time, research on fungus-growing termites was
hampered by taxonomical problems. Except for a few, often
iconic mound building species such as Macrotermes bellicosus,
species could not be identified reliably using morphological
means (Korb et al., 2019). Especially for the potentially species-
rich genera Microtermes and Odontotermes this is very difficult
(Korb et al., 2019). Morphological species identification is
generally difficult in termites as species-specific markers are rare
(e.g., Hausberger et al., 2011; Korb et al., 2019; and references
therein), but it is even more problematic in Macrotermitinae.
They have simplified guts which prevents using gut traits for
identification, as successfully done in some other termites (Sands,
1998). The problem of species identification has been overcome
by applying genetic markers (Korb et al., 2019 and references
therein), so that we now have a good species list for West African
termites (Hausberger et al., 2011; Schyra et al., 2019a). This
allows us to do comparative analyses and test for an effect of
transmission mode on the ecological success of fungus-growing
termite species across West African savannah and forest regions.

MATERIALS AND METHODS

Data Sets
We used data on termite communities that we had published
for disturbed and protected savannah ecosystems in Benin
(Hausberger et al., 2011; Hausberger and Korb, 2015, 2016)
and Togo (Schyra and Korb, 2019; Schyra et al., 2019a,b).
They were supplemented with data from Côte d’Ivoire collected
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in protected as well as disturbed areas belonging to different
phytogeographical zones (i.e., from evergreen forest to Guinean
and Sudano-Guinean savannah). In line with the published
studies (Hausberger and Korb, 2016), we had three disturbance
regimes: (1) protected (i.e., well protected National Parks);
(2) intermediate anthropogenic disturbance (e.g., old fallows,
National Parks with cattle grazing, low protection status);
(3) strong anthropogenic disturbance (e.g., young fallows,
plantations, fields).

In all studies, sampling was done using the standardized
belt transect protocol, first developed for sampling termites in
forests (Jones and Eggleton, 2000) and then adapted to savannahs
(Hausberger et al., 2011). In short, a transect is established of
50–100m lengths and 2m width which is subdivided into 5m ×

2m sections. Within each section, a thorough systematic search
for termites of dead plant material on the ground, on and in
trees and mounds is done for a standardized period of time by
a trained person. This search is supplemented by soil scrapes
measuring around 15 cm × 15 cm × 10 cm to specifically collect
termites in the soil. Whenever we found/encountered termites
during the search within a transect section, we collected a few
specimens in a vial (5–10 individuals; mainly soldiers). Then we
continued searching within the section andwhenwe encountered
termites again they were placed in a separate vial. The number
of resulting vials for a study site (i.e., the sum over all transect
sections for all replicate within a site) was used as encounter rate.
This is used as a surrogate of species abundance (Davies, 2002).
Samples were stored in 99% ethanol for species identification and
subsequent analysis.

Some details in sampling effort differed between the published
data and the newly included data for Côte d’Ivoire. Transect
lengths in Togo and Benin was 50m (i.e., 10 sections) while it
was 100m (i.e., 20 sections) for Côte d’Ivoire. The time that one
person spent searching for termites in a section was 15min for
Togo and Benin, while it was four persons each 10min for Ivorian
savannah sites and 15min for Ivorian forest sites. The number
of soil scrapes was eight in the former studies and 12 in Côte
d’Ivoire. To characterize a study site, one transect was done in
Benin, three transects in Togo, and five in Côte d’Ivoire. Sampling
effort differed to adjust for varying termite abundance between
countries/regions and habitats. Varying sampling effort, however,
did not bias this study because we do not compare termite
composition across study sites. This study is a global analysis
that uses all data combined to compare the encounter rates and
relative abundance (see below) of fungus-growing termites with
horizontal vs. vertical transmission across all regions.

Species Identification
All Macrotermitinae species were identified morphologically
using keys for African termites by Bouillon and Mathot (1965,
1966, 1971) and Webb (1961), illustrations by Josens (1972) and
descriptions by Grassé (1984, 1986). Additionally, samples were
genetically identified as described elsewhere (Hausberger et al.,
2011; Schyra and Korb, 2019), using particularly a fragment of
cytochrome oxidase II (COII) as “barcode,” which turned out to be
especially suitable forWest African termite species identification.
Species names were assigned consistently across all studies.

Statistical Analyses
We analyzed the total number of encounters of all fungus-
growing termite species as well as their relative abundance
among the Macrotermitinae within a study site to compare
species with horizontal vs. vertical transmission. As additional
variables, we tested for effects of “habitat” (savannah vs. forest)
and “disturbance” (protected, intermediate disturbance, strong
disturbance) on the occurrence of fungus-growing termites. All
analyses were done with IBM SPSS 26. All tests were two-tailed
with an alpha-value of 0.05 which was adjusted for multiple
testing using the false discovery rate (FDR) approach (Benjamini
and Hochberg, 1995), whenever necessary. For more details on
specific tests, see Results.

RESULTS

Total Encounters Across All Sites
In total, we analyzed the occurrence of Macrotermitinae in
78 study sites distributed across three countries. We found
25 species, belonging to seven genera (Allodontotermes,
Ancistrotermes, Macrotermes, Microtermes, Odontotermes,
Protermes, and Pseudacanthotermes), in 3,812 encounters
with Macrotermitinae (Figure 1; for more details see
Supplementary Table 1). Five species (Macrotermes bellicosus,
Microtermes subhyalinus,Microtermes osborni,Microtermes sp. 2,
Microtermes sp. 4) had vertical symbiont transmission (Figure 1,
Supplementary Table 1).

The three most common species (with more than 500
encounters each) were Ancistrotermes cavithorax, Ancistrotermes
guineensis and Microtermes osborni with 21.7, 15.7, and 13.4%
of all samples, respectively (Figure 1). The former two species
are supposed to transmit their fungal symbiont horizontally,
while the last species has supposed vertical transmission (Grasse
and Noirot, 1955; Johnson, 1981; Johnson et al., 1981; Korb
and Aanen, 2003). Two species were encountered only once:
Pseudacanthotermes sp. A and Odontotermes sp. 4 (Figure 1,
Supplementary Table 1).

In contrast to expectation, when a termite was encountered it
was significantly less likely to be a species with vertical than with
horizontal transmission of the fungal symbiont (chi²1 = 785.13,
p < 0.001). It was almost three times more likely to encounter a
species with horizontal (73%) than vertical (27%) transmission
(Figure 2). Encounter frequencies were significantly affected
by habitat (chi²1 = 111.22, p < 0.001) (Figure 2). In forests,
encounters of species with horizontal transmission were more
than four times more likely than encounters with vertically
transmitting species (80.6 vs. 19.4%), while it was only around
twice as likely that an encounter in the savannah was with a
horizontally vs. vertically transmitting species (65.4 vs. 34.6%).

More detailed analyses within habitats showed that
disturbance had an effect on the likelihood to encounter
species with horizontal vs. vertical transmission in forests (chi²2
= 28.55, p < 0.001), but not the savannah (chi²2 = 0.46, p =

0.796) (Figure 3). In the forests, the proportion of species with
horizontal transmission increased on disturbed sites while it did
not change in the savannah (Figure 3).
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FIGURE 1 | Total number of encounters of different fungus-growing termite species studied in 78 savannah and forest study sites from Benin, Côte d’Ivoire, and Togo.

Species with horizontal transmission are indicated in blue and those with vertical transmission in red (with dots). Al gi, Allodontotermes giffardi; An ca, Ancistrotermes

cavithorax; An cr, Ancistrotermes crucifer; An gu, Ancistrotermes guineensis; Ma be, Macrotermes bellicosus; Ma su, Macrotermes subhyalinus; Mi os, Microtermes

osborni; Mi su, Microtermes subhyalinus; Mi s2, Microtermes sp. 2; Mi s4, Microtermes sp. 4; Od sA, Odontotermes sp.A; Od pa, Odontotermes sp. (aff. pauperans);

Od s1, Odontotermes sp. 1; Od s2, Odontotermes sp. 2; Od s3, Odontotermes sp. 3; Od s4, Odontotermes sp. 4; Pr mi, Protermes minutus; Pr pr, Protermes

prorepens; Pr s1, Protermes sp. 1; Pr s2, Protermes sp. 2; Ps mi, Pseudacanthotermes militaris; Ps min, Pseudacanthotermes minor; Ps sp, Pseudacanthotermes

spiniger; Ps sA, Pseudacanthotermes sp.A; Ps s1, Pseudacanthotermes sp. 1.

Only five out of the 25 identified fungus-growing termite
species had vertical transmission. This biases interpretation
of the results on total encounter frequencies. Therefore, we
did additional analyses in which we compared species-specific
encounter frequencies (i.e., the proportion of a species among
all encounters; hereafter “encounter proportions;” Figure 1)
and tested whether these values differed between species
with horizontal vs. vertical symbiont transmission. Across all
study sites, encounter proportions did not differ between the
five species with vertical transmission and the 20 species
with horizontal transmission (Mann Whitney U-test: N1 =

20, N2 = 5, U = 24.00, ns after FDR). This shows that
(absolute) encounters with horizontally transmitting species
were more common mainly because we had more species with
horizontal transmission.

Relative Abundance Within Sites
The results of the total encounter frequencies were biased due
to the fact that there were more Macrotermitinae species with
horizontal than vertical transmission (20 vs. 5). Thus, we did
another set of analyses in which we determined the relative
abundance (i.e., the number of encounters of a species within a
study site divided by the total number of encounters with fungus-
growing termites in this site; this measure only included species
that occurred in a site) of each Macrotermitinae species in a

study site and tested whether species with horizontal vs. vertical
transmission differed in their relative abundance across all sites.

The species that occurred in the most study sites were
Microtermes osborni (55 out of 78 study sites) and Microtermes
subhyalinus (51 out of 78 study sites), both have vertical
transmission. Rare species that only occurred in a single plot were
Pseudacanthotermes sp. A, Odontotermes sp. 4 and Protermes sp.,
all with horizontal transmission.

Ancistrotermes cavithorax had the highest relative abundance
within study sites (mean ± SE: 0.29 ± 0.027), followed by
Pseudacanthotermes militaris (0.20± 0.049), Pseudacanthotermes
spiniger (0.20 ± 0.047), and Pseudacanthotermes minor (0.19
± 0.075). All four species have horizontal transmission.
Species with the lowest relative abundances within plots were
Odontotermes sp. 4 (0.01, N = 1) and Pseudacanthotermes sp. 1
(0.01± 0.002), both with horizontal transmission.

Similar as with total encounter frequencies (Figure 2) and
in contrast to expectation, species with horizontal transmission
had significantly higher relative abundances within study sites
than species with vertical transmission (Mann-Whitney test: N
= 439, U = 20676.5, P = 0.024) (Figure 4). This effect was less
strong thanwhen using encounter frequencies (Figure 2) because
also some species with horizontal transmission had low relative
abundances (e.g., Odontotermes sp. 4, Pseudacanthotermes sp.
1; Figure 4). The significant effect disappeared when we split
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FIGURE 2 | Encounter frequencies of fungus-growing termites with different symbiont transmission modes across habitats. Shown is the proportion of encounters

(with absolute numbers inside the bars) of termites with horizontal (blue) and vertical transmission (red, dotted) in 78 savannah and forest study sites from Benin, Côte

d’Ivoire, and Togo.

our data set and analyzed it separately for forest and savannah
(savannah: N = 260, U = 7494.0, P = 0.219; forest: N = 179, U
= 2483.5, P = 0.389), supporting the notion that the effect size
was small.

In the savannah as well as the forest, there was a
trend that species with horizontal transmission had higher
relative abundances than species with vertical transmission at
intermediate disturbance levels (savannah: N = 60, U = 305.00,
P = 0.067; forest: N = 54, U = 178.50, P = 0.075), while this was
not the case in protected study sites (savannah: N = 145, U =

248.00, P = 0.601; forest: N = 78, U = 400.00, P = 0.763) and
sites with strong anthropogenic disturbance (savannah: N = 55,
U = 329.00, P = 0.818; forest: N = 47, U = 212.00, P = 0.830)
(Figure 5). Combining both habitats, species with horizontal
transmission had significantly higher relative abundances than
species with vertical transmission at intermediate anthropogenic
disturbance (N = 114, U = 1103.50, p = 0.005), but not in
protected (N = 223,U = 5462.0, P= 0.251) or strongly disturbed
study sites (N = 102, U = 1267.5, P = 0.835).

Which Factors Influence the Relative
Abundance of a Fungus-Growing Termite?
To analyse the global effects on the occurrence of fungus-
growing termite species we run a generalized linear mixed
model (GLMM) with gamma error distribution, using “relative
abundance” as dependent variable and “transmission mode,”
“habitat,” and “disturbance” as fixed factors and “species ID” as
random factor. The analysis revealed that transmission mode

had a strong and significant effect on the relative abundance
of a species (Table 1) with species with horizontal transmission
having higher abundances within study sites than species with
vertical transmission (Figure 6). Noteworthy is also the trend
for an interaction between transmission mode × disturbance
(Table 1). The relative abundances of species with horizontal
transmission increased under disturbed conditions. In contrast
to the former analyses, this GLMM controlled for species identity
by using it as random factor.

DISCUSSION

Ecological Dominance and Transmission
Mode of Fungal Symbiont
In contrast to expectation, we did not find fungus-growing
termites with vertical transmission to be more abundant. On
the contrary, species with horizontal transmission were more
likely to be encountered (Figure 2) and also had higher relative
abundances (Figures 4, 6). While the results for the encounter
frequencies have been biased by the fact that there were more
species with horizontal than vertical transmission (which itself
may tell something about the evolutionary success of species
with horizontal transmission), this effect was accounted for in
the relative abundance analyses across species (Figure 4) and also
when including species identity in the GLMM (Figure 6). There
was only one result whichmight indicate that species with vertical
transmission are more common: the two species that occurred
in most study sites, Microtermes subhyalinus and M. osborni,
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FIGURE 3 | Encounter frequencies of fungus-growing termites with different symbiont transmission modes across disturbance regimes and habitats. Shown is the

proportion of encounters (with absolute numbers inside the bars) of termites with horizontal (blue) and vertical transmission (red, dotted) across anthropogenic

disturbance regimes for savannah and forest study sites.

had vertical symbiont transmission. These two species were also
among the three most common encountered species (Figure 1,
Supplementary Table 1). This may imply that unknown species-
specific traits (e.g., broad ecological niche, good dispersal
abilities, or fungal identity) rather than transmission mode
account for their wide-spread occurrence. Overall, however, our
results suggest that species with horizontal transmission were
more abundant.

Transmission Mode, Habitat Type, and
Disturbance
We found some striking effects of disturbance on the
occurrence of fungus-growing species with horizontal vs.
vertical transmission mode. Species with horizontal transmission
increased with disturbance. This was revealed for encounter rates
(Figure 3) and also in the relative abundance analyses (Figure 5),
the latter confirming that it is not only an effect of more species
with horizontal than vertical transmission. Also the GLMM
results, which included species identity, supports this notion
with a trend for the interaction between transmission mode
and disturbance to be significant (Supplementary Table 1). This
implies that species with horizontal transmission thrive better
under disturbed conditions than those with vertical transmission.
An explanation for this may be that humans directly favor

species with horizontal transmission, for instance, because
they collect and eat mushrooms and spread spores. This is
contrary to the common understanding that, at least nowadays,
human consumption of Termitomycesmushrooms constrain the
occurrence of Macrotermitinae (Koné et al., 2013). Humans may
also indirectly favor horizontal transmitting species because they
might be more resistant to disturbance, for example, as they can
re-acquire fungal spores during colony establishment when they
get lost due to disturbance. By contrast, species with vertical
transmission are confined to the single inoculum that the king
or queen carries at colony foundation.

Besides disturbance, habitat also seemed to have an effect on
transmission mode. In the forest, encounter rates of species with
horizontal transmission were around four times (80.6%) more
common than those with vertical transmission, while they were
only twice (65.4%) as likely in the savannah (Figure 2). However,
this effect can be explained by the different proportions of species
with horizontal vs. vertical transmission in both habitats. In the
forest, 19 out of 22 species (86.3%) had horizontal transmission,
while it were 11 out of 16 (68.7%) species in the savannah
(Supplementary Table 1). In line with this interpretation, we
did not find habitat effects in the relative abundance analyses.
The occurrence of more species with horizontal transmission in
the forest than in the savannah may be explained by the fact
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FIGURE 4 | Relative abundances of fungus-growing termite species with horizontal (blue) and vertical (red) transmission. Shown are frequency distributions of relative

abundances of species within study sites.

that—despite their strong prevalence in savannahs nowadays—
fungus-growing termites evolved in the African rainforest
(Aanen and Eggleton, 2005) and that horizontal transmission was
most likely the ancestral mode of fungal transmission (Aanen
et al., 2002; Nobre et al., 2011b). We also can hypothesize
that species with vertical transmission especially evolved in
the savannah. This derived trait is associated with species (M.
bellicosus, Microtermes) that mainly or exclusively occur in the
savannah. This hypothesis can easily be tested when considering
data for whole Africa.

Why Are Species With Horizontal
Transmission so Common?
Theory predicts that there are two main reasons why associations
with uniparental, vertical symbiont transmission should have less
conflict than those with horizontal transmission (Frank, 1994,
1995, 1996, 1997, 1998; Foster and Wenseleers, 2006; Leeks et al.,
2019), and hence may be more successful. First, uniparental,
vertical transmission results in symbionts being closely related
(generally clones). Thus, ‘intra-symbiont’ conflict is reduced.
Second, strict vertical transmission leads to an alignment of
the fitness interests of symbiont and host because symbionts
can only increase their fitness by enhancing host fitness. Thus
symbiont-host conflict is reduced. A recent modeling and
simulation study implies that both, relatedness and fitness

alignment, influence the level of cooperation evolving between
hosts and symbionts but that relatedness is more important than
fitness alignment to explain symbiont cooperation (Leeks et al.,
2019).

What is the relatedness of fungal symbionts within a colony?
Studies for three common fungus-growing termite species
from Southern Africa have shown that the fungus garden of
established colonies consists always of a single fungal cultivar,
despite horizontal transmission (Aanen et al., 2009). Aanen
and colleagues (Aanen, 2006; Aanen et al., 2009) explained this
by positive feedback mechanisms within colonies in which the
most productive fungal cultivar is positively selected through
re-current inoculation of new fungus combs and genetic
bottlenecks, after a colony had been inoculated by different
cultivars at the incipient stage. This mechanism is in line with lab-
experiments that simulated with-nest propagation of the fungal
cultivar (Aanen et al., 2009). Thus, intra-symbiont conflict is
reduced within termite colonies by generating high relatedness
within the fungal cultivar, which stabilizes the association.

However, there is still conflict between host and symbiont in
associations with horizontal transmission, for instance, as the
fungus is selected to spread independently from its host colony
by producing mushrooms with sexual spores that can be picked
up by other colonies (Vreeburg et al., 2020; Wisselink et al.,
2020). These mushrooms have a high biomass (Yorou et al.,
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FIGURE 5 | Boxplots of the relative abundances of fungus-growing termite species with horizontal vs. vertical transmission in the savannah and forest across different

anthropogenic disturbance regimes. ◦ are outliers, defined as data that fall not within the whiskers. * are extreme outliers, defined as data that have values more than

three times the height of the boxes.

TABLE 1 | Results of a GLMM analyzing the effect of transmission mode,

disturbance, and habitat (all fixed factors) on the relative abundance of

fungus-growing termites, using species ID as random factor.

F df1,df2 P

Transmission mode 8.77 1,427 0.003

Disturbance 0.49 2,427 0.612

Habitat 3.34 1,427 0.068

Transmission × Disturbance 3.00 2,427 0.051

Transmission × Habitat 1.27 1,427 0.260

Disturbance × Habitat 2.74 2,427 0.066

Transmission × Disturbance × Habitat 2.04 2,427 0.132

2014). Following three nests of a Pseudacanthotermes species
during their fructification period, revealed a mean biomass of
27 kg/colony/year (N.A. Koné, unpublished data). This means a
large amount of food lost for consumption by the termite colony.
Therefore, there must be other costs associated with vertical
transmission to account for its lack of ecological dominance.

What Remains to Be Done?
In order to understand the contribution of the fungal symbiont
for the varying ecological success of different fungus-growing
species, it will be essential to know which fungi associate with
which termite species. This would allow us to test, for instance,
whether specific 1:1 associations (“specialists”) are ecologically

FIGURE 6 | Relative abundances of fungus-growing termite species with

horizontal vs. vertical transmission. Shown are estimated marginal means with

standard errors as revealed by the GLMM.

more successful due to co-evolutionary fine-tuning of plant
degrading pathways. Alternatively, termites with a wide range of
fungal symbionts may be more ecological dominant because this
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may allow their host termite species to occupy broader niches,
depending on which symbiont they actually are associated with.
Lastly, the success of the termite might depend only on symbiont
identity when there are some Termitomyces species which are
just more competitive or efficient in degrading plant material
than others. The fungal symbiont might also shape whole termite
community composition through niche differentiation as a recent
study hypothesized (Schyra et al., 2019b).
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