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Termites have co-evolved with a complex gut microbiota consisting mostly of 

exclusive resident taxa, but key forces sustaining this exclusive partnership are still 

poorly understood. The potential for primary reproductives to vertically transmit 

their gut microbiota (mycobiome and bacteriome) to offspring was investigated 

using colony foundations from field-derived swarming alates of Macrotermes 

subhyalinus. Metabarcoding based on the fungal internal transcribed spacer (ITS) 

region and the bacterial 16S rRNA gene was used to characterize the reproductives 

mycobiome and bacteriome over the colony foundation time. The mycobiome of 

swarming alates differed from that of workers of Macrotermitinae and changed 

randomly within and between sampling time points, highlighting no close link with 

the gut habitat. The fungal ectosymbiont Termitomyces was lost early from the 

gut of reproductives, confirming the absence of vertical transmission to offspring. 

Unlike fungi, the bacteriome of alates mirrored that of workers of Macroterminae. 

Key genera and core OTUs inherited from the mother colony mostly persisted 

in the gut of reproductive until the emergence of workers, enabling their vertical 

transmission and explaining why they were found in offspring workers. These 

findings demonstrate that the parental transmission may greatly contribute to the 

maintenance of the bacteriome and its co-evolution with termite hosts at short 

time scales.
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Introduction

Termites have established very close mutualistic interactions 
with microorganisms. The gut microbiota of termites mostly 
consists of bacteria and archaea for the large family Termitidae 
(also known as “higher termites”), and with the same 
microorganisms plus protozoa for the paraphyletic “lower 
termites.” These symbionts crucially contribute to the exceptional 
ability of termites to digest lignocellulose compounds and exploit 
diverse resources, from wood to soil organic matter (Brune, 2014). 
The rich literature about termite symbiosis (Bignell, 2016) has 
demonstrated, in particular, the uniqueness of the gut microbiota 
and its co-evolution with hosts, likely facilitated by the social 
organization of termites, as in social bees (Kwong et al. 2017; Su 
et al. 2021).

Previous studies have considered how micro-environmental 
gut conditions and diet shape the gut microbiota (Mikaelyan et al., 
2015, 2017). Meanwhile, other studies have emphasized the 
importance of vertical inheritance, thus linking microbiota and 
host phylogenies (Hongoh et al., 2005; Noda et al., 2007; Abdul 
Rahman et al., 2015; Diouf et al., 2015; Michaud et al., 2020; Arora 
et al., 2022). The most comprehensive study in terms of host taxa 
revealed that termite microbiota is primarily governed by a mixed 
mode of transmission that combines vertical transmission from 
parents to offspring and frequent colony-to-colony horizontal 
transfers (Bourguignon et al., 2018). The importance given to 
horizontal transfers, which are one-time events, is justified by 
their cumulative effect over the long evolutionary history of 
termites (around 150 million years; Engel et al., 2009; Bourguignon 
et al., 2014; Bucek et al., 2019). Therefore, assessing the actual 
transfers of symbionts at each generation should precise their 
significance and the microevolution of termite microbiota at 
shorter time scales (da Costa and Poulsen, 2018).

The symbiosis in Macrotermitinae, a sub-family of Termitidae 
also known as fungus-growing termites, has been widely studied, 
but the transmission of the gut symbionts (at the individual level) 
and fungal ectosymbionts (at the colony level) remains poorly 
documented. Macrotermitinae have an ectosymbiotic relationship 
with plant-degrading fungi of the genus Termitomyces 
(Agaricomycotina; Rouland-Lefèvre, 2000). Each generation of 
offspring workers often acquires fungi from the environment, 
resulting in frequent host switchings (Aanen et al., 2002; Diouf 
and Rouland-Lefevre, 2018). From an evolutionary viewpoint, 
some analogies could be  drawn between the theorized mixed 
mode of transmission of the gut symbionts (Bourguignon et al., 
2018) and that of the fungi in Macrotermitinae. However, while 
the spores of Termitomyces can survive in natura for long periods, 
the survival of bacterial symbionts, including many anaerobic 
lineages outside the digestive tract, may limit horizontal transfers.

Understanding the establishment of the gut microbiota in 
fungus-growing termites during the foundation of incipient 
colonies at each generation may provide valuable information on 
the colony-to-offspring transmission and, thus, the persistence of 
symbionts over the microevolution of these termites. The 

foundation of new colonies starts with the swarming flight of 
alates, which are mature reproductives with complete wings 
(Figure  1). After forming couples, alates shed their wings 
(becoming dealates), find a suitable substratum, and begin mating 
after digging out a subterranean initial colony chamber called 
copularium where they are sheltered with the brood. The first 
batch of eggs is laid between 4 and 15 days after colony initiation, 
and the first offspring larvae and workers emerge between 21 and 
46 days and between 52 and 80 days, respectively (Grassé and 
Noirot, 1955; Okot-Kotber, 1981; Harit et  al., 2016; Mitchell, 
2020). Previous studies on reproductives of Termitidae found that 
alates swarmed from the mother colonies with a complete set of 
the host microbiota (Hongoh et  al., 2006; Diouf et  al., 2018). 
However, it is still unclear whether the gut-specific lineages persist 
and overlap enough with offspring development to be reliably 
transferred. First, the long lag time between the initiation of 
colony foundation and the emergence of offspring may be  a 
potential barrier to this effective transfer. Second, the feeding 
behavior of reproductives during this long period is unfavorable. 
Indeed, unlike reproductives of lower termites, which continue to 
feed during colony foundation, those of Termitidae cease feeding 
(Nutting, 1969; Han and Bordereau, 1982; Grassé, 1984) and draw 
the required energy from the resorption of their fat body and of 
their useless alar muscles. Given the crucial role of the diet on the 
microbiota (Mikaelyan et al., 2015), fasting may result in the loss 
of the initial microbiota.

Apart from alates, the microbiota of the reproductive caste of 
Termitidae has only been addressed in aged kings and queens 
(Poulsen et al., 2014; Otani et al., 2019). At this late stage, the 
microbiota is marked by the dominance of a single or very few 
major bacterial lineages, preventing any extrapolation of the role 
of reproductives in the transmission and the persistence of 
symbionts. In contrast to the gut microbiota, the transmission of 

FIGURE 1

Simplified developmental cycle of Macrotermes subhyalinus. Red 
arrows indicate the developmental pathway for the reproductive 
caste. The chronology of the emergence of the offspring stages 
is indicated in bold from our own observations and in italic for 
Macrotermes sp. from literature.
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the fungal ectosymbiont of Macrotermitinae has received more 
attention. One approach was to check if the fungal asexual spores 
(conidia) ingested from the fungus comb of the mother colony by 
one sex of reproductive persisted in their gut and allowed effective 
inoculation of primordial fungus combs in lab-founded colonies 
(Sands, 1960; Johnson, 1981; Johnson et al., 1981; Sieber, 1983). In 
several Macrotermes species, the initiation of the primordial 
combs occurs around 90–95 days (Grassé and Noirot, 1955; 
Collins, 1977; Lepage and Darlington, 2000), once the first 
differentiated workers can gather plant matter, which is long 
enough to jeopardize the viability of fungal propagules. Recent 
studies have instead addressed the issue indirectly through host-
fungus co-cladogenesis (review by Diouf and Rouland-Lefevre, 
2018). Finally, except for a few species mainly from the genus 
Microtermes and the species Macrotermes bellicosus, the fungal 
symbionts are considered acquired horizontally from the 
surrounding environment (Aanen et al., 2009).

The objective of our study was to assess the potential for 
reproductives to ensure the actual transfer of their microbiota to 
offspring. In this respect, we  focused on the succession of 
reproductives microbiota (mycobiome and bacteriome) during 
the foundation of incipient colonies while paying attention to their 
gut morphology as a proxy for feeding behavior. The fungus-
growing termite Macrotermes subhyalinus was used as a model to 
study the succession of the digestive bacteriome and mycobiome, 
with a special focus on Termitomyces which has been reported to 
be transmitted horizontally in this species (Johnson et al., 1981; 
Vesala et al., 2017). Deep amplicon sequencing and taxon-specific 
PCR for Termitomyces were used to monitor both the mycobiome 
and the bacteriome in the gut of reproductives from the swarming 
flight to the emergence of first differentiated workers and in 
the copularium.

Materials and methods

Termite sampling and colony foundation

Termites were collected near Diamniadio, located 30 km 
East of Dakar (Senegal). Reproductives were captured during 
the swarming flight from two distinct colonies of Macrotermes 
subhyalinus (colony 1 and colony 2) and one colony of the 
sympatric species Microtermes sp. that swarmed at the same 
time. Alates of Microtermes sp., and specially females that are 
known to carry condidia of Termitomyces for the inoculation 
of the comb were considered as positive control. This 
sampling time, considered as time zero is referred as “alates” 
in this manuscript. For both wild colonies of M. subhyalinus, 
workers were also collected to compare their bacteriome with 
the bacetriome of alates. As in most of Macrotermtinae 
species, the worker caste of M. subhyalinus encompassed two 
distinct morphotypes with different tasks and feeding 
behaviors: major workers (larger workers that develop from 
male larvae) and minor workers (smaller workers that 

develop from female larvae) (Badertscher et al., 1983). At the 
laboratory (IRD-ISRA Research Center of Bel-Air, Dakar), 
alates were allowed to form pairs. Then they broke off their 
wings, and each pair was isolated and transferred into an 
individual LAB1 box (60x45x50 mm, VWR International, 
LLC) partially filled with moistened non-sterile soil collected 
in the research center. Individuals from the colony 
foundations are referred as “dealates” in the manuscript. All 
colony foundations were set up using reproductives from 
colony 1 of M. subhyalinus. Two hundred and thirty colonies 
were set up and kept in a tropicalized termite-rearing room. 
The moisture of the soil was regularly checked, and adjusted 
when necessary by wetting the cotton balls laid on the soil 
surface with sterile distilled water. No offspring sterile caste 
(workers or soldiers) was found in colonies withdrawn from 
0 to 60 days, and no foraging trace was observed in 
non-processed colonies during this period. Distinct offspring 
castes (workers and soldiers) appeared in almost all active 
foundations between days 60 and 90, and the foraging activity 
of workers was visible through foraging tunnels. From day 90, 
colonies were transferred into LAB2 rearing boxes 
(90 × 60 × 50 mm) more appropriate for that population size 
and fed with non-sterilized wheat straws.

For molecular analyses of the microbiota, three distinct 
colonies were withdrawn at 0 (alates), 10, 30, 45, 60, and 120 days. 
The copularoum samples on day 120 were analyzed in parallel to 
ensure that digestive symbionts defecated by reproductives in their 
surroundings did not thrive.

For the measurements of the gut size, 9 colonies were 
withdrawn at each sampling time point, i.e., at 0, 45, 60, and 
75 days, leading to 6–9 properly dissected guts for each sex, except 
for the sampling time point 60 days where fewer colonies were 
considered. The sex of the collected individuals was always 
checked based on the configuration of the terminal sternites of the 
abdomen (Weesner, 1969). Very few false pairings, i.e., same sex 
couples, occurred and were discarded from analyses.

Dissection of termite reproductives and 
workers from mother colonies

Alates were dewinged, and then rinsed three times in sterile 
distilled water. The surface of dealates from colony foundations 
was cleaned similarly. Then, under a biosafety cabinet, the 
whole gut was removed aseptically using fine, sterile scissors 
and placed individually into a 1.5-mL sterile microtube. As 
indicated earlier, for each sex, three replicates from three 
distinct colony foundations were considered at each sampling 
time point for molecular analyses. For major and minor workers 
that were collected at the same time as swarming alates from the 
same colonies of M. subhyalinus, the whole gut of workers was 
removed aseptically using fine sterile forceps. For each 
morphotype, DNA extraction was performed from pools of 
10 guts.
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Determination of the size of the gut 
during colony foundation

For assessing the variation in gut size over the time of colony 
foundation, female and male reproductives were dissected as 
described above and photographed using the Zoom Stereo 
Microscope SMZ1000 of Nikon calibrated at the same scale. The 
images were transferred to a connected computer via a camera 
(Digital Sight, DS-U3, Nikon), and treated with the software 
NIS-Element (Basic Research, Version 4.0) from Nikon (Nikon 
Instruments Inc.) to measure the length of the whole gut, the areas 
of the most representative gut sections (the hindgut section and 
the paunch sub-section). We also used the method of Shimada 
et al. (2013) to measure the width of the most enlarged part of the 
paunch (Supplementary Figure S1).

DNA extraction

Individual termite gut for alates and dealates, or pools of 10 
guts for worker morphotypes from the mother colonies were 
crushed with a sterile polypropylene pestle in a 1.5-mL microtube 
containing the lysis buffer of the DNA extraction kit (NucleoSpin® 
DNA Insect Kit, Macherey-Nagel GmbH & Co. KG). Then, the gut 
homogenate was transferred to NucleoSpin® Bead tube for an 
additional lysis step by bead-beating with the FastPrep®-24 
homogenizer (MP Biomedicals). The subsequent DNA extraction 
steps were performed following the manufacturer’s instructions. 
The yield and purity of DNA were analyzed with a ND-1000 
Spectrophotometer (NanoDrop products, Wilmington, 
United States). The same DNA extraction protocol was applied to 
the copularium samples collected at the end of the experiment 
(day 120). DNA-based analyses were performed on aliquots 
adjusted at 10 ng μL−1 for all samples.

Taxon-specific PCR targeting the 
symbiotic fungus Termitomyces in the 
gut of reproductives

We first compared the performance of several polymerase 
enzymes for PCR-amplification of the Internal Transcribed Spacer 
(ITS) of the ribosomal DNA with the Termitomyces-specific primer 
ITS1FT (Aanen et al., 2007) combined with ITS4R (White et al., 
1990). The endpoint PCR reactions were run in 25 μl containing 
0.5 μM for each primer, according to conditions and the thermal 
cycle defined by Aanen et al. (2007). The Illustra PureTaq (PCR 
beads, GE Healthcare) was the most sensitive, producing detectable 
amplicons at concentrations below 20 pg. μL−1 with DNA extracts 
from pure mycelium of Termitomyces. Following PCR reactions, the 
amplicons were checked by electrophoresis onto a TAE 0.5X buffered 
agarose gel (1.5% (w:v) containing the DNA staining dye GelRed 
(GelRed® Nucleic Acid Gel Stain, Biotium, VWR International 
LLC.). A UV trans-illuminator (GenoSmart, VWR) allowed the 

visualization of the positive PCR-bands. To check the correspondence 
of the amplicons with the ITS of Termitomyces, some bands were 
randomly excised and sequenced. The corresponding sequences are 
referenced in GenBank under the accession numbers 
MN400299-MN400306. For each sampling time point, 12 to 16 
individuals of M. subhyalinus were tested for each sex. The results are 
displayed as a percentage of positive essays at each time point.

Comparative analysis of the gut 
bacteriome of alates and workers from 
wild colonies using Illumina MiSeq 
metabarcoding

DNA samples from the guts of minor and major workers, 
and alates were readjusted to 3.5 ng/μL, and then purified by 
Ampure XP beads (Agencourt, Beckman Coulter, United States). 
PCR amplifications were performed in triplicate for each sample 
with the primer pair 28F/338R (Cheung et al., 2018) tagged with 
combinations of nucleotides specific to each sample. These 
primers target the V1-V2 hyper variable region of the bacterial 
16S rRNA gene. PCR reactions were performed in 25 μl of 
mixture as following: 10 ng of DNA template, 1X incomplete 
buffer, 0.3% bovine serum albumin, 2 mM MgCl2, 200 mM 
dNTPs, 300 nM of forward and reverse primer and 2 U of 
DFS-Taq DNA polymerase (Bioron, Ludwigshafen, Germany). 
The following program was used: 95°C during 5 min, then 
30 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 1 min 30 s, 
and to finish 10 min at 72°C. Amplicons from triplicates were 
pooled, checked on agarose gels (5 μl, 2%, 100 V, 20 min), and 
then purified twice by Ampure XP beads. The DNA 
concentration in purified amplicons was determined, and an 
equal amount of 25 ng for each sample was pooled. This final 
pool was purified again and reconcentrated twice by Ampure XP 
beads before the last quantification by Qubit ® dsDNA HS Assay 
Kit (Invitrogen, United States). MetaFast library preparation and 
sequencing were performed on an Illumina 2 × 250 MiSeq 
platform by Fasteris SA (Switzerland).

Subsequently, the 16S rRNA gene data were analyzed with 
mothur version 1.39.5 (Schloss et al., 2009), as described in Hervé 
and Lopez (2020). Briefly, the 16S rRNA gene reads were denoised 
by removing any reads having ambiguous bases, homopolymers 
longer than 8 bp, and having a length inferior to 280 bp or superior 
to 320 bp. Then sequences were aligned to the SILVA reference 
database 132 (Quast et al., 2012) and preclustered (pre.cluster, 
diffs = 1). Chimeras were detected and removed using UCHIME 
(Edgar et  al., 2011). Sequences were classified with a naïve 
Bayesian classifier (Wang et al., 2007) and the SILVA database 132. 
Non-bacterial and unknown sequences were excluded. Sequences 
were clustered into operational taxonomic units (OTUs) using the 
OptiClust algorithm (Westcott and Schloss, 2017) with a 97% 
sequence similarity threshold. Finally, singletons were excluded, 
and each sample was rarefied to the smallest library size (21,601 
reads) by random subsampling (McKnight et al., 2019). The raw 
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sequence reads were deposited as Sequence Read Archive (SRA) 
in GenBank under the Bioproject accession PRJNA347254 with 
the BioSample accession number SAMN30890275.

Metabarcoding of reproductives’ gut 
mycobiome and bacteriome over colony 
foundation

Based on the preliminary results of the ITS-based detection 
of Termitomyces, the sequencing of the gut mycobiome was 
limited to 60 days, stage at which only eggs and larvae were 
found in brood. However, even absent from the gut of 
reproductives, fungal propagules especially those of 
Termitomyces could be kept in their immediate environment. 
The copularium samples were therefore collected at the end of 
the experiment and analyzed to check this possibility. The whole 
mycobiome was assessed by PCR amplifying the ITS2 region 
with the primer pair ITS86/ITS4 targeting a wide range of fungal 
lineages (Turenne et al., 1999; Waud et al., 2014), according to 
the PCR cycling conditions described by Schneider-Maunoury 
et al. (2018). Tagged primers unique for each sample were used 
in a second PCR step that was performed in the same conditions. 
The subsequent steps of the sequencing were those described by 
Schneider-Maunoury et  al. (2018), using the Ion Torrent 
sequencer (Life technology, Carlsbad, United States).

For bacteria, DNA fragments spanning the V1-V2 
hypervariable region of the 16S rRNA gene were amplified using 
the primers 28F and 338R (Cheung et al., 2018). The following 
thermal conditions were applied: 94°C for 5 min, followed by 
25 cycles of 94°C for 30 s, 56°C for 30 s, 72°C for 60 s, and a final 
elongation step of 72°C for 5 min. The subsequent library 
preparation and sequencing steps were the same as those for fungi.

For the processing of sequencing data, demultiplexed raw data 
were first converted from bam format to fastq format using 
BEDtools version 2.25 (Quinlan and Hall, 2010). Subsequently, 
ITS and 16S rRNA gene data were analyzed independently with 
mothur version 1.39.5 (Schloss et al., 2009), following a similar 
procedure as the one described above.

Bacterial 16S rRNA gene amplicons were denoised by 
removing any reads having ambiguous bases, homopolymers 
longer than 8 bp, having Phred quality score < 25, and having a 
length inferior to 200 bp or superior to 320 bp. Then primers were 
removed, and sequences were aligned to the SILVA reference 
database 132 (Quast et al., 2012) and preclustered (pre.cluster, 
diffs = 1). Chimeras were detected and removed using UCHIME 
(Edgar et  al., 2011). Sequences were classified with a naïve 
Bayesian classifier (Wang et al., 2007) and the SILVA database 132. 
Non-bacterial and unknown sequences were excluded. Sequences 
were clustered into operational taxonomic units (OTUs) using the 
OptiClust algorithm (Westcott and Schloss, 2017) with a 97% 
sequence similarity threshold. Finally, singletons were excluded, 
and each sample was rarefied to the smallest library size (2,220 
reads) by random subsampling (McKnight et al., 2019).

Fungal ITS reads were denoised using the same quality 
parameters described, and each sequence that passed quality 
filtering was truncated to a 200-bp length after removing primer 
sequences (Brown et al., 2013) and then preclustered (pre.cluster, 
diffs = 1). Chimeras were detected and removed using UCHIME 
(Edgar et  al., 2011). Sequences were classified with a naïve 
Bayesian classifier (Wang et al., 2007) and the Unite database v7.1 
(Nilsson et al., 2018). Non-fungal and unknown sequences were 
excluded. Fungal ITS sequences were pairwise aligned to generate 
a distance matrix that was used to compute OTUs using the 
OptiClust algorithm (Westcott and Schloss, 2017) with a 97% 
sequence similarity threshold. Finally, singletons were excluded, 
and each sample was rarefied to the smallest library size (1,282 
reads) by random subsampling (McKnight et al., 2019).

The raw sequence reads for both microbial communities were 
deposited as Sequence Read Archive (SRA) in GenBank under the 
Bioproject accession number PRJNA557705.

A particular focus has been placed on the persistence of the 
most representative fungal and bacterial taxa. The 40 genera 
displayed were the most abundant in the entire data set. Core 
OTUs were defined as any OTU that persisted in the gut samples 
at all the sampling time points for fungi and at all or at least at 5 
of the 6 sampling time points from days 0 to 120 for bacteria.

For the specific case of Termitomyces (Lyophyllaceae family), the 
classification of the OTUs was improved by a phylogenetic approach. 
This consisted in combining all the OTUs affiliated to Lyophyllaceae 
from our data set with all the ITS sequences of Lyophyllaceae 
referenced in the Unite database. ITS sequences of the close genus 
Rhodocybe (Entolomataceae) were also included as an outgroup of 
Lyophyllaceae. All these sequences were aligned with MAFFT v7.427 
and the L-INS-i method (Katoh and Standley, 2013). The resulting 
alignment was manually curated, and Smart Model Selection (Lefort 
et al., 2017) was used to determine the best model of nucleic acid 
evolution (GTR + G). Subsequently, a maximum likelihood 
phylogenetic tree was built with PhyML 3.0 (Guindon et al., 2010). 
Branch supports were calculated using a Chi2-based parametric 
approximate likelihood-ratio test (Anisimova and Gascuel, 2006).

Statistical analyses

The effect of time and sex on the measurements of the gut size 
was evaluated by Kruskall-Wallis tests. Alpha diversity was 
investigated using the R package hilldiv (Alberdi and Gilbert, 2019) 
based on abundance-based Hill numbers (qD) that integrate 
commonly used alpha-diversity indices according to the values of 
q. Hence, q = 0 refers to OTUs richness, and q = 1 or 2 refers to the 
converted indices of Shannon (exponential of the Shannon index) 
and Gini-Simpson (the multiplicative inverse of the Gini-Simpson 
index), respectively (Chao et al., 2016). The differences in alpha-
diversity indices were analyzed by One-way ANOVA with the 
Fisher’s LSD Post Hoc Test, at p < 0.05, after ascertaining the normal 
distribution of variables. The changes in microbial community 
structure were investigated by analysis of similarities (ANOSIM), 
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implemented in mothur (Schloss, 2008), using Bray-Curtis distances 
and 10,000 iterations. Principal coordinate analyses (PCoA) were 
constructed based on Bray-Curtis distances with the phyloseq R 
package (McMurdie and Holmes, 2013). The effect of sampling time 
points on the composition of the bacteriome and mycobiome was 
tested by non-parametric permutational multivariate analysis of 
variance (PERMANOVA), as implemented in the vegan function 
adonis with 10,000 permutations (Oksanen et al., 2007). All the 
other analyses were performed with R v3.4.4, and plots were 
generated with ggplot2 (Wickham, 2016). To test the relationship 
between matrices of the bacteriome and the mycobiome, a Mantel 
test was performed using the ecodist package (Goslee and Urban, 
2007), with Bray–Curtis dissimilarity matrices, Spearman’s rank 
correlation coefficient, and 10,000 random permutations.

Results

Comparison of the alates bacteriome 
with the bacteriome parental colonies

The evaluation of the bacteriome of alates and workers directly 
from wild colonies aimed to assess the extent to which the 
composition of the bacteriomes of alates leaving the mother 
colony could mirror the symbiotic microbiome of the colony 
of origin.

The phylum-level distribution of the bacterial taxa highlighted 
that a considerable proportion of the identified OTUs fell within 
Bacteroidetes, Firmicutes, and Proteobacteria, which proportion 
was not different between castes (Figure 2A). The distribution of 
OTUs was similar between minor and major workers within and 
between colonies and between male and female alates. This similar 
distribution pattern was much more visible at the genus level, with 
the proportion of OTUs between the most representative genus-
level taxa varying hardly between castes and sexes (Figure 2B).

Effect of sex on the size of the gut and 
the structure of the microbiota

Guts of reproductives of both sexes dissected over the colony 
foundation period starting from the swarming flight (alates) up 
beyond the emergence of workers were used to assess the temporal 
change in gut morphology and the structure of the microbiota. 
We first checked if the gut size and the structure of the microbiota 
were affected by sex of the reproductive. The various parameters 
of the gut morphology measured from image analyses of the 
dissected guts of reproductives (Supplementary Figures S1A–C1) 
did not significantly differ between sexes during the colony 
foundation period (p > 0.910 for the gut length, the hindgut area, 
and the paunch width; and p = 0.761 for paunch area). Likewise, 
there was no significant difference between sexes in the structure 
and taxonomic composition of the mycobiome analyzed by 

metabarcoding based on the fungal ITS and of the bacteriome 
analysed by the metabarcoding based on the 16S rRNA gene 
(ANOSIM, R = −0.026, p = 0.697 for the fungi; R = −0.037, 
p = 0.759 for the bacteria). Consequently, the results presented 
below were analyzed irrespective of the reproductive sexes.

Variations of the size of the gut of 
reproductives over colony foundation

The area of the hindgut significantly increased (p < 0.001) 
between the alates (t = 0) and dealates collected on day 45 
(Figure 3). Then this area remained stable until day 75 with no 
significant differences between days 45, 60, and 75 (p > 0.05). The 
whole gut length, the paunch area and the maximum paunch 
width were also significantly higher in dealates at days 60 and 75 
compared to the alates (p < 0.005) (Supplementary Figure S2). 
Beyond day 45, there were no variations of these parameters in 
dealates. The paunch at this time appeared distended with soil-like 

A

B

FIGURE 2

Phylum-level (A) and genus-level (B) distribution of bacterial 
OTUs in the gut of female alates (FA), male alates (MA), major 
workers (MjW) and minor workers (MnW) of Macrotermes 
subhyalinus from two distinct wild colonies. For both taxonomic 
levels, only taxa covering a number of OTUs >0.5% of the total 
number of OTUs of the dataset are displayed. The corresponding 
taxa covered >97% of OTUs in each library for the phylum-level 
and > 85% of OTUs for the genus-level. “Others” refers to the 
cumulative percentage of the remaining OTUs. The dot sizes are 
proportional to the relative number of OTUs for the 
corresponding taxa in each library.
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matter (Supplementary Figure S1D). Overall these gut morphology 
measures were correlated, with the hindgut area being positively 
correlated with the whole gut length (r = 0.734; p < 0.0001), the 
area of the paunch sub-section (r = 0.988; p < 0.0001) and the 
maximal width of the paunch (r = 0.835; p < 0.0001).

Diversity analyses from the Ion Torrent 
metabarcoding data

For fungi, high-quality reads of ITS clustered into 3,439 OTUs 
assigned to 3 phylum-level taxa from 25 classes and 165 genus-
level taxa (Spreadsheet “S1_fungi,” Supplementary Table S1). 
Regarding the alpha diversity, both OTU richness (q = 0) and 
diversity (exponential of Shannon index, q = 1) remained stable 
between days 0 and 30 but significantly increased at days 45 and 
60 (Supplementary Table S2). Similarly, these two indices were 
significantly higher in the copularium than in gut samples. 
Regarding the beta diversity the PCoA performed to assess the 
effect of sampling time on the structure of the mycobiome showed 
no clear clustering (Figure 4A). An overall significant effect of the 
sampling time point emerged from the PERMANOVA test 
(R2 = 0.275, p < 0.0001). The ANOSIM pairwise tests revealed 
significant differences between days 0 and 45 and between days 30 
and 45 (Supplementary Table S3).

For bacteria, high-quality reads of the 16S rRNA gene clustered 
into 8,030 distinct OTUs, assigned to 27 phylum-level taxa, 74 
classes, and 479 genus-level taxa (Spreadsheet “S1_Bacteria,” 
Supplementary Table S1). The richness index did not vary between 
gut samples over the 60-first days (Supplementary Table S2). 
Regarding the diversity, for the exponential of Shannon index, 
(q = 1) and the multiplicative inverse of the Simpson index, (q = 2), 
there was a significant one-off decrease on days 30 to 45. The three 
alpha-diversity indices were higher in the copularium environment 

than in termite-gut samples. The structure of the bacteriomes 
assessed by PCoA showed clustering of gut libraries per sampling 
time point (Figure  4B). The bacterial communities in the 
copularium samples clustered separately from those of the gut 
samples. This clustering of the bacteriomes according to the 
sampling time was underpinned by the PERMANOVA test 
(R2 = 0.425, p < 0.0001), showing that time explained more variance 
for the bacteriome than for the mycobiome. Accordingly, the 
ANOSIM pairwise test showed significant differences between 
almost all time points except between days 10 and 30 and days 30 
and 45 (Supplementary Table S3). Overall, there were distinct 
patterns between the mycobiome and bacteriome, which was 
further supported by the absence of significant correlation between 
both communities (Mantel test, rS = 0.06,  p = 0.26).

Taxonomic composition of the 
microbiota

The gut mycobiome of alates was co-dominated by Ascomycota 
and Basidiomycota (Figure  5A). From day 10, the relative 
abundance of Basidiomycota decreased in favor of unclassified 
fungi (i.e., fungal sequences that could not be  taxonomically 
assigned below the fungal kingdom level) except at 30 days. 
Ascomycota accounted for about 90% of the copularium libraries. 
At the genus level, of the 40 major taxa of the dataset, only four 
clearly identified ones, from Ascomycota (Aspergillus, Retroconis, 
Graphium, and Mortierella), were conserved over time (Figure 5B). 
The other conserved lineages were unclassified groups likely from 
various distinct taxa. The ectosymbiotic fungus Termitomyces was 
present in the gut of dealates until day 30, but not beyond.

Among the bacteria, Bacteroidetes, and to lesser extent Firmicutes 
were the most represented phylum-level taxa in alates gut (Figure 6A; 
Supplementary Table S1). Bacteroidetes remained the dominant 
phylum over time, but a gradual decrease was observed from day 0 to 
day 45. Meanwhile, the relative abundance of Epsilonbacteraeota 
increased. The proportion of Fibrobacteres in the gut was higher at day 
120 than before. The relative abundance of Actinobacteria gradually 
increased over time, exceeding 7% of reads at days 60 and 120. In the 
copularium environment, Proteobacteria dominated, followed by 
Actinobacteria and Firmicutes. At the genus-level, all the major 
bacterial taxa of the dataset present in the gut of alates persisted in 
dealates over the 60 first days of the colony’s life, and only 4 were not 
found by the end of the experiment (Figure 6B). These major genera 
were dominant in the gut libraries, covering >94% of gut libraries 
from days 0 to 60 and 88.2% at day 120. They covered 56.2% of 
libraries from the copularium. These key genera primarily fell within 
Bacteroidia, various lineages of Proteobacteria and Clostridiales, and 
within well-known lineages in the gut of termites from the 
Campylobacterales (Epsilonbacteraeota), Chitinivibrionia 
(Fibrobacteres), Spirochaetaceae and Sphaerochaeta (Spirochaetes). A 
noticeable increase of the relative abundance of Campylobacterales, of 
which Arcobacter was observed from day 0 and to day 45.

FIGURE 3

Boxplot representation of the change of the area of the whole 
hindgut of M. subhyalinus reproductives during colony 
foundation. For area measurements, the values in the figure 
represent the half of the total surface (see 
Supplementary Figure S1). Bars topped with p values <0.05 
connect time points with statistically different measurements.
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The core microbial OTUs and 
Termitomyces

Core fungal OTUs were those found in the gut of reproductives 
at all the sampling time points from the alates up to day 60. They 
were only 12 OTUs (out of 3,439; Sheet “Core OTUs of fungi,” 
Supplementary Table S1). Together, they accounted for 5 to 10% 
of gut libraries from days 0 to 30 and slightly more at days 45 and 

60 (≈24%). This relative increase at 45 and 60 days was primarily 
driven by a single OTU (unclassified Chaetomiaceae) that was the 
most abundant in the copularium. Core fungal OTUs were even 
more represented in the copularium than in gut samples.

Focusing on the ectosymbiotic fungus Termitomyces, the 
phylogenetic inference showed that all OTUs from the 
Lyophyllaceae in the dataset belonged to this genus Termitomyces 
(Supplementary Figure S3). In alates, their average relative 

A B

FIGURE 4

PCoA based on Bray-Curtis distances displaying the change in the structure of the mycobiome  (A) and of the bacteriome (B) in the gut of  
M. subhyalinus reproductives over the colony foundation period, in comparison with the copularium at day 120. Day 0 to day 60 for fungi, and day 
0 to day 120 for bacteria refer to gut samples at the corresponding time points.

A B

FIGURE 5

Phylum-level (A) and genus-level (B) distribution of fungal taxa in the gut of M. subhyalinus reproductives over the colony foundation period, in 
comparison with the copularium at day 120. For the genus-level, only the 40 most abundant taxa of the data set are displayed. The dot sizes are 
proportional to the relative abundance of the corresponding taxa in each library and the absence of dot indicates the non-detection of the 
corresponding taxon in a given library. « Others » refers to the sum of relative abundances of less abundant taxa.
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abundance for both sexes was below 10%, with marked inter-
individual variability (Supplementary Table S4). Their proportion 
sharply declined over time to zero beyond day 30. Members of 
Lyophyllaceae were absent from the copularium 
(Supplementary Table S1). With the taxon-specific PCR, 75% of 
tests were positive in alates of both sexes from two distinct colonies 
of M. subhyalinus, but no test was positive after day 10. The 
ectosymbionts of species from the genus Microtermes are vertically 
transmitted through the gut of female reproductives. Alates of a 
sympatric species Microtermes sp. were analysed for comparison 
(n = 8 for each sex), resulting in 100% positive tests (data not shown).

Considering bacteria, 419 distinct OTUs fell within core OTUs 
consisting of OTUs that persisted at all or at least at 5 of the 6 
sampling time points from days 0 to 120 (Sheet “core OTUs of 
bacteria,” Supplementary Table S1). They accounted for more than 
65% of OTUs in each library from days 0 to 60 and ≈ 60% at day 
120 (Figure 7A). The same was true in terms of abundance, since 
they accounted for more than 73% of reads in all the guts libraries 
up to 60 days (Figure 7B) and remained highly representative at the 
end of experiment. Compared to gut samples, core OTUs covered 
only a small fraction of the number of OTUs and of the number of 
reads in the copularium. Their taxonomic assignment mirrors the 
taxonomic composition of the whole libraries. Besides unclassified 
bacteria (i.e., bacterial sequences that could not be taxonomically 
assigned below the Bacteria rank), Bacteroidetes, Firmicutes, and 
Proteobateria were the most represented phyla. Only a few core 
OTUs belonged to Epsilonibacteraeota, but these represented a 
substantial fraction of gut libraries, especially at days 10 to 60.

Discussion

Variations of the size of reproductives’ 
gut during colony foundation

The survival of gut-resident microorganisms, and thereby 
their persistence in reproductives during colony foundation, 
was assumed to be dependent on their feeding behavior, which 
was approximated by the gut morphology. The total gut length 
and various dimensions of the hindgut did not differ between 
male and female reproductives, as they do in distantly related 
termites (Shimada et al., 2013). Similarly, the structure of the 
microbiota did not differ between sexes. The absence of sexual 
dimorphism on the microbiota was consistently observed on 
protozoan communities of lower termites during the first 
months of colony foundation (Shimada et al., 2013; Michaud 
et al., 2020), suggesting that both sexes are similarly involved in 
feeding tasks at this stage. This involvement of both parents 
(biparental care) was demonstrated in several studies on lower 
termites (Shimada et  al., 2013; Benjamino and Graf, 2016; 
Inagaki et al., 2020; Velenovsky et al., 2021; Chouvenc, 2022) 
and very recently on Macrotermes natalensis (Sinotte et  al., 
2022) and was likely inherited from the common ancestor of 
termites (Nalepa, 2015).

Notably, the gut size of M. subhyalinus dealates enlarged 
during colony foundation, rather than shrinking as expected 
under the hypothesis of a fasting at this stage. As illustrated in 
Supplementary Figure S1, their paunch was filled with soil-like 

A B

FIGURE 6

Phylum-level (A) and genus-level (B) distribution of bacterial taxa in the gut of M. subhyalinus reproductives over the colony foundation period, in 
comparison with the copularium at day 120. For the genus-level, only the 40 most abundant taxa of the data set are displayed. The dot sizes are 
proportional to the relative abundance of the corresponding taxa in each library and the absence of dot indicates the non-detection of the 
corresponding taxon in a given library. “Others” refer to the sum of relative abundances of less abundant taxa.
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material. It is unclear whether the ingestion of soil material by 
dealates is natural, or rather driven by the need of particulate 
organic matter to compensate the unavailable wood material 
needed to sustain the gut microbiome. The increase in the gut 
size (Shimada et  al., 2013) or relative weight (Nalepa et  al., 
2001) seems common during the first period of colony 
foundations in lower termites. The enlargement of the gut seems 
to be aligned with a gain in wet weight of reproductives during 
this period (Nalepa et al., 2001; Chouvenc, 2022). However, the 
dry body weight and the content in nutritional reserves decrease 
at the same time (Johnston and Wheeler, 2007; Chouvenc, 
2022), likely indicating that the increase of the gut size in 
dealates reflects the rehydration of the gut, rather than the 
feeding behavior only. Albeit most of studies assessing the 
feeding behavior concern lower termites, the engorgement of 
dealates during the first weeks of colony foundation may 
be  ubiquitous and can be  a component of the observed 
enlargement of the gut in the current study. Further 
investigations taking into account weight indications and 
analyzing the gut content should clarify the feeding behavior of 
reproductives of this species during this period.

Contrast between bacteria and fungi 
associated with reproductives

We characterized the whole gut mycobiome of 
Macrotermitinae reproductives along colony foundation. The gut 
of alates of M. subhylanus harbored dominantly Ascomycota and 
Basidiomycota, among which all OTUs of Lyophyllaceae clustered 
within Termitomyces. Despite the high frequency of detection in 

alates (75% of alates, regardless sex), Termitomyces surprisingly 
covered a low proportion of their gut mycobiome (< 10% of 
reads), strikingly different from the worker caste, which is 
dominated by Termitomyces in several Macrotermitinae species 
(>98% of reads; Makonde, 2017).

In contrast, the bacteriome of alates of M. subhyalinus was similar 
to that of workers. It predominately consists of Bacteroidetes, 
Firmicutes, and Proteobacteria as in workers of other Macrotermes 
species and some other Macrotermitinae (Hongoh et  al., 2006; 
Dietrich et al., 2014; Otani et al., 2014; Hu et al., 2019). The similarity 
between alate and worker bacteriomes, which furthermore seems to 
be widespread (Hongoh et al., 2006; Diouf et al., 2018), indicates that 
the bacteriome of alates is also representative of the host species. 
Within colonies of Macrotermitinae, major and minor workers fulfill 
different tasks and have different feeding behavior (Sieber and 
Leuthold, 1981). Yet, there was no marked difference in the 
composition of the bacteriome between major and minor workers 
from wild colonies, which is congruent with previous reports on 
other species of Macrotermintinae (Otani et al., 2019; Vidkjær et al., 
2021). Within-colony trophallaxis may therefore enable a suitable 
transfer of the main bacterial taxa between nestmates. It is worth 
mentioning that our study presented a fraction of reads assigned as 
unclassified Bacteria (Figure 6) and unclassified Fungi (Figure 5). 
This lack of taxonomic resolution can be  explained by both the 
sequencing technology used here (i.e., short-read sequencing of a few 
hundred base pair amplicons, which limits the amount of 
information) and by the origin of our samples (i.e., termite guts and 
copularium) which are not investigated as much as human gut or soil 
for instance. Regarding the former point, the use of shotgun 
metagenomic combined with the reconstruction of metagenome-
assembled genomes has been successfully used to explore at the 

A B

FIGURE 7

Taxonomic distribution of core bacterial OTUs in libraries from the gut of M. susbhyalinus reproductives over the colony foundation period, in 
comparison with the copularium at day 120. The significance of core OTUs in libraries is expressed either as a percentage of the number of OTUs 
(A) or as a percentage of the number of reads (B).
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genome level the prokaryotic diversity associated with termites 
(Hervé et al., 2020; Arora et al., 2022). Further studies could thus use 
this approach to monitor microbial transmission at the strain level (Su 
et  al., 2021). Regarding the latter point, there are indeed clades 
associated with termites which has not been yet identified or 
characterized, and this is particularly true for fungi (Větrovský et al., 
2020). This is further supported by the fact that for both fungal 
(Figure 5) and bacterial (Figure 6) datasets, we consistently found 
much less unclassified bacterial and fungal sequences in the 
copularium made of soil than in the termite guts.

Aside from alates, the microbiota of the reproductive caste of 
Termitidae has only been studied in kings and queens of 
Macrotermitinae from “mature” colonies several years after 
foundation. Their microbiota was markedly divergent and less 
diverse than in workers’ gut, with only a single or very few 
bacterial taxa undetectable in workers (Poulsen et al., 2014; Otani 
et al., 2019), a compositional shift likely explained by trophallactic 
food. This drastic divergence precluded any extrapolation on the 
extent of their contribution in symbionts transmission. The 
succession of the microbiota presented below partially fills the gap 
between alates and these old reproductives. However, focusing on 
the transitional phase where kings and queens pass from feeders 
(parental care) to dependency to the nutritional resources 
provided by offspring workers (alloparental care) should improve 
our understanding the process leading to this erosion of the 
bacteriome diversity in the gut of old kings and queens.

Succession of the microbiota at 
foundation

The succession of bacteria and fungi in the gut microbiota 
during colony foundation followed a distinct pattern, likely 
reflecting differences in the tightness of the relationship. The 
alpha diversity of the mycobiome, did not markedly vary up to 
the day 30, which may reflect the maintenance of fungal lineages 
imported during the flight. Beyond day 30, the richness and the 
exponential of Shannon indices increased together with gut 
dimensions, possibly due to a transition in the feeding behavior 
of dealates, which modified community structure. The widely 
variable pattern of beta diversity of the mycobiome, even between 
replicates, suggests that it mostly consists of transient fungi 
ingested from the soil rather than resident, especially the first 
month. The dominance of Ascomycota, which are also the main 
colonizers of the copularium supports an incidence of soil-borne 
fungi. Similarly, the majority of Sordariomycetes core OTUs are 
ubiquitous saprobic fungi (Zhang et al., 2006). Except for the 
ectosymbiont, there is little information on strict associations 
between Macrotermitinae and fungi. Taxon-specific PCR 
detected Termitomyces in 75% of male and female alates of 
M. subhyalinus. In comparison, 100% of positive tests were 
recorded for both sexes of alates of the sympatric species 
Microtermes sp. that inoculates its combs with conidia of 
Termitomyces carried in the gut of female reproductives (Johnson, 

1981; Johnson et  al., 1981; Nobre et  al., 2011a,b). While the 
absence of sexual dimorphism for both species could indicate 
that amplified DNA included material from the food bolus, the 
lower score in M. subhyalinus could reflect the difference in the 
transmission modes. The highlighting of vertical transmission in 
Microtermes spp. and Macrotermes bellicosus in laboratory was 
based on the presence of conidia bolus of Termitomyces in the 
foregut of alates, and then the successful fertilization of fungus 
combs without inoculation by the manipulator with comb 
material from a mature colony (Johnson, 1981; Johnson et al., 
1981). This was not the case for M. subhyalinus (Johnson et al., 
1981) and though the molecular approach used here does not 
make it possible to distinguish the nature of the fungal material, 
the exhaustion of the molecular signal of Termitomyces before the 
emergence of offspring, even with sensitive metabarcoding, 
provides additional evidence of environmental acquisition of the 
fungal ectosymbiont in M. subhyalinus i.e., the inoculation with 
sexual spores harvested from the environment by the first 
foraging workers, as in the vast majority of Macrotermitinae. The 
success of the colony foundations by reproductives in this case is 
conditioned by the prior or simultaneous presence of 
Termitomyces in the dispersal area (Nobre and Aanen, 2010). This 
transmission mode, which is the most ancestral and the most 
widespread in Macrotermitinae might have contributed to their 
restricted geographic distribution only to Africa (the continent 
of origin) and to Asia (Aanen and Eggleton, 2005). The large 
prevalence of the horizontal transmission of Termitomyces also 
led to the absence of host specificity. While a lineage-specific 
pattern can be drawn at higher taxonomic levels, host switches 
are frequent at lower taxonomic levels, and no species of 
Termitomyces is exclusively associated to a single termite host 
(Aanen et al., 2002; Osiemo et al., 2010). Relevant differences 
were comparatively identified for bacteria. In contrast to fungi, 
richness indexes for bacteria remained unchanged over the first 
months of the study, which is compatible with the hypothesis that 
many bacterial taxa are not transiently ingested with the food but 
are rather gut residents. One original aspect of our study was to 
have analyzed each gut separately, preserving inter-individual 
variability. Despite this, gut bacteriomes clustered by age and 
differed from the copularium bacteriome, reinforcing the 
endemism of bacterial lineages in the gut habitat. The temporary 
decrease of Hill numbers q = 1 and q = 2 at days 30 and 45 under 
constant richness coincided with the change in the gut 
morphology. As the gut content was not analyzed, we question 
whether it could be attributed to a dietary transition. This period 
also coincides with the increase in the relative abundance of 
Epsilonbacteraeota, and specially of a single OTU assigned to the 
genus Arcobacter (21.27 to 24, 24% of reads at 30 and 45 days, 
respectively); which may have decreased abundance-related 
diversity indices. Arcobacter is a common genus of the core 
bacterial communities of fungus-growing termites (Otani et al., 
2014, 2019). Though little is known about the metabolic functions 
and factors driving its abundance in termites, the increase of the 
relative abundance of Epsilonbacteraeota and specially of 

https://doi.org/10.3389/fevo.2022.1055382
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Diouf et al. 10.3389/fevo.2022.1055382

Frontiers in Ecology and Evolution 12 frontiersin.org

Arcobacter could be compared with the protozoan pulse in the 
gut lower termites during this first period of the colony 
foundation (Shimada et al., 2013; Benjamino and Graf, 2016; 
Inagaki et al., 2020; Velenovsky et al., 2021), likely resulting from 
the resumption of the wood-feeding activity of dealates to sustain 
the protozoan fauna. Alongside with the compositional analyzes 
performed here, quantifying bacterial density should clarify if the 
microbial expansion found for protozoa applied to the gut 
bacteriome of this higher termite.

Nevertheless, this transition did not markedly impact the 
core bacteriome since the most abundant genus-level taxa and 
core OTUs persisted for the 60 first days, indicating a high 
conservation of key bacterial symbionts. These same key taxa 
persisted until the end of the monitoring because only a few 
were missing from the gut samples at day 120, where they still 
dominated. To summarize, bacteria from the mother colony 
are persistent in the gut and overcome the potential diet shift 
associated with colony foundation, unlike fungi. As offspring 
appeared as larvae by day 45 and as actively foraging workers 
after 2 months, they co-exist with the core of bacteriome and 
thus enable a vertical transmission within the colony of these 
symbionts mostly adapted to the gut environment. Compared 
to the transmission of the fungal exosymbiont, the bacteriome 
the is likely transmitted through the same social exchanges 
enabling the transmission of protozoa and that were acquired 
in since the emergence of the ancestor of eusocial termites 
(Nalepa, 2015; Chouvenc et  al., 2021). This vertical 
transmission likely explains the existence of termite-specific 
clusters within numerous prokaryotic lineages, indicating a 
coevolutionary process with termite hosts (Hongoh et  al., 
2005; Abdul Rahman et al., 2015; Bourguignon et al., 2018). 
In contrast to the gut bacteriome, the acquisition of the 
externally cultured fungus symbiont is a derived trait, acquired 
once by the ancestor of Macrotermitinae. Whether the loss of 
protozoa that gave rise Termitidae evolved first a soil-feeding 
behavior or rather an externalized digestion in combs is still 
discussed (Bucek et  al., 2019; Chouvenc et  al., 2021). 
Compared to the gut bacteriome, the delayed acquisition of 
the fungal symbiont during the colony foundation seems to 
support the hypothesis of postdated emergence of the ancestor 
Macrotermitinae relative to the loss of protozoa. As suggested 
by Bucek et  al. (2019), fungus-growing termites may have 
emerged from a soil-feeding ancestor by reversion toward a 
wood feeding diet, fostered by the domestication of a saprobic 
fungus predisposed to trive in insect fecal substrate (van de 
Peppel et al., 2021).

Conclusion

The transmission of symbionts in termites has been 
previously addressed for Protozoa that are unique to lower 
termites and for fungal ectosymbionts that are unique to 
Macrotermitinae. To our knowledge, this is the first study 

addressing the transmission of the gut symbionts in Termitidae, 
which were assumed to have a distinct feeding behavior when 
compared to lower termites, with a supposed fasting during the 
colony foundation. To date, information on the microbiota of the 
reproductive caste of Termitidae has been limited to alates, which 
share a similar microbiota with workers, and to aged kings and 
queens that have a distinct microbiota. Our study describes the 
missing steps in the dynamics between these two extreme stages, 
but further investigation from the end of our study up to old 
kings and queens, and of the main changes taking place during 
the transition from biparental to alloparantal care will provide a 
more complete picture in the future. The persistence of gut 
bacteria over the first period of the colony’s life, the increase of 
the gut size, and the presence of soil-borne fungi demonstrated 
in this study did not support the existence of a fasting during the 
colony foundation. Our findings revealed no intimate relationship 
between fungi and the gut habitat and the early exhaustion of 
Termitomyces in the gut confirms that this symbiont is acquired 
from the environment. Conversely, bacteria persisted in the gut 
of reproductives throughout the colony foundation period, until 
offspring workers emerged. The presence of these taxa in 
offspring workers without any possible external source supports 
the role of both reproductives in vertical transmission of gut 
microbiota and, thereby, in the co-evolutionary history of 
bacterial symbionts and their termite hosts.
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