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Shaping the tripartite symbiosis: are termite
microbiome functions directed by the
environmentally acquired fungal cultivar?
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Abstract

Microbiome assembly critically impacts the ability of hosts to access beneficial symbiont functions. Fungus-farming
termites have co-evolved with a fungal cultivar as a primary food source and complex gut microbiomes, which
collectively perform complementary degradation of plant biomass. A large subset of the bacterial community
residing within termite guts are inherited (vertically transmitted) from parental colonies, while the fungal symbiont
is, in most termite species, acquired from the environment (horizontally transmitted). It has remained unknown
how the gut microbiota sustains incipient colonies prior to the acquisition of the fungal cultivar, and how, if at all,
bacterial contributions are modulated by fungus garden establishment. Here, we test the latter by determining the
composition and predicted functions of the gut microbiome using metabarcoding and shotgun metagenomics,
respectively. We focus our functional predictions on bacterial carbohydrate-active enzyme and nitrogen cycling
genes and verify compositional patterns of the former through enzyme activity assays. Our findings reveal that the
vast majority of microbial functions are encoded in the inherited microbiome, and that the establishment of fungal
gardens incurs only minor modulations of predicted bacterial capacities for carbohydrate and nitrogen metabolism.
While we cannot rule out that other symbiont functions are gained post-fungus garden establishment, our findings
suggest that fungus-farming termite hosts are equipped with a near-complete set of gut microbiome functions at
the earliest stages of colony life. This inherited, incipient bacterial microbiome likely contributes to the high extent
of functional specificity and coevolution observed between termite hosts, gut microbiomes, and the fungal cultivar.
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Introduction
Bacteria and fungi frequently form mutualistic symbio-
ses with eukaryotes for host nutrition, where symbionts
enable the utilization of otherwise inaccessible nutrient
sources or supplement nutritionally deficient diets [1, 2].
The assembly and maintenance of complex microbiomes
are thus critical for community functions and services to
hosts. As has been observed in a multitude of studies, a
balanced microbiome is undeniably important for health
[3-7], immune system maturation [5, 6, 8, 9], and nor-
mal development [5, 6, 9, 10] in a broad range of hosts.
Rather than being static, a beneficial microbiome sup-
ports its host differently across developmental stages [6,
10], as evident from age-directed compositional variance
observed in humans [11] and pigs [12]. Compositional
changes early in life are typically prompted by major
shifts in diet, such as weaning in mammals [9, 10, 13, 14].
Such shifts also alter the functional capabilities of micro-
biomes. In humans, infant microbiomes are dominated
by milk oligosaccharide processing bacteria such as Bifi-
dobacterium, Bacteroides, and others prior to weaning,
followed by a maturation into to an adult microbiome
dominated by Firmicutes and Bacteroidetes with diges-
tive and other roles [7, 9]. Our understanding of how host
development directs changes in microbiomes predomi-
nantly comes from work on mammals, but other animals
also experience shifts in diet at critical stages in life. For
example, the tripartite fungus-farming termite (Macro-
termitinae) symbiosis involves complex bacterial micro-
biomes [15, 16] and a basidiomycete fungus cultivated as
the primary food source for the termite host [17]. In most
termite species, this fungal cultivar is absent for the first
several months of colony life, after which termite hosts
transition to a fungal diet. Yet, the consequences of this
shift for bacterial symbiont roles are not known.
Fungiculture evolved once in termites, in the sub-
family Macrotermitinae [17, 18]. The symbiosis involves
the obligate cultivation of Termitomyces (Agaricales:
Lyophyllaceae) fungi in gardens (fungal combs) [17-20]
built from foraged plant material and asexual fungal
spores mixed during a first termite gut passage [20, 21].
The Termitomyces cultivar is horizontally acquired in
most termite host species [22]. Once established, the
fungus degrades plant biomass to near-completion and,
in doing so, provides a nutrient-rich food source for the
termites [23, 24]. The fungal genus displays consider-
able phylogenetic congruence with termite hosts [17, 25],
implying millions of years of coevolution. Termitomyces
exhibits some degree of complementarity in enzymes for
plant degradation compared to the termites and their gut
microbiota [23]. In mature colonies, both termite guts
and fungus combs host communities of bacterial symbi-
onts [15, 16], where the termite gut microbiomes reflect
dietary differences and division of labour [26]. Most past
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work on the tripartite symbiosis has focused on contri-
butions to plant biomass decomposition [21, 23, 27-30]
(Fig. 1A). The termite host genome encodes an endog-
enous cellulase along with primarily oligosaccharide-tar-
geting enzymes [23]. The fungal cultivar employs a rich
set of enzymes [23, 31] and presumably also uses Fenton
chemistry [31] to digest a range of plant substrates; yet,
with an apparent reduced capacity for oligosaccharide
breakdown [23]. These oligosaccharides appear to be uti-
lized by the rich and specialised bacterial microbiome,
dominated by Firmicutes, Bacteroidetes, Spirochaetes,
Proteobacteria, and Synergistetes [15, 26] that hold genes
coding for primarily oligosaccharide metabolism [23].
The limited role in initial digestion of plant-derived com-
ponents and the enrichment of enzymes for fungal degra-
dation make the fungus-farming termite gut microbiome
substantially different from those of other termites [23,
29, 32].

The assembly of the fungus-farming termite symbio-
sis is a multi-stage process initiated when the royal pair
(the queen and king) start the colony (Fig. 1B). The royal
pair carries with them a diverse and non-random set of
gut bacterial symbionts from their colonies-of-origin [33,
34]. A substantial portion of this microbiome is transmit-
ted to the first worker termites, making up almost half
of their gut bacterial diversity [33]. This implies that at
the incipient colony stage, both the fungal cultivar and
a portion of the termite gut microbiome are — for most
termite species — yet to be recruited to the symbioses.
At this stage, the royal pair presumably lives on ener-
getic reserves of body fat and wing muscles to produce
the first cohort of workers [24, 35], to whom they reli-
ably transfer gut microbes. After this the royal micro-
biome gradually depletes in both diversity and load [33,
34]. Workers forage plant material to form a primordial
comb that serves as their nutrient source [24] and it is
eventually inoculated by sexual spores of Termitomyces
[20]. Once this primordial comb develops into fungus
comb, the tripartite symbiosis is fully established, allow-
ing efficient degradation of plant material [24, 30]. The
functional contributions of the termite gut microbiome
in mature colonies to digestion is quite well-understood.
However, it remains unknown how gut microbiomes sus-
tain incipient colony functions prior to cultivar acquisi-
tion and if bacterial functions are modulated by fungus
comb establishment.

To test this, we determined the composition of gut bac-
terial communities and predicted their potential func-
tional contributions before and after fungus acquisition
(Fig. 1B). We sampled colonies of the fungus-farming
termite Macrotermes natalensis at three timepoints dur-
ing development: laboratory-reared colonies before the
acquisition of the fungus (Pre-fungus), laboratory-reared
colonies after introduction and establishment of the



Murphy et al. Animal Microbiome (2024) 6:44

Tripartite
symbiosis

= Bacteria in guts and fungal combs
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Termite host
Fungus-farming termite hosts contribute to plant
biomass degradation with endogenous cellulases. By
passing material through their gut, they secure
substrate inoculation and initiation of its breakdown.

Fungal cultivar
The fungal cultivar Termitomyces grows on plant
substrate and breaks down lignocellulose. The

cultivar can express various enzymes including
cellulases, laccases, and hemicellulases.

\ Bacterial communities are hosted by the termite and
reside in the fungus combs. These diverse bacteria
express enzymes that to appear to contribute to
degradation of both plant and fungal biomass.
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Fig. 1 The tripartite fungus-farming symbiosis is complete after environmental acquisition of the fungal cultivar. A: Schematic of the tripartite symbiosis
and the contributions from the termite host and symbiotic microbial partners to digestion and degradation of plant biomass. For a detailed description
of the biomass degradation process, see [27]. Photos used with permission from Saria Otani. B: Assembly of the symbiosis over colony development and
experimental timepoints. Laboratory colonies with inherited bacteria present in the guts of the royal pairs and workers prior to fungus acquisition (Pre-
fungus), laboratory colonies once the fungus has been acquired (Post-fungus), and mature field colonies (Field). The gradual darkening of the gut illus-
trates the maturation of the gut microbiome with time, where the worker microbiome increases and the royal pair microbiome decreases in complexity

fungus (Post-fungus), and mature field colonies (Field).
We hypothesised that either the inherited gut microbiota
(Pre-fungus) would contain largely all microbial func-
tions needed to sustain mature colonies, or that recruit-
ment of bacterial taxa (and hence functions) would occur
after fungus garden establishment and drive the myco-
lytic nature of gut microbiomes [32]. We established
the composition and function of the gut microbiome
with metabarcoding of bacterial communities, shotgun
metagenomics, and enzyme assays. As metagenome
sequencing depth was insufficient to accomplish binning
of bacterial sequence reads into metagenome-assembled
genomes, we focused on two representative and criti-
cal microbiome functions: carbohydrate-active enzymes
(CAZymes) and nitrogen cycling genes.

Materials and methods

Colony collection and experimental design

For metagenomic characterization of the microbiome,
colonies originating from Pretoria, South Africa, were

collected and established in 2016 by [24]. Pre-fungus
laboratory colonies were created by crossing alates from
three maternal field colonies (that we call red, green and
blue) with one paternal field colony [24]. Pre-fungus colo-
nies were sampled at three months old, before the fungus
comb was introduced (red n=3, green n=4, blue n=4).
At all timepoints, we collected large (major) and small
(minor) worker and soldier termites. At this time, the
colonies did not exhibit foraging tunnels above ground
and were not fed any plant substrate; thus, any organic
material the termites consumed originated from the soil
surrounding the colony. Subsequently, the remaining col-
onies were provided wild oats, and at 3.5 months of age
were inoculated with fungus comb with nodules, con-
taining asexual spores, from a single field colony to estab-
lish the comb. At 4.5 months the colonies were provided
wood in addition to hay and oats. Post-fungus colonies
were then sampled at 9 months of age (red n=3, green
n=3, blue n=3), and they had thus been with their fungal
cultivar for 5.5 months. Along with the termites, we also
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collected fungus comb. Field colony samples were from
the maternal colonies that crosses originated from Both
fungus comb and termites were stored in -80 °C until fur-
ther processing and DNA extraction.

For bacterial metabarcoding and enzyme assays of the
gut microbiome, colonies were collected and established
in 2018 [24]. Pre- and Post-fungus colonies represented
four maternal colonies crossed with a single paternal
colony, where the maternal colonies were different from
those used in 2016 but from the same location. All other
treatment and sampling of the laboratory colonies was
done as in 2016. Nineteen Pre-fungus colonies from four
maternal lineages were used for metabarcoding (red n=4,
blue n=4, green n=5, yellow n=6) and 12 were used for
enzyme assays (red n=3, blue n=3, green n=3, yellow
n=3). Similarly, 20 Post-fungus colonies were sampled
for metabarcoding (red n=4, blue n=4, green n=6, yel-
low n=6) and 12 for enzyme assays (red n=3, blue n=3,
green n=3, yellow n=3). Four Field colonies were used
for metabarcoding and enzyme assays (Table S1).

DNA extraction, sequencing, and droplet digital PCR

We performed droplet digital PCR (ddPCR; Bio-Rad,
Denmark) to assess the absolute bacterial load in each
sample sent for 16 S rRNA metabarcoding, using the
number of gene copies as a proxy for bacterial load.
ddPCR was performed with primers 63F and 355R tar-
geting the 16 S ¥rRNA V2 region, as previously used to
quantify bacterial loads in termites [33] and ants [36].
In brief, reactions and quantification were performed
according to manufactures instructions using QX200
EvaGreen Supermix (Bio-Rad, Denmark). Each reaction
contained 11 ml 2x EvaGreen Supermix, 9.2 mL molec-
ular water, 0.4 ml of 10 mM forward primer, 0.4 mL of
10 mM reverse primer, and 1 mL of sample. Of these 22
mL, only 20 mL was used in droplet generation. The fol-
lowing ddPCR protocol was used: first annealing 5 min at
96 °C, 40 cycles of denature 30 s at 95 °C and annealing/
extension 1 min at 55 °C, signal stabilisation 5 min at 4 °C
and 5 min at 90 °C, all at a ramp rate at 2 °C per second.
Initial tests indicated that all termite samples and Post-
fungus fungal comb samples had high numbers of 16 S
rRNA gene copies, and they were hence diluted 100-fold,
while Field fungal comb samples were not. These dilu-
tions allowed for clear separation of positive and nega-
tive droplets to accurately quantify 16 S rRNA gene copy
numbers. Negative extraction controls and non-template
controls were included in ddPCR runs. Unlike conven-
tional qPCR, ddPCR does not require technical replicates
because an estimated error rate is provided per sample.
Eight samples were therefore re-run to assure that sam-
ples fell within this error rate. The 16 S YRNA copy num-
ber per termite gut was then back-calculated based on
dilutions and the number of guts per extraction.
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Metabarcoding of bacterial communities was per-
formed on Pre-fungus, Post-fungus, and Field colonies.
Major workers and soldiers were by rinsed in 70% etha-
nol and then in molecular dH,O to reduce surface con-
taminants, after which guts were dissected aseptically.
Four to six workers were pooled per Pre-fungus (n=19)
and Post-fungus (n=20) colony, to represent a sample
each, and four samples were included per Field colony
(n=16). Soldiers from each lineage for Pre- and Post-
fungus timepoints (n=4) were also sampled, and six
soldiers were pooled across three Pre-fungus and three
Post-fungus colonies for each sample due to the small
colony sizes. One soldier sample was also allocated for
each of the Field colonies (n=4). Further, approximately
1 cm?® of the fungus comb from each Post-fungus colony
and Field colonies were aseptically sampled, considering
fungal and gut microbiomes share bacterial species [16].
Lastly, four negative controls were included. DNA was
extracted using the DNeasy PowerSoil Pro Kit (Qiagen,
Denmark) according to the manufacturer’s instructions.
Two samples from each of three Field colonies (n=6)
were extracted with the protocol used for the metage-
nomic samples (see below) to test for extraction bias.
DNA samples were sent to BGI (Shenzhen, China) for
library construction and amplicon sequencing of the 16 S
rRNA V3-V4 region using the primers 341 F and 806R.
Libraries were created with PCR amplification of 30 ng of
template DNA with 16 S rRNA fusion primers, followed
by purification with Agencourt AMPure XP beads and
tagging. Library size and concentration were determined
with an Agilent 2100 Bioanalyzer, and sequencing was
done on a HiSeq platform to a minimum depth of 40,000
reads per sample.

Metagenomic sequencing was conducted on Pre-fun-
gus, Post-fungus, and Field colonies. First, major and
minor workers were dissected as done for the metabar-
coding samples. To acquire adequate biomass for extrac-
tion and sequencing, 7-10 guts were pooled per sample.
Major and minor castes were pooled because their taxo-
nomic composition has been found to be comparable
[26]. One sample of pooled guts was extracted from each
Pre-fungus (n=11) and Post-fungus (#=9) colony as
described above, and 1 to 2 samples were extracted per
Field colony (n=5). DNA was extracted using a modified
DNeasy Blood and Tissue Kit protocol (Qiagen, Den-
mark) [32]. Library preparation, sequencing, and initial
quality control was conducted at BGI (Shenzhen, China).
In brief, DNA was sheared to 300 bp, and overhangs from
fragmentation were repaired with T4 DNA polymerase,
Klenow fragment, and T4 polynucleotide kinase. Then 3’
ends were A-tailed and ligated with paired-end adaptors.
Fragments were purified with gel electrophoresis and
selectively enriched, amplified, and indexed with PCR.
The quantified libraries were then sequenced with 100-bp
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lengths using DNBseq, acquiring a minimum of 15 GB of
data per sample (see Table S2 for read counts).

Enzyme assays of termite guts

Enzyme assays of termite worker and soldier guts were
performed for Pre-fungus, Post-fungus, and Field colo-
nies utilizing the azurine-crosslinked (AZCL) substrates
Xylan, Galactan, Curdlan, Amylose, Arabinan, Arabi-
noxylan, Galactomannan, HE-cellulose, and Xyloglucan
(Table S3; Megazyme, Ireland) (Table S3). Extracts were
made for Pre-fungus (n=12), Post-fungus (n=12), and
Field (n=12) colonies. Crude enzyme extractions were
performed as described by [30]. In brief, termites were
thawed on ice and guts were dissected aseptically in
sterile dH,O. A suspension of 100 mg gut per mL ster-
ile dH,O was created by crushing the tissue with a ster-
ile pestle and vortexing. The solution was centrifuged at
15,000 g for 15 min at 4 °C, and the protein supernatant
was removed.

Enzyme extracts were applied to plates containing
AZCL substrates to measure the relative enzymatic activ-
ity. AZCL substrates are purified polysaccharides or pro-
teins containing azurine dye crosslinks. When enzymes
cleave the specified linkage in a substrate, the dye frag-
ments are released and form a halo. Plates were made
using a buffer of 23 mM phosphoric acid, 23 mM acetic
acid, and 23 mM boric acid [30, 37], and adjusted to pH
7, which is the average pH for a Macrotermes gut [38].
The remaining plate preparation followed the manufac-
turer’s instructions, including a standardized well size
in plates [37]. Immediately after centrifugation, 15 mL
enzyme extract was applied to the plates in duplicate or
triplicate technical replicates. A negative control was also
used for each substrate, in which a gut extract was heated
at 95 °C for 20 min to denature any enzymes, after which
the extract was applied to the plate. Plates were incubated
at 28 °C for 24 h, and then photographed under standard-
ized conditions with a light and a scale bar. Halo sizes
were measured in Image]J [39], and averaged for technical
replicates.

Metabarcoding analysis

Analysis of metabarcoding data was first performed in R
(v 4.1.2) [40] to determine amplicon sequence variants
(ASVs), and subsequent taxonomic assignment and data
exploration were performed in R (v.4.3.1) [40]. Two sam-
ples (SampleID 99, SampleID 100) were removed due to
low sequencing quality. We employed the dada2 pipeline
(v 1.22.0) [41] to filter, trim and merge paired-end reads.
The default parameters were used, with the following
adjustments in filterAndTrim: truncLen set to c(270, 260)
and maxEE set to c(2,4); in mergePairs: minOverlap set to
20. Non-target length sequences were removed from the
sequencing table (8 total), and chimeras were removed,
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leaving 8,922 ASVs and 93% reads remaining. Taxonomy
was assigned with dada2 assignTaxonomy using the pre-
formatted silva_nr99 v138.1_train_set.fa.gz database.
ASVs assigned to chloroplasts and mitochondria were
removed as were ASVs found in only one sample or with
<100 reads across all samples. Next, we identified and
removed contaminants using the prevalence method of
the R decontam package v1.18.0 [42]. The resultant fea-
ture table was standardized by square rooting with base
R sqgrt, and then normalized with Wisconsin double stan-
dardization with the vegan package [43] v2.6.4 wisconsin
function.

Metagenome quality filtering, assembly, and annotation
Raw reads were cleaned and filtered (Phred score>8)
using bbduk.sh from the BBtools package (BBMap)
v38.89. To remove host-derived sequences, paired-end
reads were mapped to the termite genome Macrotermes
natalensis v.1.0 [23], and the fungal cultivar genome Ter-
mitomyces using the Burrows-Wheeler Aligner (BWA)
tool [44] v.0.7.16a (bwa mem) with default settings. The
de-hosted reads (Table S4) were extracted with samtools
(=f4). The resulting paired-end fastq files were reordered
and singletons discarded with repair.sh (repair=t) from
the BBtools package. Two samples were removed (16 and
47b) due to a 10-fold difference in the number of reads
compared to other experimental samples, after removal
of host sequences (Table S4).

Metagenomes were co-assembled with metaSPADES
v.3.15.5 [45] with default settings using kmers (-k) of 21,
33, 55, 77. Co-assemblies were performed according to
matriline and timepoint, apart from the Pre-fungus time-
point where all samples were co-assembled together, as
microbial load was low and resulted in fewer bacterial
reads recovered (Table S4). Contigs below 1000 bp were
removed using reformat.sh from the BBtools package.
Samples were next inferred by mapping reads to the co-
assembly they helped create on a by sample basis with
BWA [44] v. 0.7.16a (bwa mem). Read recruitment to
each contig was determined with Anvi'o anvi-profile-blitz
[46] taking the mean coverage of reads from a given sam-
ple to a given contig. This was used to estimate relative
abundance of a contig in a sample. Metagenome annota-
tion was performed with Prodigal v.2.6.3 on default set-
tings in metagenome mode (-p meta) [47, 48].

CAZyme and nitrogen cycling gene predictions

CAZymes [49] were recovered from the matriline co-
assemblies of bacterial communities, M. natalensis ter-
mite and Termitomyces fungal host genomes [23], with
the dbCAN4 [50] v4.0 pipeline. This pipeline utilizes
a HMMer search based on two curated HMM profiles
alongside a DIAMOND [51] search against the pre-anno-
tated CAZyme nucleotide database [52]. Subsequently,
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predicted CAZyme families were determined by taking
the family shown to have the highest number of con-
served peptides for each database individually. Only
instances where two out of the three databases identi-
fied the same CAZyme family were kept. Where all three
databases identified a CAZyme, the prediction from
two out of three databases was chosen. Genes involved
in nitrogen cycling were recovered from the metage-
nome assemblies and host genomes with the NCyc tool
[53] using DIAMOND v.2.0.6 [51] to search against the
curated NCycDB database. Relative abundance of a
CAZyme or nitrogen cycling gene was assumed to be as
the relative abundance of the contig on which the gene
was found.

Alpha diversity indices and enzyme activity analyses

All analyses were performed using R v4.2.2 [40] in RStu-
dio. We calculated the Chaol richness of 16 S rRNA ASVs
on unnormalized data using the estimateR function in
the vegan package [43] v2.6.4. We determined the effect
of timepoint on Chaol richness and log-transformed
16 S rRNA gene copy counts via ANOVAs using aov and
TukeyHSD from base R (~timepoint * sample type) and
effect sizes were determined with effectsize v0.8.3 [54]
cohens_f function.

We calculated Observed richness and Shannon diver-
sity on the relative abundance of CAZyme families and
NCyc genes using the estimateR and diversity functions
in the vegan package [43]. The effect of timepoint on
Observed richness and Shannon diversity was deter-
mined with base R aov and TukeyHSD functions (~ time-
point * matriline) and effect sizes were determined with
effectsize [54] v0.8.3 cohens_f function). To establish sta-
tistical differences in enzyme activity between Pre-fungus
and Post-fungus/Field timepoint, we used ANOVAs via
base R aov and subsequent pairwise testing with Tuke-
yHSD functions (~ timepoint). Effect sizes were deter-
mined with effectsize v0.8.3 [54] cohens_f function.

Beta diversity indices

Compositional variation between timepoints for 16S
rRNA ASVs, CAZyme families, NCyc genes and AZCL
enzyme activities was determined by calculating Bray
Curtis dissimilarity with vegdist from vegan [43] v2.6.4
(method="bray”). Principle Coordinate Analysis (PCoA)
ordination plots were generated using ape [55] v.5.6.1
(pcoa), and the first two components were subsequently
visualised with ggplot2 [56] v3.4.2. To determine if time-
point affected compositions, we used Permutational Mul-
tivariate Analysis of Variance (PERMANOVA) in adonis2
from vegan [43] v2.6.4 using the model (~timepoint *
matriline) on the distance matrix generated by Bray-Cur-
tis dissimilarity measures. Pairwise comparisons of each
timepoint were explored with pairwise.adonis2 from the
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pairwiseAdonis package v4 (https://github.com/pmarti-
nezarbizu/pairwiseAdonis) using the same model.

Results

The microbial load and alpha diversity of the gut
microbiome increase after fungus acquisition

Bacterial load, quantified with ddPCR of 16 S rRNA gene
copies, was significantly affected by timepoint (ANOVA:
F, go = 4.632, p=0.013, Cohen’s F=0.34), and furthermore
depended on sample type, as evident from the signifi-
cant interaction (F; 4, = 17.79, p<0.001, Cohen’s F=0.82).
Pairwise examination indicated that while bacterial load
was indistinguishable in workers and soldiers between
Post-fungus and Field colonies, both timepoints had sig-
nificantly higher loads than Pre-fungus colonies (Fig. 2A;
Table S5). In contrast, while colony maturity in general
increased bacterial load in termite guts, it decreased the
load of fungus combs (Fig. 2A; Table S5). Variation was
larger between fungus comb samples at the Post-fungus
timepoint, potentially due to variation in the proportion
of comb that included fresh gut deposits. The low and
consistent loads in Field combs imply that bacteria are
not prevalent in combs of mature colonies (Fig. 2A).

Timepoint had a significant effect on Chaol richness
(ANOVA: F,q, = 185.7, p<0.001, Cohen’s F=2.10) that
was dependent on sample type (F,g, = 19.75, p<0.001,
Cohen’s F=0.84). Richness increased across all time-
points in workers, but only between Pre-fungus and
Post-fungus/Field in soldiers (Fig. 2B; Table S5). The
similarities between Post-fungus and Field suggest that
laboratory conditions for Pre- and Post-fungus colonies
had only a minor, if any, impact on bacterial loads and
richness. As was the case for bacterial load, Chaol rich-
ness decreased from Post-fungus to Field fungus combs
(diff=150.723, p<0.001) (Fig. 2B). Fungus combs from
Field colonies were less rich than Post-fungus colonies
and seemingly more variable, albeit with a small sample
size (Fig. 2B).

Multivariate analysis of the metabarcoding data using
PERMANOVA allowed us to infer that 24.2% of the vari-
ation in community composition could be explained by
timepoint (F, g, = 16.84, R*=0.2427, p<0.001) (Fig. 3A).
Pairwise comparisons further demonstrated that all
timepoints differed from each other but that Post-fungus
and Field were more similar (Table S5).

Metabolic potential changes associated with the
acquisition of the fungal cultivar

To infer the metabolic potential of the fungus-farming
termite gut microbiome with regard to carbohydrate
metabolism, we investigated the catalogue of enzymes
involved in the breakdown of complex carbohydrates
from the CAZy database using dbCAN4 (v.4.0.0). We
identified a total of 292 unique CAZyme families across
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timepoints and symbiotic partners. The number of
CAZyme families in the gut microbiome increased by
approximately 1/3 with the acquisition of the fungal
cultivar, from 204 (Pre-fungus) to 277 (Post-fungus),
or 270 (Field). This clarified that fungus acquisition did
alter the potential function of the microbiome, although
most CAZyme families were present at colony founda-
tion (Fig. 3B). The expansion in the number of CAZyme
families in the gut microbiome with the acquisition of the
fungal cultivar introduced additional putative functions
that are absent in the termite host and fungus genomes.
Complementarity observed between termite, fungal, and
bacterial CAZyme contributions is consistent with pre-
vious findings [23], and there was also overlap in carbo-
hydrate metabolism between symbiotic partners. The
fungus and termite shared respectively 35.3% and 18.5%
of CAZyme families identified in microbiomes across
time points.

Given the clear expansion in a portion of the carbohy-
drate active functions of the gut microbiome, we further
examined the relative abundances of CAZyme fami-
lies. Heatmaps of the logged relative abundance profiles
of CAZyme families revealed six distinct groupings by

timepoint (Fig. 3C). Families in Group one were pres-
ent at all timepoints in relatively high abundance. Group
two was variably present in Pre-fungus but always pres-
ent in Post-fungus and Field colonies, while group three
was absent from Pre-fungus but almost always present in
Post-fungus and Field. Group four was also absent from
Pre-fungus but only variably present in Post-fungus and
Field, suggesting functional maturation of metabolic
potential in the microbiome after fungus acquisition.
Group five families were, as Group one, consistently pres-
ent across timepoints but in lower relative abundances,
and finally Group six was always present in Pre-fungus
but only variably present in Post-fungus and Field, poten-
tially indicating loss of function during microbiome mat-
uration. Therefore, a core set of functions appear to be
maintained through colony development, making up the
majority of carbohydrate metabolism in the gut, while
horizontal transmission of the fungus drives a general
increase in the abundance of other putative functions.
The clear groupings of families based on relative
abundances were as a whole consistent with functional
shifts indicated by substrate predictions from dbCAN4
(Fig. 3D). Functional capacity stays consistent across
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Fig. 3 Shifts in carbohydrate active enzyme (CAZyme) potential of the fungus-farming termite gut microbiome through development. A: PCoA of
the beta diversity of the termite gut bacterial microbiomes across timepoints in colony development, based on Bray-Curtis distances from 16 S rRNA
amplicon sequencing. B: Complementarity in CAZyme families identified in bacterial gut metagenomes, along with the termite host and fungal cultivar
genomes. While some CAZyme families are shared across symbiotic partners, others are unique. Additional CAZyme families are acquired by the bacterial
gut microbiome after fungus acquisition, changing from 204 CAZyme families in the bacterial gut microbiome of Pre-fungus workers to 277 and 270
in Post-fungus and Field worker bacterial gut microbiomes, respectively. C: The log relative abundance of CAZyme families encoded for by termite gut
bacteria, grouped visually by CAZyme family group on the horizontal axis (Groups one to six) and clustered by timepoints on the vertical axis. Clustering
is based on the complete method of hierarchical clustering using Euclidian distances. CAZyme families found in the genomes of the termite host M.
natalensis (termite) and Termitomyces cultivar (fungus) are indicated at the top of the heat map. D: The putative functional capacity of termite gut bacte-
ria, as predicted by substrates targeted by the identified CAZyme genes, displayed as cumulative log relative abundances. Clustering method, heatmap
scale, and indications of the putative capacity of termite and fungus to metabolise the substrates are based on their respective genomes, depicted as in C

timepoints with variation primarily in enzymes target-
ing less-relevant substrates. We saw a lack of enzymes
putatively targeting sialic acid, fructose, and gellan in the
Pre-fungus timepoint, while Post-fungus and Field vari-
ably lacked enzymes targeting xanthan and chitooligo-
saccharides (Fig. 3D). Notably, enzymes targeting lignin
were significantly reduced in relative abundance from
Pre- to Post-fungal acquisition (for pairwise compari-
sons, see Table S5). The absence of predicted substrates
for many of the CAZymes meant that we could only
establish a partial picture of how acquisition of the fungal
cultivar affects substrate targets. However, it was evident
that enzymes targeting the majority of plant (e.g., cellu-
lose, pectin, hemicellulose, and lignin) and fungal (e.g.,
a-glucan, -glucan, chitin, and mannan) cell wall compo-
nents were abundant at all timepoints suggesting ample
ability to aid in their breakdown from colony inception.

We then compared Shannon diversity and Observed
richness of CAZyme potential across timepoints, reveal-
ing that time had a significant effect on both CAZyme
diversity and richness with Pre-fungus being substan-
tially lower for both (ANOVA - Shannon: F,_,, =76.51,
Cohen’s F=3.09, p<0.001; Observed: F,_;, = 1281,
Cohen’s F=12.66, p<0.001) (Fig. S1A). Matriline also had
a significant effect on Observed richness (F,_;4 = 79.34,
Cohen’s F=3.15, p<0.001) but not Shannon diversity
(Fy_16 = 1.660, p=0.221). Pairwise TukeyHSD compari-
sons showed Pre-fungus to be significantly lower than
both Post-fungus and Field, while these were significantly
different for Observed richness but not Shannon diver-
sity (Fig. S1, Table S6). This suggests that acquisition
of the fungus not only shifts the microbiome to host a
greater diversity of bacteria, as was also evident from the
ASV analysis, but also encoded CAZymes.

Analysing the Bray Curtis distances between CAZyme
relative abundance profiles through multivariate com-
positional analysis revealed that timepoint had a sig-
nificant effect and explained a substantial component
of the observed variation (PERMANOVA: F, ;¢ = 13.20,
R*=0.4677, p<0.001) while matriline did not (F,3; =
0.9839, p=0.4039). The pairwise comparisons further
revealed that Pre-fungus stood out as particularly dis-
tinct, as indicated by larger R* values (Table S7). Matriline

remained insignificant in all comparisons (Table S7).
These clear groupings by timepoint were also evident
from PCoA clustering. Here, the reduced explanatory
power of time in comparisons of Pre-fungus and Field
was likely due to two samples that substantially devi-
ated from the rest of the Field samples (Fig. 4A). These
two samples were consistently more abundant in multiple
CAZyme families than other Field samples (Fig. 3C). The
composition analysis established that the majority of the
maturation in CAZyme potential takes place between
Pre- and Post-fungus stages in colony life, but likely
continues until colonies reach maturity. The presence
of CAZymes at similar relative abundances across time-
points thus suggests metabolic dormancy until the fungal
cultivar is acquired as gut functions change with the shift
in termite host diet.

Enzymatic activities of termite guts shift with fungus
acquisition
Relative abundances of CAZymes can inform the poten-
tial metabolic profiles of an environment but are not
always reflective of actual enzymatic activity. Therefore,
we profiled the enzymatic activity of termite guts for
eight key enzymes, which metabolise plant and fungal
components, through AZCL enzymatic activity assays.
Multivariate compositional analysis of Bray Curtis dis-
tances between enzyme activity profiles demonstrated
that timepoint explained almost all of the observed varia-
tion (PERMANOVA: F, 33 = 383.7, R*=0.9588, p<0.001).
Similar to CAZyme family profiles, pairwise compari-
sons showed that timepoints were significantly different
from each other, and that Pre-fungus again stood out as
most different (Fig. 4B; Table S5). The extreme explana-
tory power of timepoint was also evident from PCoA
clustering into three distinct groups with little disper-
sion (Fig. 4B). As for the predicted CAZyme relative
abundances, this indicates that the major enzyme activ-
ity differences are between Pre- and Post-fungus stages
of colony life but that activity continues to change until
colony maturity.

The extreme variation in enzyme activities between
Pre-fungus and both Post-fungus and Field appeared to
be primarily driven by enzyme activities being absent or
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very low prior to fungus acquisition (Fig. 4C). Timepoint
had a significant effect on the AZCL enzyme activity lev-
els (Table S8). Tukey HSD pairwise comparisons revealed
that the activity of some enzymes targeting plant sub-
strates increased with colony development, while others
decreased (see Table S8 for all pairwise comparisons).
For example, the activity of enzymes that act on hemicel-
lulose and mannan increase, but those on cellulose and
starch decrease. Similar activity patterns were observed
in enzymes targeting fungal beta-glucans and galactans.
Since genes encoding these CAZymes were consistently
present in the metagenome, this is conceivably due to
metabolic dormancy of the gut microbiota at this point
in time. However, given that the AZCL assays were con-
ducted on whole termite guts, some of the activity is
likely also attributable to endogenous termite enzymes
and fungal enzymes derived from the ingestion of fungus
comb.

The termite gut microbiome encodes a diverse range of
nitrogen cycling genes

To explore the nitrogen cycling potential of the fungus-
farming termite gut microbiomes, we investigated genes
found in the bacterial gut microbiome, termite host, and
fungus. We identified 55 unique genes from all seven
families categorised in NCycDB. Complementarity across
members of the symbiosis was high but the gut micro-
biome contributed a substantial number of otherwise
unavailable nitrogen cycling genes (Fig. 5A). Termitomy-
ces and the termite host shared 43.6% and 21.8% of genes
across timepoints, respectively, and these were mainly
involved in organic degradation, organic synthesis, and
assimilatory nitrate reduction (Fig. 5A).

Clustering of logged relative abundance of putative
NCyc genes across colony development formed four
groups (labelled Group one to four in Fig. 5C). Group one
and four appeared to be the core NCyc genes consistently
found in the gut microbiome, with Group one present
in high abundance across all timepoints but Group four
being notably less abundant (Fig. 5C). Group two was
mostly present in Post-fungus and variably in Field but
absent in Pre-fungus, with NCyc genes increasing in rela-
tive abundance with the acquisition of the fungal cultivar.
Group three was always present in Pre-fungus but more
variably present and abundant in Post-fungus and Field.
Within Group three, there was a subgroup that for the
most part was absent in Field. Grouping genes by broad
metabolic pathways showed that most pathways were
well represented across timepoints. A substantial por-
tion of the nitrogen cycling genes was involved in organic
degradation and synthesis and denitrification, with minor
variation in the relative abundances of genes involved
in these pathways (Fig. 5C). Notably, genes involved in
nitrogen fixation were present in high abundance at all
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timepoints. The most variable pathway across timepoints
was anaerobic ammonium oxidation (anammox), which
was essentially absent before fungus acquisition. Nitri-
fication was nearly absent across all timepoints. Thus,
as for CAZy potential, the majority of nitrogen cycling-
related potential was present across all timepoints, with
only minor losses or gains post-fungus acquisition. This
potential covered most of the nitrogen cycling pathway
and notably also nitrogen fixation, for which microbial
genes were present at all timepoint (Fig. 5C).

Similar to CAZyme potential, timepoint significantly
affected both nitrogen cycling gene diversity and rich-
ness (ANOVA: Shannon: F,;; = 13.20, Cohen’s F=1.28,
p<0.001; Observed: F,;; = 182.08, Cohen’s F=4.77,
p<0.001) (Fig. S1B). Shannon diversity was consistent
across matrilines, but richness was not (Shannon: F, ¢
= 0.055, p=0.6469; Observed: F, , = 17.07, Cohen’s
F=2.11, p<0.001). Pairwise comparisons of Shannon
diversity with TukeyHSD demonstrated Field to be lower
than both Pre- and Post-fungus, while Post-fungus had
the highest Observed richness followed by Pre-fungus
and then Field (Fig. S1, Table S6).

The multivariate PERMANOVA further revealed that
timepoint explained more than 40% of the variation in
nitrogen cycling gene compositions. Timepoint signifi-
cantly affected profiles (PERMANOVA: F, , = 10.65,
R?=0.4320, p<0.001), while compositions were consis-
tent across matrilines (F, ;= 0.6165, p=0.6982) and sub-
sequent pairwise comparisons showed that timepoints
were indeed significantly different from each other (Table
S5). This was also reflected in PCoA clustering (Fig. 5C),
again with the two distinctly different samples (9b and
15b) having higher abundances of several genes (Fig. 5B).
Maternal lineage remained insignificant across compari-
sons (p>0.05) (Table S7).

Discussion

Inherited gut bacteria secure microbial functions that
support mature termite colonies

Our exploration of fungus-farming termite symbiosis
revealed that the bacterial gut microbiome is largely con-
served over colony life and the assembly of the tripartite
symbiosis. This allows us to accept the hypothesis that the
inherited gut microbiota contains essentially all micro-
bial functions of mature colonies, with relatively minor
modifications associated with acquisition (horizontal
transmission) of the primary food source, the fungal cul-
tivar. Although the species richness of the gut microbi-
ome increases after fungal acquisition, the vast majority
of carbohydrate metabolism and nitrogen cycling genes
were present already at colony foundation. This sharply
contrasts many other animal host-microbiome asso-
ciations, where marked shifts in offspring microbiome
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compositions and functions are associated with dietary
shifts during development [9, 10, 13, 14].

Despite horizontal transmission of the co-evolved fun-
gal cultivar, we observed only slight shifts in putative
enzymes for plant and fungal degradation in the bacte-
rial gut microbiome. While the cellulase in the host ter-
mite genome should help free glucose that can be directly
absorbed, partially digested substrate components will

pass to the termite hindgut [57]. Here, rich bacterial
CAZymes, abundant across at all timepoints, have the
capacity to target a range of plant cell wall (e.g., cellulose,
pectin, hemicellulose, and lignin) and fungal cell wall
(e.g., a-glucan, B-glucan, chitin, and mannan) compo-
nents. The most striking shift in CAZyme potential after
garden establishment was the reduction in enzymes that
target lignin. This is consistent with the lignocellulolytic



Murphy et al. Animal Microbiome (2024) 6:44

capacities of Termitomyces taking over this role in the
symbiosis [23, 31]. Similarly, most nitrogen cycling-
related potential in gut microbiomes was present across
timepoints. The most notable change here was that
potential for anaerobic ammonium oxidation, which only
appeared after fungus comb establishment. Major cave-
ats to the insights gleaned from our work are that we only
evaluate gene predictions and base inferences on changes
in relative abundances, which may not reflect in situ
activities. However, the comparisons across timepoints
nevertheless allow elucidation of any changes in key
putative microbial functions of the co-evolved bacterial
gut microbiome of the tripartite symbiosis.

Assembling the fungus-farming termite symbiosis

The royal pair of a fungus-farming termite colony host
a suite of host-specific enzymes in their genomes [23]
and bring with them a diverse set of gut bacterial sym-
bionts that are reliably passed on to the first offspring
colony workers [33, 34]. Our findings indicate that this
set of microbes hold an extensive metabolic potential
that appears — at least to a very large extent — to cover
the needs of mature colonies. Vertical transmission thus
provides the required bacterial diversity with the neces-
sary functional potential that allows efficient lignocellu-
lose digestion, and conversion of a nitrogen-poor plant
substrate into a high-nitrogen fungal food source for
the termites. This supports previous assertions that core
gut-specific bacteria, which cannot be acquired from the
environment, must be inherited to maintain symbiont
functions across termite colony generations [33, 34].

The establishment of the fungus comb was accom-
panied by an increase in bacterial richness and load
within fungus-farming termite guts. This is likely due to
increased productivity within guts but may also reflect
some recruitment of environmental microbes. The role
of the termite gut changes as the fungus comb is estab-
lished. The guts become the site for sustaining host nutri-
tion on plant and fungal components, and for seeding the
new comb with plant substrate and fungal spores from
nodules within the maturing comb [20, 21, 27]. Termite
ingestion of plant biomass should be accompanied by a
shift in the diversity of microbes that enter termite guts,
including environmental bacteria. As fungus-farming ter-
mites are generalists in the substrates they harvest [21],
this may allow microbial inputs of both transient taxa
and taxa that establish, if they can tolerate the gut micro-
environment and utilise available substrates. Further-
more, fungus comb establishment is also accompanied
by the formation of bacterial microbiomes within combs,
derived in part from termite gut deposits and taxa from
the surrounding soil [16]. As the comb is ultimately con-
sumed by the termites, this may involve ingesting bacte-
ria that primarily reside in gardens and not necessarily
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in guts. Given that our explorations were based on DNA
alone, we would detect them regardless of whether they
are transient or established symbionts. Thus, future work
to detail site-specific microbial activities should decipher
precisely where bacterial contributions play out.

Functional changes associated with the shift in termite diet
Our findings suggest that already in early colony life,
the gut microbiome has the capacity to provide nutri-
tional benefits to the termites [27]. The vast number of
CAZymes in the bacterial gut microbiome were com-
parable across timepoints. Substantial increases were
primarily observed for enzymes targeting galactoxylo-
glucan/mannan, sialic acid, fucose, and gellan. With the
exception of an increased role in hemicellulose degrada-
tion (i.e., enzymes targeting mannan), these substrates
do not reflect dietary changes termites should experi-
ence in the transition from a plant to a fungal diet. The
most significant reduction with fungal acquisition was
CAZymes putatively targeting lignin in guts, likely
reflecting the changing role of gut bacteria when Termi-
tomyces becomes the central lignin degrader [23, 27, 31].
In concert, the lignocellulolytic role of the gut microbi-
ome shifts to the degradation of simpler plant biomass
components [23, 29]. Albeit limited in scope, our enzyme
assays reflected such relevant shifts in microbial activi-
ties, specifically for hemicellulose, mannan, and galactan.
As the genetic potential for the enzymes is present at the
Pre-fungus timepoint, the low activity early in colony life
implies dormancy in hemicellulolytic enzymes prior to
fungus acquisition. This underlines the need for future
work to not only gain deeper insights into the func-
tional capacities of termite gut microbes — including also
Archaea [29] and yeasts [58] — in plant biomass degra-
dation, but also establish their activities at relevant time
points in colony life.

We found a strikingly similar pattern for nitrogen
cycling pathways, indicating that the termite gut micro-
biome is capable of supporting a range of pathways in
nitrogen cycling from the onset of colony foundation.
Most notably, the gut microbiome contains genes for
nitrogen fixation, organic degradation and synthesis,
denitrification, nitrate reduction, and others. The Ncyc
potential of the farming termite gut is thus vastly wider
than those of the host termite and cultivar fungus, where
most Ncyc genes were found in degradation and syn-
thesis and assimilatory nitrate reduction. Interestingly, a
few genes for nitrogen fixation where also discovered in
Termitomyces, suggesting that it may contribute to gen-
erating the high nitrogen content that is observed in the
fungus [59]. Certain bacterial taxa have previously been
identified to contain all needed genes for nitrogen fixa-
tion (e.g., members of the order Campylobacterales and
the genus Kosakonia [29]). Finding the full set of nifH
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genes is also consistent with previous work showing that
fixation of nitrogen occurs in termite guts [60], and that
an unspecified nitrogen source, most likely symbiotic
nitrogen-fixing bacteria, must contribute to nitrogen sup-
ply in termite nutrition [61]. The only nitrogen-cycling
potential that appeared to change from Pre- to Post-fun-
gus conditions was anaerobic ammonium oxidation, con-
sistent with the presence of ammonia-oxidizing bacteria
in both fungus-farming and other termites [62, 63].

Our approaches indicate complementarity in genes
associated with two key functions, carbohydrate and
nitrogen metabolism. However, the functional analysis
was based on relatively coarse sequencing information
and predictions that are unlikely to capture the full sym-
biotic genetic repertoires. Future metagenome-assem-
bled genomes (MAGs) of gut (and comb) bacteria will be
needed to fully establish whether shared enzyme fami-
lies and gene products across hosts and symbionts rep-
resent overlaps in functions. This may either represent
situations where functions are expressed in a context-
dependent manner by individual organisms or through
complementary expression of specific steps in pathways
encoded for collectively by host and symbiont genomes.

Conclusions and perspectives

Our study is the first to examine how the assembly of
the fungus-farming termite gut microbiome is shaped
by acquisition of their co-evolved fungal cultivar.
We reveal that the fungus appears to play a relatively
minor role in gut microbiome development since the
majority of the microbiome is established upon colony
founding. This aligns with previous findings that there
is extensive complementarity between symbiotic part-
ners and that the microbiome complements fungal and
plant degradation. Our work builds on this by demon-
strating that these functions expand when the fungus
comb is established. Although functional predictions
are based on a small sample size, the results remain
largely consistent across four distinct pedigrees,
underlining that they likely capture patterns across
the population and species. Ideally, the impact of fun-
gus acquisition on the microbiome should be tested in
other species to confirm consistencies and elucidate
variation across the Macrotermitinae.

Functional predictions based on DNA sequencing
alone only indicates genetic potential and is unlikely
to fully capture biologically relevant processes, as evi-
denced by the AZCL assays of a small set of CAZymes.
Therefore, studies employing transcriptomics are
likely to uncover greater variation between time-
points and give a clearer picture of how microbiome
functions change over the lifetime of colonies. Such
approaches are likely to also reveal changes in other
symbiont contributions, as well as elucidate whether
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specific microbial genes are critical in sustaining col-
onies at different time points. Moreover, although we
successfully recovered a wealth of predicted CAZymes,
interpreting their functional roles was limited as
many lack substrate target predictions. Future work to
improve such predictions would aid in interpretations,
as would further characterisation of enzyme activities
across the fungus-farming termite phylogeny. Given
that most functions are presumably encoded for by
the inherited microbiome, and since farming termite
diets are broadly comparable, we predict similar prin-
cipal patterns — including in Macrotermes bellicosus
and the genus Microtermes that transmit Termitomyces
vertically.

Farming termites are not unique in their fungicul-
tural practices. Functional complementary across the
holobiont of insect host, cultivar fungus, and bacterial
associations have also been predicted and observed
in e.g., fungus-farming ants and ambrosia beetles [27,
64]. Despite distinct differences in traits, convergent
evolution has allowed near-identical ultimate func-
tions of these mutualisms — the symbiotic conversion
of recalcitrant plant biomass for animal consumption.
Fungal cultivars are predominantly vertically transmit-
ted by ant and beetle hosts, while horizontal transfer
dominates in termites [22, 65, 66]. As for gut microbi-
omes, farming termites — as other termites and their
ancestral cockroaches — host diverse gut microbiomes
that serve a broad suite of functions [15, 29, 67]. Con-
versely, fungus-farming ants host relatively simple
microbiomes that serve an apparently narrower set of
critical metabolic functions [36] as is also the case in
ambrosia beetles [68]. Symbionts beyond filamentous
fungi and bacteria — such as Archaea and yeasts — also
contribute and should be integrated in future work of
complementary symbiont actions in fungicultural sys-
tems. Thus, independent origins and markedly-differ-
ent evolutionary histories imply potential for future
work to decipher distinct building blocks that allow
complementary symbiont contributions in extant
farming lineages.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s42523-024-00332-5.

Supplementary Material 1: Table ST GPS coordinates of field colonies col-
lected in October 2019 in Pretoria, South Africa.

Supplementary Material 2: Table S2. Metadata for metagenomic samples
and sequencing information provided by BGI.

Supplementary Material 3: Table S3. AZCL substrates and their enzyme
targets. All enzymes are carbohydrate-active enzymes (CAZymes).

Supplementary Material 4: Table S4. Remaining reads after filtering and
de-hosting of the metagenomes.

Supplementary Material 5: Table S5. Pairwise statistical comparisons.



https://doi.org/10.1186/s42523-024-00332-5
https://doi.org/10.1186/s42523-024-00332-5

Murphy et al. Animal Microbiome (2024) 6:44

Supplementary Material 6: Table S6. TukeyHSD results of ANOVA tests of
the effect of timepoint on CAZyme and Nitrogen cycling gene Shannon
diversity and Observed richness.

Supplementary Material 7: Table S7. PERMANOVA results of CAZyme
and nitrogen cycling gene compositions against independent variables.
Distances are Bray-Curtis dissimilarities.

Supplementary Material 8: Table S8. ANOVA of enzyme activities and Tukey
HSD pairwise comparisons across timepoints.

Supplementary Material 9: Table S9. Raw data and metadata for AZCL as-
says across all samples, including averages of three technical replicates.

Supplementary Material 10: Table S10. Raw ddPCR data and metadata.
Final unit used in analysis is 16 S rRVA copies per gut or 1 cm? fungus
comb sample.

Supplementary Material 11: Table S11. 16 S rRNA amplicon sequencing
sample metadata.

Acknowledgements

We thank members of the Social and Symbiotic Evolution Group at the
University of Copenhagen for constructive comments on a draft of this
manuscript. We thank Mireille Vasseur-Cognet, David Sillam-Dusses, Z.
Wilhelm de Beer, and Alain Robert for assistance with termite collections
and establishment of incipient colonies. We thank Asta Redsgaard-
Jorgensen, Malte Storm Lau Schlosser, and Nadja Vive Ivg Beier for help
with AZCL assays. We are grateful to Sylvia Mathiasen for laboratory
support, and Rafael da Costa for line drawings that we adjusted and used
in figures. This work was funded by a Ph.D. stipend from the Department
of Biology, University of Copenhagen to V.M.S,, the International Human
Frontier Science Program RGP0060/2018 to Mireille Vasseur-Cognet, and a
European Research Council Consolidator Grant (ERC-CoG 771349) to M.P.
V.MS. and A.C-M. were further supported by the Danish National Research
Foundation Center for Evolutionary Hologenomics (DNRF 143).

Author contributions

The study was conceptualized and designed by V.M.S., R. M., JR.-H., M.V.-C,
and M.P. The biological samples were established and supplied by M.V.-C.
Laboratory methods were performed by V.M.S, A. C-M, and J. R-H. The data
was analysed and visualized by R. M., M. L.S., and V. M. S. The original draft
was written by R. M., V.M.S., and M.P. Further editing of the manuscript was
performed by all authors. The project was supervised by M.P.

Funding
Open access funding provided by Copenhagen University

Data availability

Amplicon sequences, raw metagenome reads, and assembled metagenomes
are available in GenBank via accessions SRR27833599, SRR27833600,
SRR27833601, SRR27833602, SRR27833603, SRR27833604, SRR27833605,
SRR27833606 ,SRR27833607, SRR27833608, SRR27833609, SRR27833610,
SRR27833611, SRR27833612, SRR27833613, SRR27833614, SRR27833615,
SRR27833616, SRR27833617, SRR27833618, SRR27833619, SRR27833620,
SRR27833621, SRR27833622, and SRR27833623. Raw data for AZCL assays
and ddPCR are included as Table S9 and S10 respectively. Metadata used
for 16 S rRNA amplicon sequencing can be found in Table S11. All code
used for analyses is available on GitHub: https://github.com/Rob-murphys/
pre-post_fungus.

Declarations

Competing interests
The authors declare no competing interests.

Received: 21 February 2024 / Accepted: 19 July 2024
Published online: 06 August 2024

Page 15 of 17

References

1.

20.

21.

22.

Klepzig KD, Adams AS, Handelsman J, Raffa KF, Symbioses. A key driver of
insect physiological processes, ecological interactions, evolutionary diversi-
fication, and impacts on humans. Env Entomol. 2009;38:67-77. https://doi.
0rg/10.1603/022.038.0109.

Douglas AE. Multiorganismal insects: diversity and function of resident
microorganisms. Ann Rev Entomo. 2015;60:17-34. https://doi.org/papers3://
publication/doi/10.1146/annurev-ento-010814-020822.

Hou K, Wu Z-X, Chen X-Y, Wang J-Q, Zhang D, Xiao C, et al. Microbiota

in health and diseases. Signal Trans Target Ther. 2022;7:135. https://doi.
0rg/10.1038/541392-022-00974-4.

Valdes AM, Walter J, Segal E, Spector TD. Role of the gut microbiota in nutri-
tion and health. BMJ. 2018;361:k2179. https://doi.org/10.1136/bmj.k2179.
DeGruttola AK, Low D, Mizoguchi A, Mizoguchi E. Current understand-

ing of dysbiosis in disease in human and animal models. Inf Bowel Dis.
2016;22:1137-50. https://doi.org/10.1097/mib.0000000000000750.

Engel P, Moran NA. The gut microbiota of insects — diversity in struc-

ture and function. FEMS Microbiol Rev. 2013;37:699-735. https://doi.
org/10.1111/1574-6976.12025.

Ragonnaud E, Biragyn A. Gut microbiota as the key controllers of healthy
aging of elderly people. Immun Ageing. 2021;18:2. https://doi.org/10.1186/
§12979-020-00213-w.

Zheng D, Liwinski T, Elinav E. Interaction between Microbiota and immunity
in health and disease. Cell Res. 2020,30:492-506. https://doi.org/10.1038/
s41422-020-0332-7.

RonanV, Yeasin R, Claud EC. Childhood development and the microbiome-
the intestinal microbiota in maintenance of health and development of
disease during childhood development. Gastroenterol. 2021;160:495-506.
https://doi.org/10.1053/j.gastro.2020.08.065.

Dominguez-Bello MG, Godoy-Vitorino F, Knight R, Blaser MJ. Role of the
microbiome in human development. Gut. 2019,68:1108-14. https://doi.
org/10.1136/gutjnl-2018-317503.

Rinninella E, Raoul P, Cintoni M, Franceschi F, Miggiano GAD, Gasbarrini A, et
al. What is the healthy gut microbiota composition? A changing ecosystem
across age, environment, diet, and diseases. Microorganisms. 2019;7. https://
doi.org/10.3390/microorganisms7010014.

Lim MY, Song EJ, Kang KS, Nam YD. Age-related compositional and functional
changes in micro-pig gut microbiome. Geroscience. 2019;41:935-44. https;//
doi.org/10.1007/511357-019-00121-y.

LiY, GuoY,Wen Z, Jiang X, Ma X, Han X. Weaning stress perturbs gut micro-
biome and its metabolic profile in piglets. Sci Rep. 2018;8:18068. https://doi.
0rg/10.1038/541598-018-33649-8.

Frese SA, Parker K, Calvert CC, Mills DA. Diet shapes the gut microbiome

of pigs during nursing and weaning. Microbiome. 2015;3:28. https://doi.
0rg/10.1186/540168-015-0091-8.

Otani S, Mikaelyan A, Nobre T, Hansen LH, Koné NGA, Serensen SJ, et al. Iden-
tifying the core microbial community in the gut of fungus-growing termites.
Mol Ecol. 2014;23:4631-44. https://doi.org/10.1111/mec.12874.

Otani S, Hansen LH, Serensen SJ, Poulsen M. Bacterial communities in termite
fungus combs are comprised of consistent gut deposits and contributions
from the environment. Microb Ecol. 2016;71:207-20. https://doi.org/10.1007/
500248-015-0692-6.

Aanen DK, Eggleton P, Rouland-Lefévre C, Guldberg-Fraslev T, Rosendahl

S, Boomsma JJ. The evolution of fungus-growing termites and their mutu-
alistic fungal symbionts. Proc Natl Acad Sci. 2002;99:14887-92. https://doi.
0rg/10.1073/pnas.222313099.

Aanen DK, Eggleton P. Fungus-growing termites originated in African rain
forest. Curr Biol. 2005;15:851-55. https://doi.org/10.1016/j.cub.2005.03.043.
https://doi.org/http://dx.doi.org/.

Bignell D, Eggleton P. Termites: evolution, sociality, symbioses, ecology.
Dordrecht, The Netherlands: Kluwer Academic; 2000.

Leuthold RH, Badertscher S, Imboden H. The inoculation of newly formed
fungus comb with Termitomyces in Macrotermes colonies (Isoptera, Macroter-
mitinae). Insectes Soc. 1989;36:328-38. https://doi.org/10.1007/BF02224884.
da Costa RR, Hu H, Li H, Poulsen M. Symbiotic plant biomass decomposi-
tion in fungus-growing termites. Insects 2019;10; https://doi.org/10.3390/
insects10040087.

Korb J, Aanen DK. The evolution of uniparental transmission of fungal sym-
bints in fungus-growing termites (Macrotermitinae). Behav Ecol Sociobiol.
2003;53:65-71.


https://github.com/Rob-murphys/pre-post_fungus
https://github.com/Rob-murphys/pre-post_fungus
https://doi.org/10.1603/022.038.0109
https://doi.org/10.1603/022.038.0109
https://doi.org/papers3://publication/doi/10.1146/annurev-ento-010814-020822
https://doi.org/papers3://publication/doi/10.1146/annurev-ento-010814-020822
https://doi.org/10.1038/s41392-022-00974-4
https://doi.org/10.1038/s41392-022-00974-4
https://doi.org/10.1136/bmj.k2179
https://doi.org/10.1097/mib.0000000000000750
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1186/s12979-020-00213-w
https://doi.org/10.1186/s12979-020-00213-w
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1053/j.gastro.2020.08.065
https://doi.org/10.1136/gutjnl-2018-317503
https://doi.org/10.1136/gutjnl-2018-317503
https://doi.org/10.3390/microorganisms7010014
https://doi.org/10.3390/microorganisms7010014
https://doi.org/10.1007/s11357-019-00121-y
https://doi.org/10.1007/s11357-019-00121-y
https://doi.org/10.1038/s41598-018-33649-8
https://doi.org/10.1038/s41598-018-33649-8
https://doi.org/10.1186/s40168-015-0091-8
https://doi.org/10.1186/s40168-015-0091-8
https://doi.org/10.1111/mec.12874
https://doi.org/10.1007/s00248-015-0692-6
https://doi.org/10.1007/s00248-015-0692-6
https://doi.org/10.1073/pnas.222313099
https://doi.org/10.1073/pnas.222313099
https://doi.org/10.1016/j.cub.2005.03.043
https://doi.org/http://dx.doi.org/
https://doi.org/10.1007/BF02224884
https://doi.org/10.3390/insects10040087
https://doi.org/10.3390/insects10040087

Murphy et al. Animal Microbiome

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2024) 6:44

Poulsen M, Hu H, Li C, Chen Z, Xu L, Otani S, et al. Complementary symbiont
contributions to plant decomposition in a fungus-farming termite. Proc Nat|
Acad Sci. 2014;111:14500-05. https://doi.org/10.1073/pnas.1319718111.
Séité S, Harrison MC, Sillam-Dussés D, Lupoli R, Van Dooren TJM, Robert A,
et al. Lifespan prolonging mechanisms and insulin upregulation without fat
accumulation in long-lived reproductives of a higher termite. Comm Biol.
2022;5:44. https://doi.org/10.1038/542003-021-02974-6.

Poulsen M. Towards an integrated understanding of the consequences of
fungus domestication on the fungus-growing termite gut microbiota. Envi-
ron Microbiol. 2015;17:2562-72. https://doi.org/10.1111/1462-2920.12765.
Otani S, Zhukova M, Koné NA, da Costa RR, Mikaelyan A, Sapountzis P, et al.
Gut microbial compositions mirror caste-specific diets in a major lineage

of social insects. Environ Microbiol Rep. 2019;11:196-205. https://doi.
org/10.1111/1758-2229.12728.

Li H, Young SE, Poulsen M, Currie CR. Symbiont-mediated digestion of plant
biomass in fungus-farming insects. Ann Rev Entomol. 2021,66:297-316.
https://doi.org/10.1146/annurev-ento-040920-061140.

Ahmad F, Yang G, Zhu Y, Poulsen M, LiW, YuT, et al. Tripartite symbiotic
digestion of lignocellulose in the digestive system of a fungus-growing
termite. Microbiol Spectr. 2022;10:e0123422. https://doi.org/10.1128/
spectrum.01234-22.

Arora J, Kinjo Y, Sobotnik J, Bu¢ek A, Clitheroe C, Stiblik P, et al. The functional
evolution of termite gut microbiota. Microbiome. 2022;10:78. https:/doi.
0rg/10.1186/540168-022-01258-3.

Costa RR, Hu H, Pilgaard B, Vreeburg SME, Schiickel J, Pedersen KSK, et al.
Enzyme activities at different stages of plant biomass decomposition in three
species of fungus-growing termites. Appl Environ Microbiol. 2018;84:01815-
17. https://doi.org/10.1128/AEM.01815-17.

Schalk F, Gostincar C, Kreuzenbeck NB, Conlon BH, Sommerwerk E, Rabe P, et
al. The termite fungal cultivar Termitomyces combines diverse enzymes and
oxidative reactions for plant biomass conversion. mBio. 2021;12:¢03551-20.
https://doi.org/10.1128/mBi0.03551-20.

Hu H, da Costa RR, Pilgaard B, Schiott M, Lange L, Poulsen M. Fungiculture in
termites is associated with a mycolytic gut bacterial community. mSphere
2019:4; https://doi.org/10.1128/mSphere.00165-19.

Sinotte VM, Renelies-Hamilton J, Andreu-Sénchez S, Vasseur-Cognet M,
Poulsen M. Selective enrichment of founding reproductive microbiomes
allows extensive vertical transmission in a fungus-farming termite. Proc R Soc
B. 2023;290:20231559. https://doi.org/10.1098/rspb.2023.1559.

Diouf M, Hervé V, Fréchault S, Lambourdiére J, Ndiaye AB, Miambi E, et al. Suc-
cession of the microbiota in the gut of reproductives of macrotermes subhya-
linus (Termitidae) at colony foundation gives insights into symbionts trans-
mission. Front Ecol Evol. 2023;10. https://doi.org/10.3389/fevo.2022.1055382.
Han SH, Bordereau C. Origin and formation of the royal fat body of the
higher termite queens. J Morphol. 1982;173:17-28. https://doi.org/10.1002/
jmor.1051730103.

Zhukova M, Sapountzis P, Schigtt M, Boomsma JJ. Diversity and transmis-
sion of gut bacteria in Atta and Acromyrmex leaf-cutting ants during
development. Front Microbiol. 2017;8:1942. https://doi.org/10.3389/
fmicb.2017.01942.

De Fine Licht HH, Schigtt M, Mueller UG, Boomsma JJ. Evolutionary transi-
tions in enzyme activity of ant fungus gardens. Evolution. 2010,64. https://
doi.org/10.1111/j.1558-5646.2010.00948 x. :2055-69.

Bignell DE, Eggleton P. On the elevated intestinal pH of higher termites
(Isoptera: Termitidae). Insectes Soc. 1995;42:57-69. https://doi.org/10.1007/
BF01245699.

Schneider CA, Rasband WS, Eliceiri KW. Nih image to imagej: 25 years of
image analysis. Nat Methods. 2012;9:671-75. https://doi.org/10.1038/
nmeth.2089.

R Core Team. A language and environment for statistical computing. Vienna,
Austria.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
Dada2: high-resolution sample inference from illumina amplicon data. Nat
Meth. 2016;13:581-83. https://doi.org/10.1038/nmeth.3869.

Davis NM, Proctor DM, Holmes SP, Relman DA, Callahan BJ. Simple statistical
identification and removal of contaminant sequences in marker-gene and
metagenomics data. Microbiome. 2018;6:226. https://doi.org/10.1186/
s40168-018-0605-2.

Oksanen J, Simpson GL, Blanchet FG, Kindt R, Legendre P, Minchin PR et al.
Vegan: Community ecology package. 2017. https://CRAN.R-project.org/
package=vegan

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 16 of 17

Li H. Aligning sequence reads, clone sequences and assembly contigs with
bwa-mem. arXiv: Genomics. 2013.

Nurk S, Meleshko D, Korobeynikov A, Pevzner PA, Metaspades. A new
versatile metagenomic assembler. Genome Res. 2017;27:824-34. https://doi.
0rg/10.1101/gr.213959.116.

Eren AM, Kiefl E, Shaiber A, Veseli |, Miller SE, Schechter MS, et al. Commu-
nity-led, integrated, reproducible multi-omics with anvi'o. Nat Microbiol.
2021;6:3-6. https://doi.org/10.1038/541564-020-00834-3.

Hyatt D, Chen G-L, LoCascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal:
prokaryotic gene recognition and translation initiation site identification.
BMC Bioinf. 2010;11:119. https://doi.org/10.1186/1471-2105-11-119.

Hyatt D, LoCascio PF, Hauser LJ, Uberbacher EC. Gene and translation initia-
tion site prediction in metagenomic sequences. Bioinf. 2012;28:2223-30.
https://doi.org/10.1093/bioinformatics/bts429.

Cantarel BL, Coutinho PM, Rancurel C, Bernard T, Lombard V, Henrissat B.
The carbohydrate-active enzymes database (cazy): an expert resource for
glycogenomics. Nucleic Acids Res. 2009;37:D233-8. https://doi.org/10.1093/
nar/gkn663.

Zheng J, Ge Q,YanY, Zhang X, Huang L, Yin Y. Dbcan3: automated
carbohydrate-active enzyme and substrate annotation. Nucleic Acids Res.
2023;51:W115-21. https://doi.org/10.1093/nar/gkad328.

Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment using
diamond. Nat Meth. 2015;12:59-60. https://doi.org/10.1038/nmeth.3176.
Drula E, Garron ML, Dogan S, Lombard V, Henrissat B, Terrapon N. The
carbohydrate-active enzyme database: functions and literature. Nucleic Acids
Res. 2022;50:D571-77. https://doi.org/10.1093/nar/gkab1045.

TuQ LinL, Cheng L, Deng Y, He Z, Ncycdb. A curated integrative database for
fast and accurate metagenomic profiling of nitrogen cycling genes. Bioinf.
2018;35:1040-48. https://doi.org/10.1093/bioinformatics/bty741.
Ben-Shachar M, Lidecke D, Makowski D, Effectsize. Estimation of effect

size indices and standardized parameters. JOSS. 2020;5:2815. https://doi.
0rg/10.21105/j0ss5.02815.

Paradis E, Schliep K. Ape 5.0: an environment for modern phylogenetics and
evolutionary analyses in R. Bioinf. 2018;35:526-28. https://doi.org/10.1093/
bioinformatics/bty633.

Wickham H. Ggplot2: Elegant graphics for data analysis. New York, NY, 2009.
Brune A. Symbiotic digestion of lignocellulose in termite guts. Nat Rev Micro.
2014;12:168-80. https://doi.org/10.1038/nrmicro3182. https://doi.org/
papers3://publication/doi/.

Arrey G, Li G, Murphy R, Guimaraes L, Alizadeh S, Poulsen M et al. Isolation,
characterization, and genome assembly of Barnettozyma botsteinii sp. nov.
and novel strains of Kurtzmaniella quercitrusa isolated from the intestinal
tract of the termite Macrotermes bellicosus. G3 2021;11;jkab342; https://doi.
org/10.1093/g3journal/jkab342.

Parent G, Thoen D. Food value of edible mushrooms from upper-shaba
region. Econ Bot. 1977;31:436-45.

Sapountzis P, de Verges J, Rousk K, Cilliers M, Vorster BJ, Poulsen M. Potential
for nitrogen fixation in the fungus-growing termite symbiosis. Front Micro-
biol. 2016;7:164-5. https://doi.org/10.3389/fmicb.2016.01993.

Vesala R, Arppe L, Rikkinen J. Caste-specific nutritional differences define
carbon and nitrogen fluxes within symbiotic food webs in African termite
mounds. Sci Rep. 2019;9:16698. https://doi.org/10.1038/541598-019-53153-x.
Miambi E, Jusselme TMD, Chételliers Charline Creuzé d, Robert A, Delort A, Le
Roux X. Potential gross and net N,O production by the gut of different ter-
mite species are related to the abundance of nitrifier and denitrifier groups.
Frontiers in Microbiomes 2022;1; https://doi.org/10.3389/frmbi.2022.1017006.
Ngugi DK, Brune A. Nitrate reduction, nitrous oxide formation, and anaerobic
ammonia oxidation to Nitrite in the gut of soil-feeding termites (cubitermes
and ophiotermes spp). Environ Microbiol. 2012;14:860-71. https://doi.
0rg/10.1111/j.1462-2920.2011.02648 x.

Aylward FO, Suen G, Biedermann PHW, Adams AS, Scott JJ, Malfatti SA et

al. Convergent bacterial microbiotas in the fungal agricultural systems of
insects. mBio 2014;5:e02077-14-11. https://doi.org/10.1128/mBio.02077-14.
Nobre T, Eggleton P, Aanen DK. Vertical transmission as the key to the
colonization of Madagascar by fungus-growing termites? Proc R Soc B.
2009;277:359-65. https://doi.org/10.1098/rspb.2009.1373.

Nobre T, Rouland-Lefevre C, Aanen DK. Comparative biology of fungus culti-
vation in termites and ants. In: Biology of termites: A modern synthesis, 2000.
Mikaelyan A, Dietrich C, Kéhler T, Poulsen M, Sillam-Dussés D, Brune A. Diet
is the primary determinant of bacterial community structure in the guts

of higher termites. Mol Ecol. 2015;24:5284-95. https://doi.org/10.1111/
mec.13376.


https://doi.org/10.1073/pnas.1319718111
https://doi.org/10.1038/s42003-021-02974-6
https://doi.org/10.1111/1462-2920.12765
https://doi.org/10.1111/1758-2229.12728
https://doi.org/10.1111/1758-2229.12728
https://doi.org/10.1146/annurev-ento-040920-061140
https://doi.org/10.1128/spectrum.01234-22
https://doi.org/10.1128/spectrum.01234-22
https://doi.org/10.1186/s40168-022-01258-3
https://doi.org/10.1186/s40168-022-01258-3
https://doi.org/10.1128/AEM.01815-17
https://doi.org/10.1128/mBio.03551-20
https://doi.org/10.1128/mSphere.00165-19
https://doi.org/10.1098/rspb.2023.1559
https://doi.org/10.3389/fevo.2022.1055382
https://doi.org/10.1002/jmor.1051730103
https://doi.org/10.1002/jmor.1051730103
https://doi.org/10.3389/fmicb.2017.01942
https://doi.org/10.3389/fmicb.2017.01942
https://doi.org/10.1111/j.1558-5646.2010.00948.x
https://doi.org/10.1111/j.1558-5646.2010.00948.x
https://doi.org/10.1007/BF01245699
https://doi.org/10.1007/BF01245699
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1186/s40168-018-0605-2
https://doi.org/10.1186/s40168-018-0605-2
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1101/gr.213959.116
https://doi.org/10.1101/gr.213959.116
https://doi.org/10.1038/s41564-020-00834-3
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1093/bioinformatics/bts429
https://doi.org/10.1093/nar/gkn663
https://doi.org/10.1093/nar/gkn663
https://doi.org/10.1093/nar/gkad328
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1093/nar/gkab1045
https://doi.org/10.1093/bioinformatics/bty741
https://doi.org/10.21105/joss.02815
https://doi.org/10.21105/joss.02815
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1038/nrmicro3182
https://doi.org/papers3://publication/doi/
https://doi.org/papers3://publication/doi/
https://doi.org/10.1093/g3journal/jkab342
https://doi.org/10.1093/g3journal/jkab342
https://doi.org/10.3389/fmicb.2016.01993
https://doi.org/10.1038/s41598-019-53153-x
https://doi.org/10.3389/frmbi.2022.1017006
https://doi.org/10.1111/j.1462-2920.2011.02648.x
https://doi.org/10.1111/j.1462-2920.2011.02648.x
https://doi.org/10.1128/mBio.02077-14
https://doi.org/10.1098/rspb.2009.1373
https://doi.org/10.1111/mec.13376
https://doi.org/10.1111/mec.13376

Murphy et al. Animal Microbiome (2024) 6:44 Page 17 of 17

68. Ibarra-Juarez LA, Desgarennes D, Vézquez-Rosas-Landa M, Villafan E, . P
Alonso-Sanchez A, Ferrera-Rodriguez O et al. Impact of rearing conditions Publisher’s Note
on the Ambrosia beetle’s microbiome. Life 2018;8; https://doi.org/10.3390/
ife8040063.

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.3390/life8040063
https://doi.org/10.3390/life8040063

	﻿Shaping the tripartite symbiosis: are termite microbiome functions directed by the environmentally acquired fungal cultivar?
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Colony collection and experimental design
	﻿DNA extraction, sequencing, and droplet digital PCR
	﻿Enzyme assays of termite guts
	﻿Metabarcoding analysis
	﻿Metagenome quality filtering, assembly, and annotation
	﻿CAZyme and nitrogen cycling gene predictions
	﻿Alpha diversity indices and enzyme activity analyses
	﻿Beta diversity indices

	﻿Results
	﻿The microbial load and alpha diversity of the gut microbiome increase after fungus acquisition
	﻿Metabolic potential changes associated with the acquisition of the fungal cultivar
	﻿Enzymatic activities of termite guts shift with fungus acquisition
	﻿The termite gut microbiome encodes a diverse range of nitrogen cycling genes

	﻿Discussion
	﻿Inherited gut bacteria secure microbial functions that support mature termite colonies
	﻿Assembling the fungus-farming termite symbiosis
	﻿Functional changes associated with the shift in termite diet
	﻿Conclusions and perspectives

	﻿References


