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Termites normally rely on gut symbionts to decompose organic
matter but the Macrotermitinae domesticated Termitomyces fungi
to produce their own food. This transition was accompanied by
a shift in the composition of the gut microbiota, but the comple-
mentary roles of these bacteria in the symbiosis have remained
enigmatic. We obtained high-quality annotated draft genomes of
the termite Macrotermes natalensis, its Termitomyces symbiont,
and gut metagenomes from workers, soldiers, and a queen. We
show that members from 111 of the 128 known glycoside hydro-
lase families are represented in the symbiosis, that Termitomyces
has the genomic capacity to handle complex carbohydrates, and
that worker gut microbes primarily contribute enzymes for final
digestion of oligosaccharides. This apparent division of labor is
consistent with the Macrotermes gut microbes being most impor-
tant during the second passage of comb material through the
termite gut, after a first gut passage where the crude plant sub-
strate is inoculated with Termitomyces asexual spores so that ini-
tial fungal growth and polysaccharide decomposition can proceed
with high efficiency. Complex conversion of biomass in termite
mounds thus appears to be mainly accomplished by complemen-
tary cooperation between a domesticated fungal monoculture and
a specialized bacterial community. In sharp contrast, the gut micro-
biota of the queen had highly reduced plant decomposition poten-
tial, suggesting that mature reproductives digest fungal material
provided by workers rather than plant substrate.
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Interspecific mutualism usually allows partner species prefer-
ential access to complementary resources. Some hosts in-
ternalized microbial symbionts, leading to vertical transmission and
varying degrees of genome loss (1), whereas others domesticated
external partners that maintained independent reproduction (2).
Understanding how such ectosymbioses remain evolutionarily sta-
ble is challenging (3) because prokaryote and eukaryote symbionts
form interacting communities, which may be difficult for hosts to
control when symbionts can achieve higher fitness by pursuing
selfish reproductive strategies (4). Digestive symbiotic communities
in animal guts provide excellent examples of such ambiguities; re-
cent studies of human microbiotas show that gut communities
vary by subject age, geography (5), and diet (6) and that deviating
microbiotas can be associated with compromised health (7).
Given the continuous flow of food through animal guts, it is
intriguing that adaptive microbiotas can normally be maintained
(8-10) without invasion by less beneficial or harmful microbes
(11). Insect lineages that have relied on nutritional symbioses have
existed and adaptively radiated for tens of millions of years, sug-
gesting that the benefits of these symbioses surpass the potential
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levels-of-selection conflicts that need to be regulated (12).
However, beyond examples from humans and some domesti-
cated ungulates, we lack fundamental insight into the genes
involved, their expression, and their phenotypic functions.
Termites provide a case in point, as they originated >150 Mya
and have relied on protist and bacterial gut symbionts for the
breakdown of lignocellulose throughout their evolutionary
history (13), allowing them to become dominant decomposers
in terrestrial ecosystems (13, 14).

Significance

Old World (sub)tropical fungus-growing termites owe their
massive ecological footprints to an advanced symbiosis with
Termitomyces fungi. They also have abundant gut bacteria, but
the complementarity roles of these symbionts have remained
unclear. We analyzed the genomic potential for biomass de-
composition in a farming termite, its fungal symbiont, and its
bacterial gut communities. We found that plant biomass con-
version is mostly a multistage complementary cooperation
between Termitomyces and gut bacteria, with termite farmers
primarily providing the gut compartments, foraging, and nest
building. A mature queen had highly reduced gut microbial
diversity for decomposition enzymes, suggesting she had an
exclusively fungal diet even though she may have been the
source of the gut microbes of the colony’s first workers and
soldiers.
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A single monophyletic subfamily, the Macrotermitinae, realized
a major evolutionary transition ca. 30 Mya, when they domesti-
cated the ancestor of the fungal genus Termitomyces (15). They
have radiated into 11 termite genera with more than 330 extant
species (15, 16) to collectively obtain a massive ecological foot-
print in the Old World (sub)tropics, matched only by the fungus-
growing (attine) ants of the New World (14, 17). Throughout their
evolutionary history, the partnership with five major clades of
Termitomyces has remained obligate, as no macrotermitine termite
is known to have abandoned fungus farming or to rear other
fungi than Termitomyces (15) (Fig. 1 A and B). Coinciding with the
domestication of Termitomyces, the common ancestor of the Mac-
rotermitinae underwent a major shift in the bacterial gut commu-
nity (18, 19). The fungus-growing termites thus represent a major
metazoan radiation based on a simultaneous tripartite life-history
transition: insects becoming farmers, fungi becoming crops, and gut
microbiotas adopting largely unknown complementary roles.

Fungus-growing termites rely on the external decomposition of
plant substrate by their Termitomyces fungus garden symbiont. In
Macrotermes species, the fungus comb is managed in a highly
structured way, with older workers collecting crude forage ma-
terial and bringing it back to the nest, where younger workers
ingest it together with asexual Termitomyces spores (conidia)
provided by fungal nodules from established “fungus-garden
combs” to produce primary feces that is deposited as new layers
of comb (17, 20) (Fig. 1C). This new substrate quickly develops
dense hyphal networks and produces the next cohorts of nodules
(2, 20), whereas older termites ultimately consume the old comb
(Fig. 1C). This combination of substrate processing and in-
oculation at first gut passage followed by a second digestive phase
makes the termite gut the central operational compartment of the
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(Meta)genome characteristics, detailed Methods and Results sections
can be found in SI Appendix, Figs. $1-58, and Tables $1-536.

Fig. 1. The fungus-growing termite symbiosis and its genomic character-
istics. (A) A Macrotermes natalensis colony in South Africa: (i) the un-
derground fungus comb in which Termitomyces is maintained and (ii and iii)
the royal chamber with the queen (i/) and the king (iii). (B) Geographic
distribution of the Macrotermitinae (gray), with darker areas in southern
Africa highlighting the known occurrences of M. natalensis (adapted from
ref. 61). (C) The substrate and recurrent Termitomyces inoculation within
a colony centered around the termite gut: Asexual Termitomyces spores
from fungus comb nodules (i) and plant biomass substrate (/i) are mixed
within the termite gut (iii, first gut passage) to become the new fungus
comb substrate (iv) within which Termitomyces hyphae grow to maturity so
that new nodules with asexual spores are produced (v) until the plant sub-
strate is fully used and the old comb (vi) is consumed by the termites (vii,
second gut passage). (D) To characterize the genetic potential of the fungus-
growing termite symbiosis, we sequenced M. natalensis and Termitomyces
and obtained worker, soldier, and queen gut metagenomes (S/ Appendix
and GigaScience Database, http:/dx.doi.org/10.5524/100055).
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symbiosis. It is here that the entire genetic potential of all
members of the symbiosis comes together, presumably shaped by
natural selection for optimal collective performance in two se-
quential digestive phases. To investigate functional complemen-
tarity of the three major components of the mutualism, we (i)
obtained high-quality draft genome sequences of the fungus-
growing termite Macrotermes natalensis, its Termitomyces sp.
symbiont, and several caste-specific gut microbiotas; (ii) analyzed
the genomic potential for lignocellulolytic enzyme potential to
assess functional contributions across partners; and (iii) compared
gut microbiotas across sterile and reproductive castes to evaluate
functional gut specialization across termite family members.

Results and Discussion

Sequencing the Symbiotic Community. A M. natalensis colony was
excavated in South Africa in 2011. DNA was extracted from the
queen for genome sequencing of the termite on an Illumina
platform, and RNA from the queen, the king, and workers and
soldiers from four colonies of the same species was extracted for
transcriptome sequencing. The ca. 1.3-Gb genome of M. nata-
lensis is one of the largest insect genomes sequenced to date, but
it was assembled to a high-quality (69x coverage) draft with >16,000
annotated genes, a scaffold N50 of 2 Mb, and with 246 of the 248
conserved eukaryotic genes (CEGs) (Fig. 1D and SI Appendix,
Tables S1-S9 and S21).

For Termitomyces genome sequencing, DNA was extracted
from a laboratory-grown homokaryon obtained by protoplasting
of a heterokaryon from a sympatric colony of the same termite
species. The draft genome of Termitomyces (81x coverage;
scaffold N50 = 262 kb; 244 CEGs) had an estimated size of 83.7
Mb and allowed the annotation of >11,000 genes (Fig. 1D and SI
Appendix, Tables S2 and S10-S16) (21). Gut microbiotas were
obtained using the same platform and similar analyses, resulting
in scaffold assemblies of 446 Mb for young major worker guts
(>1,200,000 complete or partial genes), 337 Mb for minor soldier
guts (>900,000 genes), and 33 Mb for the queen gut (>50,000
genes) (Fig. 1D and SI Appendix, Tables S17-S21) (21).

Genetic Potential and Symbiotic Contributions to Plant Decomposition.
We identified more than 2.2 million complete or partial genes from
the symbiosis and focused our analyses on characterizing carbo-
hydrate-active enzymes (CAZymes) involved in plant biomass de-
composition, as this sequence-based family classification (www.
cazy.org) (22) allows similarities and differences in plant substrate
specificities to be mapped. Although precise molecular details
linking CAZy genes to function are difficult to predict from CAZy
family assignments alone, and specific CAZymes may have atypical
activities relative to other members of their CAZy family, previous
work has shown that families can be assigned to broad functional
categories with reasonable accuracy (23). The M. natalensis sym-
biosis collectively produced 30,297 hits to partial or complete
glycoside hydrolases (GHs), 11,622 glycoside transferases (GTs),
4,380 carbohydrate-binding modules (CBMs), 2,729 carbohydrate
esterases (CEs), 793 polysaccharide lyases (PLs), and 79 auxiliary
activities (AAs) (Dataset S1, Tables S27-5S29). Within the most
abundant CAZy category (GHs), we identified 85 partial or
complete GHs in M. natalensis, including the likely functional GH9
cellulase, and 201 in Termitomyces, whereas worker and soldier gut
microbiotas harbored 15,619 and 14,228 partial or complete GHs,
respectively (Fig. 2 and Dataset S1, Tables S27-S29).

Whereas absolute numbers of GH hits may hide considerable
functional redundancy, GH family-level diversity showed similar
differences. Also here, the gut microbiota fraction was higher than
the combined contributions of the eukaryote partners, with 98 GH
families represented in worker guts, 48 in Termitomyces, and 27 in
M. natalensis (Fig. 2). The total diversity of GH families present
across the three symbiotic partners consisted of representatives of
111 (86.7%) of the 128 GH families (including GH61, which was
recently renamed AA9, and unassigned GHs in the family GHO)
that have been characterized in living organisms (Fig. 2). Although
comparable analyses from other complex systems are lacking, these

PNAS | October7,2014 | vol. 111 | no.40 | 14501

EVOLUTION


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sapp.pdf
http://www.cazy.org
http://www.cazy.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319718111/-/DCSupplemental/pnas.1319718111.sapp.pdf
http://dx.doi.org/10.5524/100055

IR
uu’n'ﬂi\\\\\\\\\t?\\‘;&;

(:).
e

Fig. 2. Functional complementary contributions to biomass degradation.
Using the carbohydrate-active enzyme database (www.cazy.org), we classi-
fied glycoside hydrolases (GHs), polysaccharide lyases (PLs), carbohydrate
esterases (CEs), carbohydrate binding modules (CBMs), and glycoside trans-
ferases (GTs) in the Macrotermes, Termitomyces, and worker gut microbes
(Dataset S1, Tables S27-529). The GHs shown here were by far the most
abundant enzyme class: 85 were identified in M. natalensis (27 GH families,
light blue), 201 in Termitomyces (48 GH families, brown), and 15,619 in the
worker gut microbiota (98 GH families, dark blue). The presence (color)/
absence (white) pattern shows that the 111 GH families identified in the
symbiosis represent 86.7% of all known GH families. Numbers for the CBMs
(73.9%), GTs (68,4%), PLs (78,3%), and CEs (100%) were of similar magni-
tude (Dataset S1, Tables S27-529). For enzyme names and key activities, in-
cluding EC numbers, see Dataset S1, Table S31.

numbers indicate that the collective genetic potential of this tri-
partite symbiosis has a massive lignocellulolytic capacity with rel-
atively minor termite contributions. Exploring only GH families
directly involved in the targeted breakdown of plant poly-
saccharides, and adjusting for the total number of predicted genes
in the three partners, the gut metagenome had a 20-fold higher
(0.50% of total number of genes are GHs) and Termitomyces a 30-
fold higher (0.78%) share of the total GH-family representation
than the termite (0.02%) (x* = 91.23; df = 2; P < 0.0001).

Analyses of the M. natalensis Genome. The M. natalensis GH9 cel-
lulases have previously been characterized from termites, cock-
roaches, and other insects (24). The recent publication of the
genome of the dampwood termite Zootermopsis nevadensis (25)
allowed for a comparison between CAZyme profiles of the two
termite species. Although M. natalensis contained only 85 enzymes
from 27 GH families compared with 97 CAZymes in 28 GH
families in Z. nevadensis, the relative abundances were remarkably
similar (Dataset S1, Table S28 and SI Appendix, Fig. S9). Although
this reduction may imply that M. natalensis has reduced CAZy
potential encoded, the sequencing of genomes of other higher
termites will be needed to thoroughly assess expansions, con-
tractions, and gains/losses of termite GH families associated with
the emergence of fungiculture.

Using computational analysis of gene family evolution (CAFE)
and subsequent manual checking, we found that three gene fami-
lies were reduced in gene number (contracted) in the termite rel-
ative to other genomes: esterase FE4, trypsin, and the short-chain
dehydrogenase/reductase (SDR) superfamily (SI Appendix, Table
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S22 and Fig. S2). The former two gene families are associated with
digestion (26), so their contractions may be associated with a rather
uniform diet compared with many other insects, consistent with the
esterase FE4 gene family also being contracted in the genome of
the fungus-growing ant Acromyrmex echinatior (27). The SDR su-
perfamily includes genes from pathways for lipid, amino acid,
carbohydrate, cofactor, hormone, and xenobiotics metabolism, as
well as redox sensor mechanisms (28). Also this contraction may
thus relate to nutrition, but further work will be needed to clarify
such connections and explore possible links to concomitant
evolutionary change in functional genes of Termitomyces and
the termite gut microbiota (cf. ref. 29). Finally, a unique presence/
absence spectrum of 39 neuropeptides, protein hormones, and
biogenic amines and their receptors involved in central physiolog-
ical processes was characterized (details in Dataset S1, Table S36).

The Termitomyces Genome and Its Genetic Potential for Plant
Decomposition. CAFE analysis of the Termitomyces genome
showed 10 gene family expansions and 4 gene family contractions
(SI Appendix, Tables S23 and S24 and Figs. S3-S5). The Chitinase 1
(GH19) family expansion may be related to the high growth rates of
Termitomyces within the fungus comb, and the increased presence
of feruloyl esterases (CE1) and unsaturated rhamnogalacturonyl
hydrolases (GHS88) may be associated with selection for rapid
breakdown of predigested plant material (30). The contraction of
the MAL32 a-glucosidase family (part of GH13; SI Appendix, Table
S25) suggests that Termitomyces has a reduced capacity for the
breakdown of oligosaccharides, which is likely taken care of by the
gut microbiota, where these genes are abundantly present (Figs. 3B
and 4C and Dataset S1, Tables S29 and S31).

Termitomyces has a very broad range of plant polysaccharide
degrading enzymes, indicating that it does not depend on a spe-
cific substrate provided by the termite host. Consistent with these
inferences, subsequent CAZyme analyses showed that Termito-
myces is not particularly enriched or reduced for many CAZy
families compared with other fungi (Fig. 3B and Dataset S1,
Table S30). The most pronounced exceptions to this rule were
the enrichments of GH49s (dextranases), GH79 (glucuronidase,
heparanase), and GH10 (xylanases) and the largest contractions
observed were in GH47 (mannosidase) and GH13, containing
enzymes involved in the utilization of inulin and sucrose (Fig. 3B
and Dataset S1, Table S30).

In Vitro Growth Profiles of Termitomyces Support Inferences from
Genome Analyses. Growth rates of plated cultures of Termitomyces
and other fungi on a range of relevant substrates (SI Appendix,
Fig. S8B) confirmed that Termitomyces can degrade complex
polysaccharides, as it grew very well on cellobiose and particularly
cellulose, relative to free-living fungi. However, CAZyme analysis
showed that the total number of cellulases in the Termitomyces
genome was not greatly enhanced, suggesting higher specific ac-
tivity of these enzymes, up-regulation of cellulase gene expression
similar to Trichoderma reesei, higher synergy between the cellulo-
lytic components, or the presence of a better and larger spectrum
of polysaccharide monooxygenases than in Trichoderma (Dataset
S1, Tables S30 and S31) (31).

Although Termitomyces has a moderate suite of starch/maltose
degrading enzymes (Dataset S1, Table S30), it grew on starch but
not on maltose, indicating that it is unable to split short oligo-
saccharides (SI Appendix, Fig. S84). Fungal growth on cotton-
seed hulls is normally associated with proficient growth on lignin,
but Termitomyces did not grow when lignin was the sole carbon
source (SI Appendix, Fig. S8). This suggests that lignin cleavage is
accomplished (ref. 32 and this study), consistent with lignin
content decreasing from young to old comb (33), but that this
merely facilitates access to other plant components rather than
utilization of lignin as a specific carbon source.

Complementary Carbohydrate-Active Enzymes in Worker and Soldier

Guts. Consistent with GH13 genes being markedly reduced in abun-
dance, Termitomyces did not grow well on simple oligosaccharides
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Fig. 3. Complementary contributions to the spectrum of carbohydrate-
active enzymes in Termitomyces and termite worker gut microbiota. (A) A
heat map of GH families enriched (red) or contracted (blue) in relative
abundance across five termite species: the dung-feeding higher termite
Amitermes wheeleri (34), two species of wood-feeding higher termites
[Nasutitermes corniger (34) and Nasutitermes sp (35)], and two fungus-
growing termite species [Odontotermes yunnanensis (36) and M. natalensis
(this study)]. Only GH families with at least one termite species exhibiting
>0.25% enrichment or contraction are shown (Dataset S1, Table S33). Cluster
analyses showed that the two fungus-growing termite species were more
similar to each other in GH composition than to nonfarming termites (non-
parametric P value = 0.03 after 10,000 Monte Carlo permutations; details in
SI Appendix). (B) GH families enriched (red) or contracted (blue) by >0.5% in
the Termitomyces fungal symbiont relative to 99 fungi (62) (Dataset S1, Table
$30). GH families connected with lines were enriched in Termitomyces and
contracted in the M. natalensis worker gut microbiota or vice versa.

(SI Appendix, Fig. S8), but microbial CAZymes amply cover these
functions (Figs. 2 and 3). The functional CAZyme spectra of
Termitomyces and the gut microbiota overlapped, but there was
also substantial complementarity, with numerous enzymes in the
worker gut microbiota targeting oligosaccharides, thus com-
plementing the genetic potential of Termitomyces. To further test
whether the gut microbiota have indeed shifted toward digesting
simpler carbohydrates after Termitomyces was domesticated as
a crop fungus, we compared the GH composition in M. natalensis
workers with that in workers from the dung-feeding higher termite
Amitermes wheeleri (34), two species of Nasutitermes wood-feeding
higher termites [Nasutitermes corniger (34) and Nasutitermes sp.
(35)], and the fungus-growing termite Odontotermes yunnanensis
(36) (Dataset S1, Table S33 and Fig. 34).

Clustering analysis revealed that GH profiles in fungus-grow-
ing termite guts were significantly more similar to each other
than to non-fungus—-growing termites and that GH families with
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reduced relative abundance in fungus-growing termites included
enzymes targeting complex polysaccharides (e.g., GHS5, GH10,
and GH94), whereas enzymes from enriched families tended to
be involved in the breakdown of relatively simple oligosaccharides
(e.g., GH92, GH43, and GH2; Fig. 34 and Dataset S1, Table S33).
This cumulative evidence suggests that the Macrotermes gut
microbiota do most of the final digestion during the second gut
passage of the comb material, whereas the first gut passage (Fig. 1)
mainly functions to mix the crude substrate with Termitomyces
conidia, so that initial fungal growth and polysaccharide de-
composition can proceed at high rates.

Functional Diversity of Worker and Soldier Gut Metagenomes. Phy-
logenetic classifications of caste-specific termite microbiotas
revealed the presence of representatives from 420 bacterial
genera, although only 239 of these were present in more than
0.02% relative abundance in at least one caste gut metagenome
(Dataset S1, Table S26 and Fig. 44). Some bacterial genera were
unique in a single caste or present in only two of three castes, but
none of these had appreciable abundances: 0.001 + 0.0009%
(mean + SE) in workers, 0.0004 + 0.0001% in soldiers, and
0.0009 + 0.003% in the queen (Dataset S1, Table S26). Workers
and soldiers shared all bacterial genera with abundances >0.02%
in at least one caste, but the queen gut contained less than half of
these genera (Fig. 44). Rarefaction curves confirmed that we had
performed sufficient sampling to capture the vast majority of
genera in the symbiosis, including the queen gut, despite an order
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Fig. 4. Diversity, distribution, and CAZy potential of gut microbiotas from
workers (blue), soldiers (red), and the queen (green). (A) Venn diagrams of
the number of genera shared between the three gut metagenomes, identi-
fied using a combination of PhymmBL and BLASTn (details in Methods and S/
Appendix). Upper diagram used all genera irrespective of their relative
abundance within gut communities, whereas Lower diagram represents
a similar analysis using only genera for which at least one of the castes had
>0.02% relative abundance, showing that none of the hits unique to only
one or two castes were abundant. (B) The percentage of paired reads for each
of the 25 most abundant bacterial genera, comprising a major portion of the
total number of paired reads in workers (65.4%), soldiers (68.1%), and the
queen (99.1%). Workers and soldiers shared the dominant genera Alistipes,
Bacteroides, Desulfovibrio, Burkholderia, and Clostridium and had relatively
even distributions of reads across genera, as illustrated by similar Shannon-
Weaver diversity indexes. In contrast, the queen microbiota was skewed to-
ward a dominant genus (Bacillus), resulting in a diversity index of only 1.11.
(C) The percentage of CAZymes identified to originate from the 25 most
abundant genera, corresponding to 68.6% of identified CAZymes in workers,
79.2% in soldiers, and 60.4% in the queen (Dataset S1, Table S33).
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of magnitude fewer assembled sequences than obtained for
worker and soldier guts (Fig. 1D and SI Appendix, Fig. S7).

The worker and soldier gut microbiotas exhibited large re-
semblance and both were dominated by the genera Alistipes,
Bacteroides, Desulfovibrio, Clostridium, and Burkholderia (Fig. 4B).
These genera collectively comprised 43.3% and 48.9% of sequence
reads in workers and soldiers, respectively, and their dominance is
consistent with findings from other fungus-growing termite gut
studies (e.g., refs. 18 and 19). Alistipes is generally not abundant in
other termites [mean 0.62% relative abundance across eight lower
termite species and mean 0.28% across eight higher non-fungus—
growing termite species (19), but is a large component of cock-
roach gut microbiotas, mean 11.2% across 15 species (19,37)]. This
suggests that the functional roles of macrotermitine gut microbes
are more similar to those of the distantly related noneusocial sister
clade of the termites than to those of the more closely related non-
fungus—growing termites (19). This is consistent with the underrep-
resentation of, e.g., Treponema (<1% relative abundance in workers
and soldiers) compared with non-fungus—growing termites (19, 35),
where this genus has been suggested to be the source of the relatively
abundant GH5 and GH94 enzymes in Nasutitermes (34, 35).

Uniformity of the Queen Gut Microbiome. The majority of bacterial
genera were absent or grossly underrepresented in the queen gut
(Fig. 4B). None of the three dominant genera in workers or
soldiers (Alistipes, Bacteroides, or Desulfovibrio) were detected,
whereas a single genus accounted for the vast majority (98.7%)
of sequence reads. A total of 84.9% of these reads mapped to
two Bacillus sp. genomes from isolates obtained from M. nata-
lensis (38) (Fig. 4B). This striking contrast to worker and soldier
gut microbiomes may imply that the queen gut microbiota under-
goes substantial compositional change between colony founding,
when she (or her cofounding king) is expected to inoculate the first
worker guts, and later colony life when workers inoculate each
other and queens have become massive egg-laying machines, pos-
sibly requiring a special royal diet.

The queen gut microbes appeared to encode mainly enzymes
from GH13 (e.g., amylase, glucosidases, and pullanase), GH1 (e.g.,
glucosidases, mannosidases, and galatosidases), GH4 (e.g., glucosi-
dases), and GH18 (e.g., chitinases) families (Dataset S1, Table S29),
suggesting that she is fed fungus material and simple sugars by oral
trophallaxis. The dominant queen gut microbe (Bacillus sp.) may
contribute many of these enzymes (66.3%) (Fig. 4C) and the queen
gut thus appears to be completely decoupled from the plant
decomposition functions of the guts of other colony members.
Minor soldiers had gut microbiomes that were functionally
similar to those of workers, with Alistipes and Bacteroides as
dominant GH-contributing bacterial genera (Fig. 4C), in con-
trast to earlier suggestions that they are fed by workers and do
not contribute to plant biomass degradation.

Conclusion

Our findings shed significant new light on the fungus-growing
termite symbiosis. Genomic data show that these eusocial insects
mostly provide the mound and foraging infrastructure to manage
two vastly different, spatially segregated mutualisms. The do-
mestication of Termitomyces apparently allowed for an increase
in carbohydrate decomposition capacity relative to that of other
higher termites, facilitated by partial functional complementarity
between the prime decomposition targets of Termitomyces and
those of the worker and soldier gut microbiotas. This integrated
the services of sterile helper castes and symbionts into a very high
level of somatic organismality (39), while exempting the colony
germ line from litter or comb digestion.

Methods

Sequencing and Analyses of the M. natalensis Genome. Nine libraries of dif-
ferentinsert sizes were constructed and more than 130 Gb of paired sequence
reads [typically 90-100 bp for short insert libraries (insert size <2 kb), and
49 bp for long insert libraries (insert size >2 kb)] were generated using the
HiSeq 2000 lllumina platform from DNA from a single M. natalensis queen.
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To aid genome assembly and annotation, we extracted RNA from workers,
soldiers, king, and queen from four colonies of the same species. After as-
sembly with SOAPdenovo (40) all original reads were aligned to the genome
sequence with SOAPaligner (41). Coverage was then estimated based on
short-read alignments, and GC content was determined. A GC vs. depth
scatter plot indicated no apparent GC bias. Finally, absence of contaminated
sequences in the assembly was confirmed using BLASTp (42) and transpos-
able elements were identified.

A final set of protein-coding genes was determined using homology-based
annotation with GeneWise (43), de novo annotation with AUGUSTUS (44)
and SNAP (45), and 4.17 Gb of transcriptome data (S/ Appendix). SwissProt
(46) annotations were assigned according to the best match of the align-
ments generated by BLASTp (42). InterproScan (47) was then used to an-
notate motifs and domains of translated proteins. Gene sequences were
searched against SUPERFAMILY, Pfam, PRINTS, PROSITE, ProDom, Gene3D,
PANTHER, and SMART in Interpro. Gene Ontology terms for each gene were
obtained from the Interpro database and KEGG annotations (48) were done
using the KAAS online server (49). We clustered genes from 13 insect genomes
and Caenorhabditis elegans and used Treefam (50) to construct gene families,
after which CAFE (51) was used to detect gene family expansions or con-
tractions. Using BLASTp (42), we identified genes involved in immune defense,
antimicrobial peptides, neuropeptides, protein hormones, and biogenic amines
and their receptors (S/ Appendix).

Sequencing and Analyses of the Termitomyces Genome. A homokaryotic strain
of Termitomyces was obtained from a heterokaryon in a colony of M. natalensis,
using a standard protoplasting procedure (52, 53). DNA was extracted from
pure culture material, after which 12.5 Gb raw paired reads were generated
for five insert libraries with HiSeq 2000, which allowed for de novo assembly
of the 83.7-Mbp genome. Reads were aligned to the genome to obtain a cov-
erage estimate, and the GC vs. depth scatter plot indicated no obvious GC bias.
Transposable elements were identified as described above. A final gene set was
obtained using GLEAN after homology-based annotation against seven fungal
species, combining AUGUSTUS and SNAP de novo predictions from a training set
of 500 randomly selected genes with complete ORFs from homology annotation
to Saccharomyces cerevisiae. The quality of the assembly and gene annotation
was assessed by aligning 1,382 ESTs of a Termitomyces transcriptome from
Macrotermes gilvus (54). Functional annotation, gene family construction, and
gene family expansions and contractions were performed as described above.

Sequencing and Analyses of Caste-Specific Metagenomes. Whole guts were
dissected from 50 major workers, 50 minor soldiers, and the queen from
a single M. natalensis colony under sterile conditions. After DNA extraction,
paired-end libraries with insert size of 350 bp were constructed, and reads
were mapped to the termite and Termitomyces assemblies to filter out
eukaryotic reads before assembly with SOAPdenovo. Read use and depth of
assembly were evaluated by mapping the clean reads from each gut to their
respective assemblies. Gene predictions for bacteria and archaea in the three
gut microbiotas were done using the combined GeneMark-P* and Gene-
Mark.hmm-P with precomputed models based on 265 sequenced genomes
from the National Center for Biotechnology Information (NCBI) (55). KEGG
annotations were done using the KAAS online server and BLASTp (42) was
used to determine COG annotations.

PhymmBL (56) and BLASTn (42) were used to classify assembled reads to
genus level, using the NCBI database of complete and draft genomes of
bacteria, archaea, fungi, and protozoa, in addition to 12 bacteria draft
genomes (Dataset S1, Table S26). Rarefaction curves indicated that all meta-
genomes had been sufficiently sampled to recover the expected number of
genera (SI Appendix, Fig. S7). The relative abundance of different operational
taxonomic units present in the three metagenomes was estimated by counting
the number of paired reads that were assigned to each bacterial genus
(Dataset S1, Table S26 and Fig. 4). Shannon-Weaver indexes (57) were calcu-
lated to assess genus-level differences in abundance profile between castes.

Carbohydrate-Active Enzyme Analyses for Genomes and Metagenomes. Encoded
proteins from M. natalensis and Termitomyces genomes were first compared
with the full-length sequences of the CAZy database, using BLASTp (42). Sub-
sequently, each protein with a hit was subjected to two methods: (i) a BLASTp
search against a library built by cutting the full sequences in CAZy into their
respective GH, PL, CE, GT, AA, and CBM domains and (/i) a HMMer (58) search
using hidden Markov models built by aligning partial sequences corresponding
to each CAZy family. A sequence was considered reliably assigned when it was
placed in the same family with both methods. The metagenomes were ana-
lyzed using the FASTY routine of the FASTA package (59) against sequence li-
braries derived from the CAZy database. To assign genus-level bacterial origins
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of CAZymes, we combined the results of metagenome classification and CAZy
and BLAST analyses of identified genes (Dataset S1, Table S32).

Fungus Growth Profiling. We compared growth performance of Termitomyces
and a series of free-living fungi on different carbohydrate substrates, using
Serpula minimal medium (60) adjusted to pH 6.0 and containing 1.5% agar
(Invitrogen; 30391-049). Carbon sources were added at concentrations as in-
dicated at www.fung-growth.org and were evaluated after growth at 25 °C
for 10 d (complete growth profiles at www.fung-growth.org).
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