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Termites play an important role as decomposers of organic matter in forests
by utilizing their gut symbionts and associated carbohydrate-active enzymes
(CAZymes) to digest wood materials. However, there is a limited understanding
of the entire repertoire of CAZymes and their evolution in termite genomes. Here
we identified the gene families of CAZymes in publicly available termite genomes
and analyzed the evolution of abundant gene families. We found that 79 CAZyme
gene families from the carbohydrate-binding module and four CAZyme classes,
including glycosyl transferase (GT), glycoside hydrolase (GH), auxiliary activity (AA)
and carbohydrate esterase (CE), were present in termites with minor variations
across termite species except for a few gene families. The gene trees of the large
and conserved gene families have several groups of genes from all species, and
each group encodes enzymes with complete corresponding domains. Three
gene families, namely GT1, GH1 and AA3, exhibited significant variations in gene
numbers and experienced several losses and a few duplications, which might
be related to their rich gut symbionts and newly gained functions. Furthermore,
the overall expression of CAZymes appears to have a caste- and tissue-specific
pattern, reflecting a division of labor in termite colonies. Overall, these results
reveal a likely stable CAZyme repertoire in termites and pave the way for further
research on the functional contribution of termites to wood digestion.
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wood digestion, glycosyl transferase, glycoside hydrolase, gene duplications, gene
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Introduction

Termites are important decomposers of organic matter. They can digest recalcitrant plant
materials predominantly composed of lignocellulose, contributing to the decomposition of more
than half of the dead wood in tropical and subtropical forests (Griffiths et al., 2019; Wu et al.,
2021). In addition to their essential role in nutritional cycling, they also can influence soil
moisture in tropical forests via their mounds (Ashton et al., 2019). However, due to their wood
digestion ability, termites cause damage to wooden constructions and crops, with an estimated
40 billion United States dollars of global annual economic losses (Rust and Su, 2012;
Kalleshwaraswamy et al., 2022).
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Originating from a wood-feeding ancestor, they can efficiently
digest recalcitrant lignocellulose, which relies on a large number of
carbohydrate digestion enzymes produced by their associated
symbionts. Because of their diversified feeding habits, termites harbor
diverse gut microbiota, producing abundant CAZymes to adapt to
their feeding preferences (Arora et al., 2022). In lower termites the
digestion ability mainly relies on the protists and associated bacteria
in their guts. While in higher termites their digestion ability depends
on their symbiotic bacteria (Brune, 2014; Brune and Dietrich, 2015;
Arora et al., 2022) because of the loss of the protists during their
evolution (Bucek et al., 2019). These symbiotic microbes can possess
a diverse repertoire of carbohydrate-active enzymes (CAZymes),
including plant cell wall digestion enzymes. CAZymes are generally
classified into five classes: glycoside hydrolases (GHs), glycosyl
transferases (GTs), polysaccharide lyases (PLs), carbohydrate esterases
(CEs) and auxiliary activities (AAs). The termite symbionts possess a
wide array of gene sets encoding active functional enzymes from these
classes (Tartar et al., 2009; Marynowska et al., 2017; Hervé et al., 2020;
Arora et al., 2022). Although the cellulolytic symbionts have been
extensively investigated in termite digestion, the CAZyme genes
originating from termites have gained traction since the discovery of
the first cellulase in termites (Watanabe et al., 1998).

In addition to their symbionts, termites have specific CAZyme
genes contributing to lignocellulose digestion. The combined efforts of
both termite enzymes and those of their symbionts allow efficient
digestion of wooden materials (Poulsen et al., 2014; Arora et al., 2022).
Among them, endo-f-1,4-glucanases and f-glucosidases have been
widely studied in cellulose hydrolysis. Both genes have multiple copies
in each available termite genome (Tokuda, 2019) and were expressed
mainly in salivary glands and gut with different expression patterns in
different species (Tokuda et al., 2004; Fujita et al., 2008). For example,
an endo-P-1,4-glucanase was specifically expressed in the salivary
glands of lower termites, while it was mainly expressed in the midguts
of higher termites (Tokuda et al, 2004). Similarly, a digestive
p-glucosidase was explicitly expressed in the salivary glands of a lower
termite Neotermes koshunensis (Shiraki) and the salivary glands and
midguts of a higher termite Nasutitermes takasagoensis (Tokuda et al.,
2002, 2009). Furthermore, due to the division of labor within the
reproductive caste system, different termite castes showed different
enzymatic activity. For instance, in a lower termite, Hodotermopsis
sjostesti, the expression of endo-f-1,4-glucanase was higher in workers
than soldiers (Fujita et al., 2008). In addition, other CAZyme genes
were also characterized in termite species, such as chitin metabolism-
related Iytic polysaccharide monooxygenases (LPMOs) and auxiliary
activity (AA) 15 in Coptotermes gestroi (Cairo et al., 2020).

Both well-studied gene families, endo-p-1,4-glucanases and
B-glucosidases, have ancient origins (Davison and Blaxter, 2005;
Shelomi et al.,, 2020; He et al., 2022). However, some of these genes
have also gained functions other than digestion during termite
evolution. A fascinating example is a GH1 p-glucosidase gene that is
specifically expressed in the accessory glands of female ovaries
(Shigenobu et al., 2022) and suppresses the production of new female
reproductives in the colony (Korb et al., 2009; Zhang et al., 2012). In
addition, another GH1 gene has been implicated in the recognition of
termite eggs (Matsuura et al, 2009), although the gene is still
not characterized.

With the advent of omics technologies, including genomics and
transcriptomics, the CAZyme genes have been comprehensively
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investigated in several termite species (Yulki et al., 2008; Tartar et al,
2009; Zhang et al,, 2012; Poulsen et al., 2014; Korb et al., 2015; Geng
etal., 2018; Shigenobu et al., 2022). However, a systematic analysis of
the evolution of the CAZyme gene families is still lacking. Currently
genomes of 5 termite species belonging to four of the seven termite
families are publicly available, including Zootermopsis nevadensis
in Archotermopsidae, Cryptotermes secundus in Kalotermitidae,
Reticulitermes ~ speratus and  Coptotermes  formosanus  in
Rhinotermitidae, Macrotermes natalensis in termitidae. The former
four termite species are wood-feeding lower termites, whereas
M. natalensis is a fungus cultivating higher termites. In this study,
we take advantage of these publicly available genomes to compare the
digestion enzyme repertoire in five termite species to reveal the
duplications and losses of CAZymes of termite origin during

termite evolution.

Materials and methods
Data collection

The genomes, corresponding proteomes and GFF annotations
were obtained from publicly available resources. Specifically, the data
of Zootermopsis nevadensis and Cryptotermes secundus were retrieved
from the NCBI RefSeq database; the data of Coptotermes formosanus
was obtained from the NCBI genome assembly database (Itakura
et al., 2020); the data of Macrotermes natalensis and Reticulitermes
speratus were sourced from previously published datasets (Poulsen
etal,, 2014; Shigenobu et al., 2022).

CAZyme prediction and domain
identification

To predict and annotate the CAZyme genes in the termite
genomes, the longest isoform of each gene in Z. nevadensis and
C. secundus were extracted by the function “retrieve_longest_
isoforms” in the R package orthologr (Drost et al., 2015). The other
three genomes have one protein for each gene in their proteomes. The
completeness of proteomes was assessed by BUSCO with insecta_
0db10 dataset before CAZyme gene prediction (Manni et al., 2021).
Subsequently, the CAZyme genes in the termite genomes were
annotated by the standalone tool run_dbCAN (Zhang et al., 2018),
which uses three programs, including HMMER, diamond and
eCAMLI. The genes were considered to be confidently annotated if the
protein had consistent annotations from at least two prediction
programs. Subsequently, the proteins were mapped to the genomes for
predicting unannotated CAZyme genes in all genomes by miniprot
(Li, 2023), and the newly annotated genes were manually curated, and
their corresponding proteins were subjected to CAZyme prediction as
well. The confidently predicted CAZyme proteins of the genes were
queried against the non-redundant protein database in NCBI to
identify the origin of the predicted genes by following a method
we described previously, and last common ancestor (LCA) of up to the
top 10 best targets for each query was inferred using the ete3 toolkit
(Huerta-Cepas et al., 2016). Additionally, the domains of the
annotated proteins were identified by searching the InterPro database
with InterProScan (Jones et al., 2014).
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Gene phylogeny inference

For each gene family, the corresponding proteins of the studied
species were retrieved and aligned by using MAFFT with L-INS-I
(Katoh and Standley, 2013) and muscle (Edgar, 2004). After further
refining with RASCAL (Thompson et al., 2003) and scoring by normd
(Thompson et al., 2001), the alignment with the highest normd score
was subjected to phylogeny construction. IQ-TREE (Minh et al., 2020)
was employed to construct phylogenetic trees with model selection
and 1,000 ultrafast bootstrap replicates.

Duplications and losses

We used Notung, which takes a non-dated species tree and the
constructed gene trees as input to infer gene duplication and loss for
large gene families. The phylogenetic relationships of the five termite
species were inferred from a previously published study (Bucek et al,
2019). The duplication and losses were inferred with the rearrange
model for reconciliation at a 90% threshold to reduce the penalty of
low supported branches (Durand et al., 2005).

Duplication mode inference and
collinearity analysis

For gene families with large duplications, specifically GT1, GH1
and AA3, we further inferred their duplication mode by using
duplicate_gene_classifier in MCScanx (Wang et al., 2012) for each
species. The duplicate genes of each species were classified into four
modes: whole genome/segmental duplications (match genes in
syntenic blocks), tandem duplications (continuous repeats), proximal
duplications (not adjacent but in nearby chromosomal/scaffold
regions at a maximum distance of 10 genes), and dispersed
duplications (other modes than segmental, tandem, and proximal).
The similarity of the duplications was determined by TBtools (Chen
C. etal., 2020). The chromosomal location of these genes and their
corresponding collinear blocks were also inferred in MCScanx. The
results were visualized using circos (Krzywinski et al., 2009).

Expression analysis

To gain preliminary insights into the expression patterns of the
identified gene families, we analyzed the expression of identified
CAZyme genes in R. speratus using publicly available expression data
(Shigenobu et al., 2022). The data contain two body parts, head and
body (throax+abdomen), from three castes: workers, soldiers and
reproductives. Raw data were filtered with a minimum of 1 count-per-
million in at least three samples, then log-transformed for visualization
using ggplot2 (Wickham, 2016).

Results

The identification of CAZymes

Four of the five CAZyme classes, including GT, GH, AA, and CE,
are presented in all termite species with varying numbers. To sum up
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all the identified CAZyme genes, we found that R. speratus has the
highest total CAZyme gene number (287), followed by C. secundus
(277), Z. nevadensis (269) and C. formosanus (266), whereas
M. natalensis has the lowest gene number (235) (Figure 1). Among
them, 17 genes were newly annotated by homology-based mapping to
the genomes (Supplementary Table S1) except RsGH9a, which was
reported in the previous genome but without annotation. The most
abundant class is GT, which accounts for approximately half of the
identified genes. GH is the second largest class followed by AA, CBM
(Carbohydrate-Binding Module) and CE.

Among the identified 43 GT gene families, 36 are present in all
species, while seven families are absent in one or two species
(Figure 1). Notably, GT1 (13-23 copies), GT27 (9-10 copies) and
GT31 (8-12 copies) are the largest GT families in termites followed
by GT2, GT13, GT49, GT4, GT22, GT7, GT8 and GT105 with 4-6
copies; the remaining families have 1-3 copies. In the GH class, 26
gene families exist in all species except GH152 lacking in
Z. nevadensis. Among these GH families, the abundant families are
GHI1 (7-16 copies), GH18 (10-13 copies), GH13 (6-11 copies) and
GH20 (8-9 copies) followed by GH16, GH31, GH47 and GH9 with
3-9 copies (Figure 1). In addition, we found a considerable
variation of gene numbers in GH22 among termites ranging from
three copies in Z. nevadensis, C. secundus, and C. formosanus to 14
copies in R. speratus. Within the AA class, three families are
present in all species, with AA3 being the most abundant (18-32
copies) followed by AA1 (6-10 copies) and AA15 (3-4 copies)
(Figure 1). In the CE class, only one family, CE9, is present in
termites with one copy in each species. Apart from these four
classes, we observed seven groups of CBM in termites, with
CBM14, which is also present in GH18, being the most abundant,
ranging from 10 to 14 copies.

Phylogenetic tree of gene families

Most gene families in CAZyme classes have a few but relatively
stable gene numbers across the five termite species. We selected the
abundant or highly variable gene families in each class for further
phylogenetic analysis. Therefore, we constructed the gene trees for the
following gene families: GT1, GT27, GT31, GH1, GH9, GH13, GH18,
GH20, GH22, AA1, AA3 and CBM14.

As the largest family in GT, GT1 genes were classified into 12
groups (Figure 2A). Group 12 has the highest gene numbers,
representing approximately a quarter of the identified GT1 genes in
termites; while the remaining groups contain 1-3 gene copies from
each species. However, no identified GT1 genes of M. natalensis was
included in Group 1, 10, 11, and 12. GT27 and GT31 could
into 9 and 11
(Supplementary Figure S1); most groups contain one copy from each

be categorized groups,  respectively,
species except a few GT31 groups that either lack genes from less than
two species or have no more than two copies from certain species.

In the GH class, GH1, GH9, and GH22 gene trees have clades with
varying gene copies (up to 7) (Figure 2B; Supplementary Figure S2).
In the gene trees of GH1 and GH22, most groups contain multiple
genes from each species, while one group contains one gene from each
species. The gene trees of GH13, GH18, and GH20 consist primarily
of clades with one gene copy from each species, except a few groups
that either lack genes from less than two species or have 2-3 copies
(Supplementary Figure S3).
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Similarly, in the AA class, the AA1 gene tree contains nine groups,
of which eight groups have one gene from most species and one group
of Z
(Supplementary Figure 54). The gene tree of AA3 is more complex,

contains only two gene copies nevadensis
where most groups and subgroups contain one gene copy from each
species with some groups that lack genes from one or two species
(Figure 2C). In contrast, several groups of AA3 have multiple copies
(up to nine) from C. formosanus, C. secundus and Z. nevadensis.

In the CBM modules, most groups in the CBM14 gene tree
contain only one copy from each species, although a few groups lack
1-2 species or have two copies from the same species

(Supplementary Figure S4).

Domains in protein families

In the AA class, most AAl proteins contain three domains:
Multicopper oxidase C-terminal, Multicopper oxidase N-terminal,
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and Multicopper oxidase second cupredoxin domain. Five AAl
proteins in five gene groups and three species lack one or two of these
domains (Supplementary Figure S5). Most AA3 proteins have both
C-terminal and N-terminal domains of Glucose-methanol-choline
oxidoreductase, except for two proteins that have Glucose-methanol-
choline oxidoreductase N-terminal domain and a few proteins that
have truncated domains (Supplementary Figure 56). However, two
proteins from Z. nevadensis and C. secundus clustered together in a
the dual
N-terminal domains.

subgroup in gene tree have C-terminal and

In the GH class, most GH1 proteins have a complete Glycoside
hydrolase family 1 domain. However, six GH1s from Z. nevadensis,
C. secundus, and C. formosanus spreading in groups 1, 2, 3, and 4 have
two GHI domains (Figure 3A). Additionally, five GH1s from
C. formosanus, M. natalensis, and R. speratus in group 2 and 5 have
truncated GH1 domain. For GH9 most proteins contain a single GH9
domain except for one gene from M. natalensis, which contains two

domains with one being incomplete; a few proteins of Z. nevadensis in
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FIGURE 2
The gene trees of GT1 (A), GH1 (B), and AA3 (C) inferred from corresponding identified proteins with IQ-TREE. The ids in the phylogenies are the ids of
identified genes for R. speratus (starting with RS) and Macrotermes natalensis (starting with MN), and labeled as species abbreviations (Z. nevadensis,
Zn; C. secundus, Cr; C. formosanus, Cf) and related protein ids for the rest three species. The numbers in the gene trees represent bootstrap values for
branch support; the numbers along the grey curves around the gene trees indicate the group numbers of each gene family.

group 3 and a protein of R. speratus have incomplete GH9 domains
(Supplementary Figure S7). In GH13 proteins from group 25 and
group 8 have conserved domains (glycoside hydrolase, family 13,
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N-terminal, Alpha-amylase/branching enzyme, C-terminal all beta,
glycosyl hydrolase, family 13, catalytic domain; glycogen debranching
enzyme, N-terminal domain, glucanotransferase domain, central
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domain, C-terminal) in each gene from each species; whereas in
GH13_15 most proteins have two domains (Alpha-amylase/branching
enzyme, C-terminal all beta and Glycosyl hydrolase, family 13,
catalytic domain) except for one protein that lacks one domain in each
of C.
(Supplementary Figure S7). In GH13_17 most proteins in three

secundus, R.  speratus, and C. formosanus
groups have two domains (glycosyl hydrolase, family 13, catalytic
domain; Solute carrier family 3 member 2, N-terminal domain), and
proteins in one group have one domain (glycosyl hydrolase, family 13,
catalytic domain). In GH20 all proteins contain a Glycoside hydrolase
family 20, catalytic domain, and most proteins in groups 5-8 have an
additional domain Beta-hexosaminidase, eukaryotic type, N-terminal
(Supplementary Figure S8). In GH22 most proteins have a C-type
lysozyme/alpha-lactalbumin family domain except for one gene from
R. speratus and C. formosanus having a Destabilase domain
(Supplementary Figure S8).

Similarly, most GT1 proteins have UDP-glucoronosyl and
UDP-glucosyl transferase domains (Figure 3B). Five proteins in
group 12 from Z. nevadensis and C. secundus and one protein in
group 11 from C. formosanus have two domains, while each protein
of C. formosanus in group 12, 6, and 2 have three domains; a few
proteins in groups 3, 12, 11 have shorter domains than other members
in the groups. All GT27 proteins have two domains, namely glycosyl
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transferase family 2 and Ricin-type beta-trefoil lectin domain, except
for two proteins from C. formosanus and R. speratus in group 4, which
lack the Ricin-type beta-trefoil lectin domain, and one protein from
R. speratus in group 2 having N-terminal domain of
instead of the GT2

(Supplementary Figure 59). In GT31 the proteins in groups 1-4 have

galactosyltransferase domain
one or two fringe-like domains, while the proteins in group 2 have a

single chondroitin N-acetylgalactosaminyltransferase domain
(Supplementary Figure 59). Additionally, the proteins in other groups
of GT31 have one galactosyltransferase, except proteins in group 9,
which have two galactosyltransferase domains. However, a protein of
M. natalensis, MN006382-PA, has two domains, Bcl2—/adenovirus
E1B nineteen kDa-interacting protein 2 and Divergent CRAL/

TRIO domain.

Duplications and losses in different gene
families

We analyzed the duplications and losses of relatively large gene
families to explore the evolution of identified gene families. Overall,
the large gene families had large gene numbers in the common
ancestor of the selected species with numerous losses and only a few
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duplications at most branches (Figure 4). Most duplications were
found in the AA3 and GT1 gene families in Z. nevadensis,
C. formosanus, and the ancestor of R. speratus and M. natalensis. In
addition, five duplications of GH1 and AA3 were found in R. speratus
and C. secundus, respectively. Moreover, most selected gene families
had one duplication in the ancestor of R. speratus, M. natalensis, and
C. formosanus.

Collinearity and duplication modes

As most of the examined CAZyme gene families had limited gene
duplications in termites, we analyzed the collinearity and duplication
modes of the gene families that experienced several duplications,
namely GT1, GH1, and AA3.

In the GT1 gene family, more than half of the genes were tandem
duplications and a few were proximal duplications, located in three
collinear blocks among all species (Figure 5A). Additionally,
approximately five GT1s in each species were dispersed duplications.
Most GH1 genes were tandemly duplicated and are located in a few
collinear blocks among all species, especially in a few blocks on one
contig of R. speratus and a collinear block between C. secundus,
C. formosanus and R. speratus (Figure 5B). Interestingly, nearly half of
AA3 in all species were tandemly duplicated (Figure 5C). These
tandem duplications in M. natalensis, R. speratus, and Z. nevadensis
are located in a collinear block, whereas the duplications in C. secundus
and C. formosanus are dispersed in multiple contigs.

The overall sequence similarity of the genes in the GT1, GH1, and
AA3 gene families is 52.5%. The average sequence similarities for the
dispersed, proximal, and tandem duplications of these three gene
families are 46.89%, 55.27%, and 55.52%, respectively. Though the
average similarities of different duplication types differ among these

10.3389/ffgc.2023.1240804

three gene families, the dispersed duplications have the lowest
sequence similarity (AA3, 50.51%; GT1, 47.20%; GH1, 37.09%). In
addition, the proximal duplications of GT1 and GH1 have slightly
higher sequence similarities (GT1, 55.68%; GH1, 55.27%) than the
corresponding tandem duplications (GT1, 51.85%; GH1, 55.52%).
However, the tandem duplications of AA3 have a higher sequence
similarity (62.15%) than its proximal duplications (54.50%).

Expression of genes in different castes and
tissues of Reticulitermes speratus

Regarding the expression patterns of the identified CAZyme
genes, we found an overall tissue- and caste-specific expression pattern
but no noticeable sex difference except between the body parts of
Figure S6).

Approximately half of the genes have generally low expression in the

female and male reproductive (Supplementary

body parts of all castes. Among the expressed genes, 15 genes showed
higher expression in the head than the body of different castes
(Figure 6). Among them, a GH30_1 (RS014869) showed a specific
expression in the head of workers and reproductives. Additionally,
GHY (RS012687), GH1 (RS004136), and GH16_4 (RS100018) had
higher expression in the body of workers than the reproductives and
soldiers. Another GH1 (RS004624) had a specific high expression in
the body parts of female reproductives. In addition, we observed
increased expression levels of three GH22 genes (RS014698,
RS100022, and RS100023) in the body parts of soldiers.

We examined the expression levels for each gene family to gain
further insights into the expression patterns of the gene families whose
gene trees were constructed. High gene expression were found across
all samples for three AA3s (RS011715 and RS010161, and RS013033),
one GH18 (RS007511), one GH20 (RS015064), one GH22 (RS006054),

AA1| AA3 -/3 |12/14
Gr1[cT27[GT1 BT u M. natalensis
GH1 [GH13|GH18] TEAED
GH2 GH9
-/2 [3/16] J-[1/5
5/8|1/4] -/6 1/3| /2] -/1
/6] 1/a]3/7 s/ |2/ /5 R. speratus
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FIGURE 4

duplication or loss.

The inferred duplications and losses of selected gene families (left-up panel). Numbers in red represent duplications and numbers in blue represent
losses. The duplications and losses were inferred by Notung with the species tree in Figure 1 and related gene trees in Figure 2. Represents no
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The inferred collinearity and duplication modes of GT1 (A), GH1 (B), AA3 (C) of five termite species. Gene ids in red represent tandem duplications,
Gene ids in blue indicate proximal duplications, Gene ids in black represent dispersed duplications. The grey links show the collinear blocks between
the scaffolds/contigs from different species that containing identified genes; the red links show the collinear blocks containing identified genes in the
referred gene families. The collinearity analysis was performed at protein level.

three GT1s (RS008155, RS007006, RS007007), three GT27s
(RS006342, RS004127, RS011165), and three GT31s (RS007129,
RS009017, RS001752) (Supplementary Figure S6). Furthermore,
we observed an increased expression of one AA1 (RS002049), two
AA3 (RS003016 and RS010272), three GH13s (RS006197, RS006136,
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RS006137), two GHI18s (RS009184 and RS015051), one GT1
(RS001802) in the bodies of all castes. A slightly overall higher
expression of one AA1 (RS004166) was also found in both bodies and
heads of soldiers than in the other two castes. In the GH1 gene family,
we found a high expression of RS004136 in the bodies of workers and
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reproductives. Moreover, we found increased expression levels of one
GHI1 (RS012436) in the heads of workers, two GH1s (RS004137 and
RS100007) and one AA1 (RS002050) in the heads of all castes.

Discussion

Termites have a diverse array of CAZyme genes belonging to four
major classes, with a notable abundance of genes from the GH and GT
classes, as previously reported in C. formosanus (Zhang et al., 2012).
Most gene families are conserved with minor changes during termite
evolution, suggesting their conserved roles in termite biology. The GT
is the most diverse and abundant CAZyme class among the identified
gene families. GT enzymes catalyze the formation of glycoside bonds
by using activated nucleotide sugar and are involved in multiple
physiological activities in insects, such as the detoxification of plant
compounds, participation in various developmental processes,
chemosensation, and stress response (Nagare et al.,, 2021). GT1, the
largest family in the GT class due to their excellent glycosylation
capacities (Zhang et al., 2020) and playing a pivotal role in insect
detoxification of xenobiotics (Nagare et al., 2021). It is the most
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abundant family within GT gene families in all termites. The GT1 gene
family is also commonly known as UDP-glycosyltransferase (UGT) in
insects with various numbers in different species. A previous study on
the nine insect genomes showed that the UGT numbers range from
12 in Apis mellifera to 58 in Acyrthosiphone pisum (Ahn et al., 2012);
moreover, a recent report showed different numbers of UGTs ranging
from 29 to 50 in various Drosophila species (Ahn and Marygold,
2021). As termites primarily feed on wood and consume a wide range
of plant metabolites, high GT1 gene numbers would provide sufficient
repertoire genes for detoxification. The GT1 gene family could also
use a wide range of natural products, including glycolipids, flavonoids
and macrolides (Zhang et al., 2020), which might be related to the
various gene groups of the gene family in termites.

Interestingly, we found several losses but a few duplications in
different termites, while a large gene number in the termite ancestor.
Along with the collinearity blocks, these losses might be the
consequence of the functional redundancy of gene duplicates during
termite evolution. The retained GT1 genes during termite evolution
might gain additional functions other than detoxification, such as
olfaction in Bombyx mori (Huang et al, 2008), which could
be supported by higher expression of certain GT1 genes observed in
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the head than the body of R. speratus. Intriguingly, we found that
groups 10, 11 and 12 of GT1 gene tree contain no M. natalensis GT1
gene; however, why the higher termite lost these genes is yet to
be investigated.

Another two GT gene families with large gene numbers in
termites, GT27 and GT31, are related to insect development (Ji et al.,
2018; Nagare et al., 2021). These genes have a stable number in
termites, but the domain analysis revealed that a few genes encoded
additional or truncated domains. This suggests that the genes had
undergone evolutionary changes during termite evolution, supported
by the inferred duplications and losses. Both gene families had likely
been through duplications and strong selection due to the
physiological significance of maintaining their functions. This might
be corroborated by the constitutive expression of the corresponding
genes in the different body parts of different castes of R. speratus.
However, as some of these genes are related to embryo development
(Briickner et al., 2000), it would be necessary to investigate their
expression patterns through different developmental stages to provide
insights into their roles in termite development.

The second most abundant gene class in termites is GH, which
breaks down glycol bounds in carbohydrates, suggesting their
significant contribution to termite wood feeding. Among them, GH1
is the most variable in termites, which might be related to their
diversified functions in insects (He et al., 2022). The primary function
of GH1 in termites is wood digestion (Tokuda et al., 2002, 2009),
reflecting the ancestral function of GH1 in insects (He et al., 2022). As
the ancestors of termites were wood feeders, it is not surprising that
many GHI1 genes were inferred from their ancestor. However,
we found a large number of gene losses during termite evolution,
indicating that the presence of termite gut symbionts might have
compensated for some of the functions related to wood digestion.
Furthermore, a GH1 gene specifically expressed in the accessory
glands of the ovary (Shigenobu et al., 2022) was associated with
termite caste formation (Korb et al., 2009; Matsuura et al., 2009). This
is likely an ancestral function of GH1 in termites (He et al., 2022;
Shigenobu et al., 2022).

The most abundant gene family of GH in termites is GH18, which
is widely spread in all groups of organisms (Karlsson and Stenlid,
2009) and hydrolytic
B-N-acetylglucosaminidases as well as non-hydrolytic proteins such

contains chitinases and
as lectins or xylanase inhibitors (Chen C. et al., 2020). In insects the
GHI18s were classed into 11 groups and contribute to diverse
functions, including molting, nutrition, cell proliferation, and immune
defense (Chen W. et al., 2020); the functional GH18s, including
groups 1, 2, 3, and 4, previously found in other insects are present in
termites. The presence of nine groups in termites, including five
groups having a single copy and three groups having duplicates,
suggests conserved functions of GH18 genes. However, the continual
loss of GH18s in termites indicates the reshaping of the gene families
during evolution, as also supported by the presence of fragmented
domains in GH18 proteins. In addition, we found one group of termite
GH18s does not cluster together with any classified groups, which
might be due to the misplacement of the group in the gene phylogeny
as shown with a low support value.

Another GH family, GH13, is the largest family of glycoside
hydrolases and encodes several enzymes acting on several substrates
(Kuriki and Imanaka, 1999; da Costa-Latge et al., 2021). In termites
most GH13 genes belong to GH13_17 subfamilies, which encode
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a-glucosidase, with a few copies of GH13_15, encoding a-Amylase
(Stam et al., 2006). The GH20 gene family, involved in insect cuticle
formation or degradation (Intra et al., 2008; Yang and Chen, 2019), is
another conserved large gene family in termites, suggesting their
conserved role in termites. The other two gene families, GH22 and
GH9, contain lysozymes and cellulases and are involved in digestion
(Davison and Blaxter, 2005; Moraes et al., 2014). A large gene number
of GH22 with high expression in the body of R. speratus soldiers
suggest their roles other than digestion, possibly related to the division
of labor or defense in R. speratus (Shigenobu et al., 2022). However,
GHO, a well-studied cellulase in termites (Xu et al., 2010; Bujang et al.,
2014), shows a large gene number in Z. nevadensis. The GH9 genes
had an ancient origin but experienced diversification in termite
species (Davison and Blaxter, 2005; Xu et al., 2010), which might
explain the large number of cellulase in termites. A previous study on
the evolution of GH9 in higher termites showed duplications of
GH9 in the highly diversified feeding group (Bujang et al., 2014).
Therefore, a comprehensive understanding of its evolution would
require further analysis with a larger size of termite genomes.

Among the other CAZyme gene classes, AA is related to
lignocellulose digestion. A large number of AA3, which are closely
related FAD-dependent enzymes required for class I peroxidases to
oxidize lignin (Levasseur et al., 2013), suggest their involvement in
wood-feeding in termites. The observed losses during termite
evolution suggest potential compensation by the termite symbionts in
lignin degradation. However, we found relatively constant gene
numbers of AA1, which contains laccase, ferroxidase and laccase-like
multicopper oxidase in all termites, suggesting their conserved role in
termite digestion.

The CAZyme class with the least number of members is CE, with
only one CE9 in each species, which is the second largest group in
CAZyme families and catalyzes the de-O or de-N-acylation by
removing the ester decorations from carbohydrates (Nakamura et al.,
2017). In addition, we found no PL in termites, which cleaves uronic
acid-containing polysaccharides using an elimination instead of a
hydrolytic mechanism (Lombard et al., 2010). In the CAZyme
database, the CE and PL classes currently have 20 and 42 classified
families, respectively; the studies on the function or characterization
of both classes are rather limited in insects. Among these families,
CE4, the largest family of CE, chitin deacetylases (CDA) in insects,
plays roles in molting, pupation, and chitin modification (Li et al.,
2021). However, the limited presence of both classes suggests that
termites may not rely heavily on them for digestion or other
physiological activities, which might be compensated by other
mechanisms or gene families. For instance, the role of PL gene families
in termites is likely to be compensated by their gut microbiota, which
possesses a suite of PL gene families (Arora et al., 2022). This kind of
complementary relationship has been proposed in M. natalensis
(Poulsen et al., 2014), and we assume it should be common in most
termite species because of their close relation to gut symbionts
(Bourguignon et al., 2018). This has been also observed in tortoise leaf
beetles and their pectinolytic Stammera symbionts that encode
rhamnogalacturonan lyase, a PL4, for the adaptation of beetles to
herbivory (Salem et al., 2020).

In addition to enzyme classes, CAZymes include carbohydrate-
binding modules that lack catalytic activities but play an essential role
in carbohydrate digestion. Among the CBM families, CBM14 is the
largest in termites and is present in all domains of life. CBM14 is
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known to bind to chitin (Chang and Stergiopoulos, 2015a,b),
suggesting its involvement in termite chitin metabolism. In insects,
CBM14, also known as the peritrophin-A domain, contributes to the
formation of insect peritrophic matrix (Shen and Jacobs-Lorena, 1999;
Tellam et al., 1999). Half of them contain multiple repeats within a
single protein, indicating their potential interactions with other
catalytic ligninolytic enzymes. In termites the different CBM14 gene
groups might have different functions as the CBM14s in Tribolium
castaneum, which were classified into three subfamilies with different
functions, including PM and cuticle formation (Jasrapuria et al., 2010).

Overall, this study compared the CAZymes in different termite
species, providing preliminary insights into their evolution. The
prevalence of GH and GT enzyme classes in termite hosts and their
gut symbionts (Arora et al., 2022) indicates their importance in
termite wood digestion. A large number of losses, along with the
relatively stable number of genes across species, might be attributed
to the abundance of these gene families in their ancestors and the
subsequent redundancy during termite evolution. However, it is worth
noting that this study analyzed the genomes of only five termite
species from two of five feeding termite groups, including Group I (all
wood-feeding lower termites), Group II (wood-feeding higher
termites), Group IIF (fungus-cultivating higher termites), Group III
(soil feeders with a large amount of plant materials), and Group IV
(true soil feeders) (Inward et al., 2007). Among the relatively stable
CAZyme repertoire, we found fewer gene numbers of GT1 and
AA3 in fungus-cultivating higher termites (M. natalensis) than wood-
feeding lower termites (the other four termite species). The effect of
feeding preferences on the CAZyme repertoire would require multiple
genomes of termite species with other feeding preferences. In addition,
these genomes were constructed by different projects and pipelines,
which may affect the prediction accuracy of gene numbers, domain
structures and duplication modes investigated in this study. To gain a
more comprehensive understanding of their evolution, further
investigations involving a larger number of high-quality termite
genomes and the genomes of closely related species would
be necessary. Nevertheless, the present study will aid in formulating
some testable hypotheses, such as GT1 duplicates functioning in
termite olfaction, evolution of CAZyme gene expression being related
to the division of labor, and higher termites largely relying on
symbionts for lignin degradation, that can be functionally validated in
the future and facilitate identifying suitable targets for future species-
specific targets for RNAi-mediated termite management practices
(Mogilicherla et al., 2022).
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