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and carbohydrate-active enzymes in the
hindgut of two wood-feeding termites,
Globitermes sulphureus (Blattaria: Termitidae)
and Coptotermes formosanus (Blattaria:
Rhinotermitidae)
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Abstract

Background Wood-feeding termites have been employed as sources of novel and highly efficient lignocellulolytic
enzymes due to their ability to degrade lignocellulose efficiently. As a higher wood-feeding termite, Globitermes
sulphureus (Blattaria: Termitidae) plays a crucial role as a decomposer in regions such as Vietnam, Singapore,
Myanmar, and Yunnan, China. However, the diversity of its gut microbiome and carbohydrate-active enzymes
(CAZymes) remains unexplored. Here, we analyzed the diversity of hindgut microbial communities and CAZymes in
a higher wood-feeding termite, G. sulphureus, and a lower wood-feeding termite, Coptotermes formosanus (Blattaria:
Rhinotermitidae).

Results 165 rRNA sequencing revealed that Spirochaetota, Firmicutes, and Fibrobacterota were the dominant
microbiota in the hindgut of the two termite species. At the phylum level, the relative abundances of Proteobacteria
and Bacteroidota were significantly greater in the hindgut of C. formosanus than in G. sulphureus. At the genus level,
the relative abundances of Candidatus_Azobacteroides and Escherichia-Shigella were significantly lower in the hindgut
of G. sulphureus than in C. formosanus. Metagenomic analysis revealed that glycoside hydrolases (GHs) with cellulases
and hemicellulases functions were not significantly different between G. sulphureus and C. formosanus. Interestingly,
the cellulases in G. sulphureus were mainly GH5_2, GH5_4, GH6, GH9, and GH45, while the hemicellulases were
mainly GH11, GH8, GH10, GH11, GH26, and GH53. In C. formosanus, the cellulases were mainly GH6 and GH9, and the
hemicellulases were mainly GH5_7, GH5_21, GH10, GH12, and GH53. In addition, 3-glucosidase, exo-3-1,4-glucanase,
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and endo-B-1,4-glucanase activities did not differ significantly between the two termite species, while xylanase
activity was higher in G. sulphureus than in C. formosanus. The bacteria encoding GHs in G. sulphureus were mainly
Firmicutes, Fibrobacterota, and Proteobacteria, whereas Bacteroidota and Spirochaetota were the main bacteria

encoding GHs in C. formosanus.

Conclusions Our findings characterized the microbial composition and differences in the hindgut microbiota

of G. sulphureus and C. formosanus. Compared to C. formosanus, G. sulphureus is enriched in genes encoding for
hemicellulase and debranching enzymes. It also highlights the rich diversity of GHs in the hindgut microbiota of G.
sulphureus, including the GH5 subfamily, GH6, and GH48, with the GH6 and GH48 not previously reported in other
higher termites. These results strengthen the understanding of the diversity of termite gut microbiota and CAZymes.

Keywords Lignocellulose, Termite, Hindgut microbiota, Metagenomic sequencing, 16S rRNA sequencing,

Carbohydrate-active enzymes (CAZymes)

Background

In nature, Lignocellulose is abundant and prevalent
across forestry, agriculture, papermaking, and the food
industry [1]. Lignocellulose has been proven to be a
renewable resource that can effectively replace fos-
sil fuels [2]. However, currently, there is a lack of highly
efficient enzymes for the degradation of lignocellulose.
Natural lignocellulosic materials are primarily composed
of cellulose, hemicellulose, and lignin. The intricate and
stable structure of lignocellulose constrains its efficient
utilization. Under natural conditions, lignocellulose deg-
radation involves a complex process mediated by vari-
ous carbohydrate-activated enzymes (CAZymes), which
can be categorized into five classes: glycoside hydro-
lases (GHs), glycosyltransferases (GTs), polysaccharide
lyases (PLs), carbohydrate esterases (CEs), and auxiliary
activities (AAs). Therefore, exploring novel and efficient
lignocellulose-degrading enzymes is highly important for
enhancing the utilization of lignocellulose.

Termites have evolved a specialized digestive system
capable of degrading lignocellulose [3]. Despite their
small size, termite guts possess the most efficient lig-
nocellulose degradation system, capable of degrading
74-99% of cellulose and 65-78% of hemicellulose [3].
Moreover, they can produce methane and short-chain
fatty acids during the degradation of lignocellulose [4].
The “termite-gut microbiome” serves as a crucial model
for converting lignocellulose into renewable energy
sources [5, 6]. Termites have different diets and could be
classified as wood-feeding, fungus-feeding, grass-feed-
ing, and soil-feeding termites [7]. Among them, wood-
feeding termites have the most efficient lignocellulose
utilization system, capable of digesting and utilizing lig-
nocellulose within 24 h [8]. Lignocellulose degradation
by termites mainly depends on the symbiotic gut micro-
biota, which includes bacteria, fungi, and protozoa (such
as flagellates) [9]. Protozoa are unique to the gut of lower
termites [10], while the gut of higher termites lacks such
protozoa and is primarily composed of bacteria and
fungi. Previous research has suggested that protozoa are

the primary source of lignocellulolytic enzymes in lower
termites, while many recent studies have shown that
symbiotic bacteria also play a significant role in cellulose
degradation [11, 12]. These symbiotic bacteria are also
the main source of lignocellulolytic enzymes in higher
termites [13]. Increasing evidence indicates that higher
termites have richer symbiotic microorganisms for lig-
nocellulose degradation than lower termites [14]. The
rich bacterial diversity of higher termites may represent a
potential reservoir for novel CAZymes.

Over the past few decades, many researches have
been conducted on the function of termite gut micro-
biota in degrading lignocellulose using methods such as
16 S rRNA, metagenomic, and transcriptomic sequenc-
ing [15-19]. Previous research indicated that diet is a
major driver of the termite gut microbiome [13]. He et
al. (2019) found that both diet and phylogeny exert cer-
tain influences on the gut microbiome [20]. Moreover,
recent studies have shown that the CAZymes in differ-
ent species of termites are conserved. Grieco et al. (2019)
analyzed the gut microbiota of seven termite species in
Brazil and discovered that they share a conserved profile
of CAZymes for the degradation of cellulose and chitin
[21]. Marynowska et al. (2023) analyzed the functions
associated with carbohydrate hydrolysis in the higher
termites Labiotermes labralis, revealing a rich inventory
of cellulases and hemicellulases. Compared with other
dietary termites, the overall diversity of CAZymes was
similar [22].

Globitermes sulphureus (Blattaria: Termitidae) is a
higher wood-feeding termite species distributed in
regions such as Vietnam, Singapore, Myanmar, and
Yunnan Province in China [23-25]. It is an important
economic pest that mainly affects coconut or oil palm
plantations and wooden buildings [26-28]. Additionally,
it plays a critical role as a decomposer in the Xishuang-
banna Tropical Botanical Garden in Menglun, Yunnan,
China [25]. However, its lignocellulose degradation abil-
ity remains largely unexplored. In this study, we used
16S rRNA sequencing and metagenomic sequencing
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technologies to analyze the diversity of hindgut micro-
bial communities and the bacteria encoding CAZymes of
G. sulphureus. The results were compared with those for
C. formosanus, a lower termite species that has received
more attention for its hindgut bacterial communities
and lignocellulose degradation abilities. Additionally,
we measured B-glucosidase, exo-p-1,4-glucanase, endo-
B-1,4-glucanase, and xylanase activities in the hindgut
microbiota of both termite species. This study provides
new information on the hindgut microbial communities
of lower and higher wood-feeding termites and provides
a research basis for identifying novel lignocellulose-
degrading enzymes in the termite hindgut microbiota.

Materials and methods
Sample collection and preparation
The nests of G. sulphureus were excavated from Kun-
ming, Yunnan, China, and placed in the Wildlife Res-
cue and Inspection Center in Guangdong, China. C.
formosanus was collected from the Wildlife Rescue and
Inspection Center in Guangdong Province, China using
underground bait stations. The underground bait station
is a rectangular plastic container (28.0x21.0x18.5 cm)
with an array of circular holes (diameter: 2.5 mm) on
the bottom and side walls, and the interior contains
10 pine wood blocks (24.0x8.0%x2.5 cm). Briefly, 3-5
underground bait stations were buried in areas with C.
Sformosanus activity. After collecting a large number of
termites, the subterranean bait station was transported
back to the laboratory and placed in a plastic container
(49.5%35.0x27.5 cm). After being collected, termites
were subsequently dissected immediately. Two termite
species were identified for morphological analysis [29,
30]. Healthy and uniformly sized G. sulphureus and C.
Jformosanus workers were selected for the following tests.
Dissect the termite hindgut with reference to War-
necke et al. [15]. In brief, the termites were surface dis-
infected with 70% alcohol for 1 min and then rinsed
three times with phosphate-buffered saline. Termite
heads were secured using forceps, while their posterior
ends were gently compressed with a scalpel. The gut of
the termites was then slowly removed. Based on the
morphological characteristics of termite gut, the dilated
portion of the hindgut, known as the 3rd proctodeal
segment (P3), contains a large number of microbes in
wood-feeding higher termites and lower termites, using
a scalpel to amputate the P3 segment of the termite. The
P3 segment was punctured with an insect needle and
the contents were collected in a 1.5 mL centrifuge tube
and subsequently placed on dry ice. All the samples were
stored at -80 °C. To meet the demand for sample volume
for the experiment, the hindgut contents of 800 termites
were mixed into one sample, and five samples were col-
lected from two termite species. Approximately 500 mg
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of hindgut content can be collected in one sample, which
were used for 16 S rRNA and metagenomic sequenc-
ing. We employed the methodology described by Liu et
al. (2011) for extracting microbial cells from the hindgut
of termites [31]. Briefly, tissue debris from the hindgut
contents of termites was digested using 0.25% trypsin
and 0.02% EDTA. The sample was vortexed for 30 s to
homogenize it, followed by centrifugation at 800 g for
10 min at 4 °C. The supernatant was collected and trans-
ferred to PBS buffer, and the centrifugation was repeated
three times. Subsequently, the sample was centrifuged at
9000 g for 10 min at 4 °C. The supernatant was carefully
removed, and the microbial cells were obtained for DNA
extraction.

Assay of protein concentrations

Determination of protein concentration using the BCA
protein assay kit (Suzhou Kemin Biotechnology Co., Ltd,
Suzhou, China). Briefly, the sample (mg) to extraction
solution (ml) ratio was set at 100:1 for ice bath homog-
40enization, Subsequently, centrifugation was performed
at 15,000 g and 4°C for 10 min, and collecting the super-
natant. The working solution was prepared by mixing
reagent A (Na,COj; solution, sodium tartrate solution,
NaOH solution, NaHCO; solution) and reagent B
(CuSO,4+5H,0 solution) in a 50:1 ratio, and preheated in
a 60°C water bath for 30 min. Distilled water (4 uL) was
added to the blank tube, standard (Bovine serum albu-
min, BSA) (4 pL) to the standard tube, and the superna-
tant (4 uL) to the assay tube. Subsequently, 200 pL of the
working solution was added to the blank tube, standard
tube, and assay tube respectively. After mixing, the solu-
tion was incubated in a 60°C water bath for 30 min, and
the absorbance values were measured at 562 nm using a
microplate reader.

Assay of B-glucosidase activity

B-glucosidase activity was measured using a
B-glucosidase activity assay kit (Suzhou Kemin Biotech-
nology Co., Ltd, Suzhou, China). f-glucosidase decompo-
sition of p-Nitrophenyl-p-D-Glucopyranoside to produce
p-Nitrophenol, which exhibits a maximum absorption
peak at 400 nm, and B-glucosidase activity is calculated
by measuring the rate of absorbance increase. Briefly, the
sample (g) to citric acid-phosphate buffer (mL) ratio was
set at 1:5-10 for ice bath homogenization. Subsequently,
centrifugation was performed at 15,000 g and 4C for
10 min, and the supernatant. 120 uL of p-nitrophenyl-f-
D-glucopyranoside solution was added to the assay tube,
while 120 pL of distilled water was added to the control
tube. Subsequently, 150 pL of citric acid-phosphate buf-
fer and 30 uL of sample supernatant were added to both
the assay and control tubes. The tubes were incubated
in a 37°C water bath for 30 min, followed by a 5 min
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incubation in a 95°C water bath. After the chill down,
centrifugation was performed at 8,000 g and 4°C for
5 min, and 70 pL of the supernatant was transferred to
the assay and control tubes, respectively. Then, 130 pL
of Na,CO; solution was added to the assay and control
tubes. The solutions were mixed and allowed to stand for
2 min. Finally, the absorbance values were measured by a
microplate reader at 400 nm. At 37°C and pH=5.0, one
unit of B-glucosidase activity is defined as the amount
that produces 1 nmol of p-nitrophenol per minute per
milligram of protein.

Assay of exo-B-1,4-glucanase activity

Exo-B-1,4-glucanase activity was measured using an
exo-B-1,4-glucanase activity assay kit (Suzhou Kemin
Biotechnology Co., Ltd, Suzhou, China). Determina-
tion of reducing sugars produced by exo-p-1,4-glucanase
catalyzed degradation of sodium carboxymethyl cellu-
lose using the 3,5-dinitrosalicylic acid (DNS) method.
Briefly, the sample (g) to acetic acid-anhydrous sodium
acetate solution (mL) ratio is 1:5-10 for ice bath homog-
enization. Subsequently, centrifugation was performed at
15,000 g and 4°C for 10 min, and the supernatant. 10 uL
of the sample supernatant was added to both the assay
tube and the control tube. 100 uL of sodium carboxy-
methyl cellulose solution was added to the assay tube,
while 100 pL of distilled water was added to the control
tube. Incubated in a 37°C water bath for 2 h. 200 pL of
DNS reagent (3,5-dinitro salicylic acid solution, sodium
hydroxide solution, potassium sodium tartrate solution,
redistilled phenol solution, and anhydrous sodium sul-
fite solution) was added to both the assay tube and the
control tube. Mixed and incubated in a 90°C water bath
for 10 min. Finally, the absorbance values were measured
by a microplate reader at 540 nm. At 37°C and pH=6.5,
one unit of exo-p-1,4-glucanase activity is defined as the
amount that produces 1 pg of glucose per minute per
milligram of protein.

Assay of endo-B-1,4-glucanase activity

Endo-B-1,4-glucanase activity was measured using an
endo-B-1,4-glucanase activity assay kit (Suzhou Kemin
Biotechnology Co., Ltd, Suzhou, China). Determination
of reducing sugars produced by endo-B-1,4-glucanase
catalyzed degradation of microcrystalline cellulose using
the 3,5-dinitrosalicylic acid (DNS) method. Briefly, the
sample (g) to acetic acid-anhydrous sodium acetate solu-
tion (mL) ratio is 1:5-10 for ice bath homogenization.
Subsequently, centrifugation was performed at 15,000 g
and 4°C for 10 min, and the supernatant. 10 pL of the
sample supernatant was added to both the assay tube
and the control tube. 100 pL of microcrystalline cellu-
lose solution was added to the assay tube, while 100 uL of
distilled water was added to the control tube. Incubated
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in a 37°C water bath for 2 h. 200 uL of DNS reagent
(3,5-dinitro salicylic acid solution, sodium hydroxide
solution, potassium sodium tartrate solution, redistilled
phenol solution, and anhydrous sodium sulfite solution)
was added to both the assay tube and the control tube.
Mixed and incubated in a 90 °C water bath for 10 min.
Finally, the absorbance values were measured by a micro-
plate reader at 540 nm. At 37°C and pH=6.5, one unit of
endo-PB-1,4-glucanase activity is defined as the amount
that produces 1 pg of glucose per minute per milligram
of protein.

Assay of xylanase activity

Xylanase activity was measured using a xylanase activity
assay kit (Suzhou Kemin Biotechnology Co., Ltd, Suzhou,
China). Xylanase can degrade xylan into reducing oligo-
saccharides and monosaccharides under acidic condi-
tions, and further undergo a colorimetric reaction with
3,5-dinitrosalicylic acid in a boiling water bath, exhibiting
a characteristic absorption peak at 540 nm. The depth of
the reaction solution color is proportional to the amount
of reducing sugars produced by enzymatic hydrolysis.
The rate of increase in absorbance at 540 nm of the reac-
tion solution is used to calculate the activity of xylanase.
Briefly, the sample (g) to acetic acid - sodium acetate
buffer (mL) ratio is 1:5-10 for ice bath homogenization.
Subsequently, centrifugation was performed at 8,000 g
and 4°C for 10 min, and collecting the supernatant. 60 pL
of sample supernatant and 90 pL of acetic acid - sodium
acetate buffer were added to both the assay tube and the
control tube, respectively. Subsequently, 60 puL of reagent
1 (xylan solution, NaOH solution, glacial acetic acid
solution) was added to the assay tube. The mixture was
then incubated at 50 °C for 30 min, followed by boiling
for 10 min. 60 pL of reagent 1 was added to the control
tube, and then 90 pL of reagent 2 (3,5-Dinitrosalicylic
acid solution, NaOH solution, potassium sodium tartrate
tetrahydrate solution, phenol solution, sodium bisulfite
solution) was added to both the assay tube and the con-
trol tube. Mixed and incubated in a boiling water bath
for 5 min. Finally, the absorbance values were measured
by a microplate reader at 540 nm. At 50C and pH=4.8,
one unit of xylanase activity is defined as the amount that
produces of xylan to produce 1 nmol of reducing sugar
per minute per milligram of protein.

DNA extraction and 16 S rRNA sequencing

The DNA of the total genome was extracted from the
hindgut microbial cells of termites using the E.ZN.A."
Stool DNA Kit (D4015-02, Omega, Inc., USA). The kit has
been proven to be effective in preparing bacterial DNA
from trace samples. DNA quality was detected by aga-
rose gel electrophoresis, and DNA quality was quantified
by an ultraviolet spectrophotometer. The primers used
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for PCR amplification were 341 F (5-CCTACGGGNG-
GCWGCAG-3’) and 805R (5-GACTACHVGGGTATC-
TAATCC-3’). PCR products were purified with AMPure
XT beads (Beckman Coulter Genomics, Danvers, MA,
USA) and quantified with a Qubit fluorometer (Invitro-
gen, USA). The purified PCR products were evaluated
using an Agilent 2100 bioanalyzer (Agilent, USA) and
a library quantification kit from Illumina (Kapa Bio-
sciences, Woburn, MA, USA), and qualified samples
were sequenced using a NovaSeq 6000 sequencer for
2%250 bp paired-end sequencing.

The double-end data obtained from 16 S rRNA
sequencing were first subjected to data segmentation
using Cutadapt (v1.9) to remove the raw street data and
primer sequences [32]. Data splicing was completed
using FLASH (v1.2.8) [33]. Sequences with lengths less
than 100 bp and an N content greater than 5% were
removed. Meanwhile, Vsearch (v2.3.4) was used to
remove chimeric sequences to complete the filtering of
the data [34]. DADA2 was used for denoising to obtain
ASV (feature) feature sequences and abundance Table
[35]. Species annotation was performed using the SILVA
(Release 138) database with a confidence threshold of 0.7
[36]. Subsequently, the species abundance of each sam-
ple was determined according to the species abundance
table. One sample was discarded from subsequent 16 S
rRNA analysis due to insufficient sequencing depth.

Metagenomic sequencing

The DNA library was constructed using the TruSeq Nano
DNA LT Library Preparation Kit (FC-121-4001). High-
throughput sequencing was performed using the Nova-
Seq 6000 with the PE150 sequencing, and the sequencing
kit used was the TruSeq Nano DNA LT Library Prepa-
ration Kit - Set A (FC-121-4001). The raw sequencing
data were processed using Cutadapt (v1.9) [32] to remove
adapters and fqtrim (v0.94) [37] to remove low-quality
sequences. The data obtained from the previous step
were assembled using IDBA-UD (v1.1.1) [38]. Subse-
quently, coding sequence prediction was performed on
the assembled data using MetaGeneMark (v3.26) [39].
Clustering and deredundancy were performed using CD-
HIT (v4.6.1) [40]. Using Bowtie2, the valid sequences
were aligned to the Unigene sequences, and the number
of reads mapped to each Unigene in each sample was cal-
culated. Subsequently, the sequences were aligned to the
CDS sequence library for TPM abundance calculation
[41]. Subsequently, species annotation information was
obtained by comparison in the NR_mate database.

Use the DIAMOND software to align the protein
sequences of unigenes with the Kyoto Encyclopedia of
Genes and Genomes (KEGG) and CAZy database and
perform functional annotation [42, 43]. Subsequently, the
abundance and number of unigene in each sample were
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counted, and statistical analysis of abundance and vari-
ance was performed at the functional and genetic levels.
z.
The GHs were grouped according to the method of
Allgaier et al. (2010) [44], including cellulases, hemi-
cellulases, oligosaccharide enzymes, and debranching
enzymes. To further determine the contribution of the
hindgut microbiota to the degradation of different GHs
(cellulases, hemicellulases, oligosaccharide enzymes, and
debranching enzymes), the CAZyme annotation results
of G. sulphureus and C. formosanus were compared with
the non-redundant (NR) database to determine the taxo-
nomic distribution of CAZymes at the phylum and genus
levels.

Statistical analysis

Alpha diversity analysis was performed using QIIME2,
employing various metrics including the Shannon, Simp-
son, Chaol, and Observed_species indices to assess the
diversity within each sample [45]. To compare the dif-
ferences in microbial community composition and
structure between the two termite species, analysis of
similarities (Anosim) was performed using the R vegan
(v2.3) package. Principal component analysis (PCA) and
nonmetric multidimensional scaling (NMDS) visualiza-
tions, based on the Bray-Curtis distance matrix, were
performed using the R ggplot2 package. All statistical
analyses were performed using IBM SPSS Statistics ver-
sion 26. Data that conform to a normal distribution (such
as xylanase activity) were analyzed using the Student’s t
test. Data that did not conform to a normal distribution
(such as B-glucosidase, exo-p-1,4-glucanase, and endo-
B-1,4-glucanase activities, alpha diversity, bacterial com-
position, and composition of GHs) were analyzed using
the Mann-Whitney U test. All the statistical results are
presented as mean+SEM. P<0.05 indicated a significant
difference.

Results

Analysis of B-glucosidase, exo-f-1,4-glucanase, endo-B-
1,4-glucanase, and xylanase activities

In the hindgut microbiota of G. sulphureus, the
B-glucosidase activity was 4.34%£0.126 nmol/min/mg
prot, the exo-B-1,4-glucanase activity was 1.72+0.099
nmol/min/mg prot, the endo-B-1,4-glucanase activity
was 4.10+0.133 nmol/min/mg prot, the xylanase activ-
ity was 6.98%0.353 nmol/min/mg prot. In the hindgut
microbiota of C. formosanus, the PB-glucosidase activ-
ity was 9.05%£0.331 nmol/min/mg prot, the exo-p-1,4-
glucanase activity was 4.85+0.147 nmol/min/mg prot,
the endo-p-1,4-glucanase activity was 9.73+0.311 nmol/
min/mg prot, the xylanase activity was 4.90+0.281 nmol/
min/mg prot. B-glucosidase, exo-p-1,4-glucanase, and
endo-f-1,4-glucanase activities did not differ significantly
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between the two termite species (Mann-Whitney U test,
Z = - 1.964, P=0.10). Xylanase activity was higher in G.
sulphureus than C. formosanus (Student’s t test, t=4.622,
df=4, P<0.05) (Table 1).

16S rRNA sequencing data

Nine hindgut content samples from G. sulphureus and
C. formosanus were used for 16 S rRNA sequencing, and
858,172 16 S rRNA gene sequences were generated. The
average sequence lengths of G. sulphureus and C. formo-
sanus were 41.94 M and 54.83 M, respectively. After fil-
tering the low-quality sequences, 731,835 valid sequences
were obtained for subsequent analysis (Table S1). Based
on the feature abundance table, the number of shared
and unique features was visualized by a Venn diagram. As
shown in Figure S1, 9404 features were obtained from the
two groups, 1619 of which features were shared.

The Shannon and Simpson indices indicated no signifi-
cant differences in the diversity of the hindgut microbial
communities between the two termite species (Shannon:
Mann-Whitney U test, Z = - 1.960, P=0.06; Simpson:
Mann-Whitney U test, Z = - 1.690, P=0.91). In contrast,
the Chaol index and Observed_species index revealed
that G. sulphureus had a significantly higher number
of hindgut bacterial communities than C. formosanus
(Chaol: Mann-Whitney U test, Z = - 1.960, P=0.06;
Observed_species: Mann-Whitney U test, Z = - 2.449,
P<0.05) (Fig. 1A). PCA and NMDS based on the Bray-
Curtis distance showed no significant differences in the
structure of the hindgut microbial communities between
the two termite species (Anosim, R=0.0187, P=0.364)
(Fig. 1B, C).

Analysis of the hindgut microbiota composition of termites
In G. sulphureus and C. formosanus, we identified 30
and 35 bacterial phyla, respectively. In G. sulphureus, the
dominant bacterial phyla were Spirochaetota (41.36%),
Firmicutes (20.96%), Fibrobacterota (11.08%), Rs-K70_
termite_group (3.76%), and Proteobacteria (2.31%). In
C. formosanus, the dominant bacterial phyla were Spiro-
chaetota (31.51%), Firmicutes (21.66%), Fibrobacterota

Table 1 Analysis of 3-glucosidase, exo-f3-1,4-glucanase, endo-{3-
1,4-glucanase, and xylanase activities in the hindgut microbiota
of G. Sulphureus and C. formosanus

Termite G. C.formosanus  Statistical
Sulphureus results
B-glucosidase 434+£0.126 9.05+0.331 Z=-1964,
activity P=0.10
exo-B-1,4-glucanase 1.72+0.099 4.85+0.147 7=-1964,
activity P=0.10
endo-B-1,4- 410+£0.133  9.73+0.311 Z=-1964,
glucanase activity P=0.10
xylanase activity 6.98+0.353 4.90+0.281 t=4.622,df=4,
P<0.05
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(11.75%), Proteobacteria (7.81%), and Bacteroidota
(6.10%). We found that the hindgut microbial communi-
ties of both G. sulphureus and C. formosanus were pri-
marily composed of Spirochaetota (41.36% and 31.51%),
followed by Firmicutes (20.96% and 21.66%) and Fibro-
bacterota (11.08% and 11.75%), which together accounted
for 73.39% and 64.92% of the microbial community,
respectively (Fig. 2A).

We also identified the top 20 most abundant bacte-
rial genera in G. sulphureus and C. sulphureus (Fig. 2B).
The five most abundant bacterial genera in their hindgut
microbiota were Termite_ Treponema_cluster (31.86% in
G. sulphureus and 24.28% in C. sulphureus), Clostridi-
ales_unclassified (11.33% in G. sulphureus and 8.83%
in C. sulphureus), Treponema (8.54% in G. sulphureus
and 6.06% in C. sulphureus), Fibrobacterales_unclas-
sified (3.74% in G. sulphureus and 4.33% in C. sulphu-
reus), and Rs-K70_termite_group_unclassified (3.76% in
G. sulphureus and 3.41% in C. sulphureus). At the phy-
lum level, the relative abundances of Proteobacteria and
Bacteroidota were higher in the hindgut of C. formosanus
than in that of G. sulphureus (Mann-Whitney U test, Z
= - 2.449, P<0.05) (Fig. 2C, D). Compared to those of G.
sulphureus, the relative abundances of Candidatus_Azo-
bacteroides and Escherichia-Shigella were higher in the
hindgut of C. formosanus (Candidatus Azobacteroides:
Mann-Whitney U test, Z = - 2.205, P<0.05; Escherichia-
Shigella: Mann-Whitney U test, Z = - 2.183, P<0.05)
(Fig. 2E, F). Candidatus_Azobacteroides was found only
in the hindgut of C. formosanus.

Metagenomic data

In G. sulphureus, a total of 236,730,216 raw sequences
were generated from the metagenomic sequencing.
After quality filtering, a total of 194,913,396 reads were
obtained. The assembly yielded a contig nucleotide
length of 487,376 bp with a cumulative total length of
419,532,003 bp, with an average N50 value of 821 bp
per sample. In C. formosanus, a total of 232,113,890
raw sequences were generated from the metagenomic
sequencing. After quality filtering, a total of 185,891,986
reads were obtained. The assembly yielded a contig
nucleotide length of 144,295 bp with a cumulative total
length of 125,498,793 bp, with an average N50 value of
831 bp per sample. In both termite species, a total of
399,826 open reading frames (ORFs) were identified,
with a combined length of 237.49 Mbp, and an average
length of 593.99 bp per sample (Table S2).

Analysis of CAZymes in termites

In this study, 399,826 genes were annotated to the six
primary functional classifications and 393 secondary
functional classifications of CAZymes. In G. sulphures,
GHs accounted for 38.08% of the primary functional
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classifications, GTs accounted for 36.69%, CBMs
accounted for 20.09%, CEs accounted for 3.13%, PLs
accounted for 1.07%, and AAs accounted for 0.94%. In
C. formosanus, GHs accounted for 35.41% of the primary
functional classifications, GTs accounted for 47.61%,
CBMs accounted for 12.93%, CEs accounted for 2.96%,
PLs accounted for 0.16%, and AAs accounted for 0.96%
(Fig. 3A). At CAZymes level 2, PCA based on the Bray-
Curtis distance revealed that the samples from G. sul-
phureus and C. formosanus clustered into distinct groups
(Anosim, R=1.0, P=0.006) (Fig. 3B).

Since most lignocellulose degradation originates from
GHs, further analysis of GHs was performed to gain
insights into the carbohydrate degradation capabilities of
G. sulphureus and C. formosanus. Genes were classified

based on substrate targets of CAZymes, including cel-
lulases, hemicellulases, oligosaccharide enzymes, and
debranching enzymes. In both G. sulphureus and C.
formosanus, there were no statistical differences in the
relative abundances of the cellulases and debranching
enzymes (cellulases: Mann-Whitney U test, Z = - 0.940,
P=0.35; debranching enzymes: Mann-Whitney U test, Z
- 1.358, P=0.18). In C. formosanus, the relative abun-
dances of oligosaccharide enzymes were higher than G.
sulphureus (Mann-Whitney U test, Z = - 2.611, P<0.05),
while the relative abundances of hemicellulases were
lower than G. sulphureus (Mann-Whitney U test, Z =
- 2,611, P<0.05). However, the relative abundances of
oligosaccharide enzymes were higher in C. formosanus
compared to G. sulphureus (Mann-Whitney U test, Z =
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- 2,619, P<0.05) (Fig. 3C). Further analysis of oligosac-
charides found that the relative abundance of GHs related
to arabinoxylan degradation, including GH3, GH42, and
GH43, which primarily catalyze the hydrolysis of a-L-
arabinofuranosidic linkages, was significantly higher in
G. sulphureus compared to C. formosanus (GH3: Mann-
Whitney U test, Z = - 2.193, P<0.05; GH42: Mann-Whit-
ney U test, Z = - 2.611, P<0.05; GH43: Mann-Whitney U
test, Z = - 2.643, P<0.05) (Fig. 3D).

In G. sulphureus, the cellulases were mainly GH5_2,
GH5_4, GH6, GH9, and GH45, while the hemicellu-
lases were mainly GH11, GH8, GH10, GH11, GH26, and
GH53. In C. formosanus, the cellulases were mainly GH6
and GH9, and the hemicellulases were mainly GH5_7,
GH5_21, GH10, GH12 and GH53. GH5_52, GH5_1,
GH5_25, GH5_55, GH5_9, GH_37, GH5_5, GH5_38,
GH5_8, GH5_35, GH5_41, GH48, GH52, and GH54 were
only found in the hindgut microbiota of G. sulphureus. In

G. sulphureus, the diversity of CAZymes is higher than
that in C. formosanus, particularly within the GH5 sub-
family (Table 2).

Analysis of the functional contribution of microbiota to
predicted CAZymes

In G. sulphureus, at the phylum level, the cellulases
were mainly encoded by Firmicutes, Fibrobacterota,
Proteobacteria, and Bacteroidota (Fig. 4A). The hemi-
cellulases were mainly encoded by Firmicutes, Proteo-
bacteria, Fibrobacterota, and Bacteroidota (Fig. 4C).
The debranching enzymes were mainly encoded by Fir-
micutes, Bacteroidota, Proteobacteria, and Fibrobacte-
rota (Fig. 4E). The oligosaccharide enzymes were mainly
encoded by Firmicutes, Proteobacteria, Fibrobacterota,
and Bacteroidota (Fig. 4G). At the genus level, the cellu-
lases were mainly encoded by Bacteria_noname, Fibro-
bacter, Treponema, Paenibacillus, Ruminococcus, and
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Table 2 Relative abundance (mean + SEM) of carbohydrates in the gut metagenome of G. sulphureus and C. formosanus

CAZy Family Main known activities (CAZy) Relative abundance

G. Sulphureus C. formosanus
Cellulases
GH5_4 Glucomannan-specific endo-3-1,4-glucanase 605.47 +85.149 0.69+0.208
GH5_2 Endo-3-1,4-glucanase 307.19+51.223 0.81+0.34
GH5_52 Endo-3-1,4-glucanase 70.29+12.625 0
GH5_1 Endo-B-1,4-glucanase 53.05+2.897 0
GH5_46 Endo-3-1,4-glucanase 22.66+2.367 1.02+0.527
GH5_25 Endo-B-1,4-glucanase 11.82+1.309 0
GH5_55 Endo-3-1,4-glucanase 8.99+0.967 0
GH5_9 B-glucosidase; exo-f3-1,3-glucanase 6.38+0.811 0
GH5_37 Endo-B-1,4-glucanase 0.9+0.295 0
GH5_5 Endo-3-1,4-glucanase 0.85+0.491 0
GH5_38 Endo-3-1,4-glucanase 0.71+0.244 0
GH6 Endoglucanase, 3-1,3-endoglucanase, 3-1,4-endoglucanase 970.58+103.943 251234+19.797
GH9 Endoglucanase, cellobiohydrolase, 3-glucosidase 864.28+125.63 150.12+12.902
GH44 Endoglucanase, xyloglucanase 23.06+2.628 0.36+0.223
GH45 Endoglucanase 406.02£82.215 262+0576
GH48 Endo-processive celluloses 22.74+3.166 0
Hemicellulases
GH5_7 B-mannosidase 694.66+83.52 594.42+27.098
GH5_21 Endo-3-1,4-xylanase 0.58+0.3 84.23+£5.993
GH5_36 Endo-B-1,4-mannanase 62.84+1.165 6.96+1.585
GH5_10 Xylan B-1,4-xylosidase 479+7457 0.74+0.356
GH5_8 Endo-B-1,4-mannanase 834+2.149 0
GH5_18 B-mannosidase 6.8+2.113 0.03+0.028
GH5_22 Xylan B-1,4-xylosidase 2.79+0.337 05+0.504
GH5_35 Endo-B-1,4-xylanase 2.26+0.51 0
GH5_41 Endo-3-1,4-mannanase 1.73+£0479 0
GH10 B3-1,3-endoxylanase, 3-1,4-endoxylanase 745.72+87.480 7240+10.070
GH8 B3-1,4-endo xylanase, B-1,4-endoglucanase, others 445.56+83.924 1.76£0.705
GH11 B3-1,4-xylanase, 3-1,3-xylanase 330.18+52.903 1.98+0.558
GH26 B-1,3-xylanase, mannanase 15456+ 15.334 40.38+1.233
GH12 Endoglucanase, xyloglucan hydrolysis 41.20£4.515 49.90+2.799
GH52 Xylan B-1,4-xylosidase 3844410465 0
GH53 B-1,4-endogalactanase 392.36+53.871 46.38+6.074
Oligosaccharide enzymes
GH3 B-glucosidase, xylan 1,4-B-xylosidase, a-L-arabinofuranosidase, others 1406.14+117.934 901.90+53.408
GH1 B-glucosidase, B-galactosidase, B-mannosidase, 3-glucuronidase 431.12+45.682 1256.46+36.438
GH2 -galactosidase, B-mannosidase, 3-glucuronidase 1433.40+78.199 3433.80+45.433
GH29 a-L-fucosidase 90.00£7.186 292.10+19.288
GH35 B-Galactosidase 91.38+24.848 240.76+12.635
GH38 a-mannosidase 186.90+11.424 133.12+7.112
GH39 a-L-iduronidase, 3-xylosidase 205.88+8.899 9.72+2629
GH42 B-galactosidase, a-L-arabinopyranosidase 205.16+10.005 20.62+2.061
GH43 Xylanase, 3-xylosidase, a-L arabinofuranosidase, arabinanase, others 66.64+3.334 034+0.236
Debranching enzymes
GH51 o-L-arabinofuranosidase, 3-xylosidase, endo-f3-1,4-xylanase 290.72+13.507 218.34+14.496
GH54 a-L-arabinofuranosidase 0.34+0.125 0
GH67 a-glucuronidase, xylan a-1,2-glucuronidase 106.40+4.148 42.70+4.079
GH78 a-L-rhamnosidase, a-L-rhamnohydrolase, rhamnogalacturonan 408.78+16.162 514.32+24.841
GH106 a-L-rhamnosidase 213.00+11.109 21798+18.94
GH115 Xylan a-1,2-glucuronidase 207.00+25.080 80.54+4.265

Relative abundances are scaled by multiplication with 10°
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Cytophaga (Fig. 4B). The hemicellulases were mainly
encoded by Fibrobacter, Paenibacillus, Treponema,
Ruminococcus, Lachnospiraceae_noname, and Clostrid-
ium (Fig. 4D). The debranching enzymes were mainly
encoded by Fibrobacter, Planctomycetes_momame,
Treponema, and Parabacyeroides (Fig. 4F). The deb-
ranching enzymes were mainly encoded by Treponema,
Paenibacillus, Clostridium, Fibrobacter, Planctomycetes_
momame, and Lachnospiraceae_noname (Fig. 4H).

In C. formosanus, at the phylum level, the cellulases
and hemicellulases were mainly encoded by Bacte-
roidota, Spirochaetota, and Firmicutes (Fig. 4A, C). The
hemicellulases were mainly encoded by Firmicutes, Bac-
teroidota, Proteobacteria, and Spirochaetota (Fig. 4E).
The oligosaccharide enzymes were mainly encoded by
Bacteroidota, Firmicutes, Spirochaetota, and Proteo-
bacteria (Fig. 4G). At the genus level, the cellulases and
hemicellulases were mainly encoded by Candidatus_Azo-
bacteroides and Treponema (Fig. 4B, D). The debranching
enzymes were mainly encoded by Fibrobacter, Bacte-
roidales_noname, Desulfovibrio, and Parabacterioides
(Fig. 4F). The debranching enzymes were mainly encoded
by Candidatus_Azobacteroides, Treponema, Clostridium,
Bacteroides, Paenibacillus, Dyssgonomonas, and Parabac-
teroides (Fig. 4H). It is noteworthy that the abundance
and diversity of the microbial community encoding oli-
gosaccharide enzymes were significantly higher than
those encoding cellulases, hemicellulases, and debranch-
ing enzymes.

Discussion

The conversion of lignocellulosic biomass into biofuels
is a promising yet challenging avenue due to the com-
plexities of plant cell wall polysaccharides. There is an
urgent need to discover and develop more efficient and
novel lignocellulolytic enzymes to enhance the sacchari-
fication of biomass. In nature, termites can utilize sym-
biotic microbiota, particularly wood-feeding species, to
degrade plant biomass. G. sulphureus is a higher wood-
feeding termite, but its ability to degrade lignocellulose
has not been explored. Therefore, this study used 16 S
rRNA and metagenomic sequencing to analyze the diver-
sity and functional GHs of hindgut microbial communi-
ties in the higher termite G. sulphureus. The results were
compared with C. formosanus, a lower termite species
that has received more attention for its hindgut bacterial
communities and lignocellulose degradation abilities. At
the same time, the P-glucosidase, exo-B-1,4-glucanase,
endo-B-1,4-glucanase, and xylanase activities in the hind-
gut microbiota of both termite species were measured.
The results showed that Spirochaetota, Firmicutes, and
Fibrobacterota were the dominant microbiota in the
hindgut of two termite species. At the phylum level, the
relative abundances of Proteobacteria and Bacteroidota
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were significantly higher in the hindgut of C. formo-
sanus than in that of G. sulphureus (Mann-Whitney U
test, Z = - 2.449, P<0.05). At the genus level, the relative
abundances of Candidatus Azobacteroides and Esche-
richia-Shigella were significantly lower in the hindgut of
G. sulphureus than in that of C. formosanus (Candida-
tus_Azobacteroides: Mann-Whitney U test, Z = - 2.183,
P<0.05; Escherichia-Shigella: Mann-Whitney U test, Z =
- 2.205, P<0.05). The hindgut microbiota of G. sulphu-
reus exhibits a rich diversity of GHs involved in lignocel-
lulose degradation. The classification and distribution of
CAZymes indicated that the bacteria encoding GHs in G.
sulphureus and C. formosanus were different. This study
laid the foundation for the exploration of novel and effi-
cient lignocellulose-degrading genes.

Many studies have shown that the alpha diversity of
hindgut microbial communities in higher termites is
significantly higher than that in lower termites [46—
48], which is similar to our results. In this study, the
Observed_species index and Chaol index indicated that
the number of hindgut microbiota in G. sulphureus (a
higher termite) was significantly higher than that in C.
formosanus (Chaol: Mann-Whitney U test, Z = - 1.960,
P=0.06; Observed_species: Mann-Whitney U test, Z =
- 2,449, P<0.05). Previous studies have shown that the
ability of lower termite gut microbiota to degrade lig-
nocellulose mainly comes from protozoa, while higher
termites lack such symbiotic protozoa [49]. This may be
one of the reasons why the bacterial microbial commu-
nity is more abundant in higher termites, which need a
greater abundance of bacteria to degrade lignocellulose
[50]. Previous studies have reported that protists occupy
most of the space in the gut of lower termites and that
the surface of these protists is colonized by a large num-
ber of commensal bacteria [51]. Most of these bacteria
have been identified as belonging to the Bacteroidales
order, accounting for approximately 70% of the bacterial
cells in termites [52]. Previous studies have reported that
the dominant bacterial genus in the gut microbiota of C.
formosanus is “Candidatus Zobacteroides’, which belongs
to Bacteroidota [52], and is also the main nitrogen-fixing
bacteria in C. formosanus [53]. Su et al.. (2016) reported
that the relative abundance of “Candidatus Azobacteroi-
des” in the gut of lower wood-feeding termites was signif-
icantly higher than that in higher wood-feeding termites
[3]. Our results are consistent with this finding, Candida-
tus_Azobacteroides was found only in the hindgut of C.
formosanus.

The gut microbial diversity of termites is not only influ-
enced by phylogeny but is also closely related to feed-
ing habits [14, 54, 55]. Increasing evidence has revealed
that termites with different feeding habits have domi-
nant phyla. For example, Spirochaetota is the dominant
phylum in wood-feeding termites [56], Bacteroidota and
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Firmicutes are the dominant phyla in fungus-feeding ter-
mites [49], and Actinobacteria is the dominant phylum in
soil-feeding termites [57]. Su et al. (2016) reported that
the gut microbiota of lower and higher wood-feeding
termites is highly similar, with Spirochaetota being the
most dominant phylum [14]. This is similar to our study,
which revealed that G. sulphureus and C. formosanus
share common dominant bacterial phyla: Spirochae-
tota, Firmicutes, and Fibrobacterota, as well as common
dominant bacterial genera: Lachnospiraceae_unclassified,
Termite_Treponema_cluster, and Treponema. Further-
more, PCA and NMDS analysis revealed no significant
differences in the structure of the hindgut microbial
communities of the two termite species. Metagenomic
sequencing results showed that GHs accounted for
38.08% and 35.41% of the CAZymes annotated in the
hindgut microbiota of G. sulphureus and C. formosanus,
respectively. Further analysis revealed that the relative
abundance of cellulase was high in the hindgut micro-
biota of C. formosanus, while the relative abundance of
hemicellulase was high in the hindgut microbiota of G.
sulphureus. Similar to the results of the relative abun-
dance of GHs, the enzyme activity assay showed that
the cellulase (B-glucosidase, exo-B-1,4-glucanase, and
endo-B-1,4-glucanase) activity was high in the hindgut
microbiota of C. formosanus, while the hemicellulase
(xylanase) activity was high in the hindgut microbiota of
G. sulphureus. These findings suggested that G. sulphu-
reus might have high hemicellulose degradation ability.
Previous studies have shown that G. sulphureus mainly
damages coconut trees and palm trees, and palm leaves
have been proven to be a major potential source of xylose
[58]. Our results showed that the relative abundances
of GH3 (Mann-Whitney U test, Z = - 2.193, P<0.05),
GH42 (Mann-Whitney U test, Z = - 2.611, P<0.05),
and GH43 (Mann-Whitney U test, Z = - 2.643, P<0.05)
were significantly higher in G. sulphureus compared to
C. formosanus. These three GHs are mainly involved in
the degradation of oligosaccharides and catalyze a-L-
arabinofuranosidase activity. Additionally, the relative
abundance of GH51, which is responsible for the deb-
ranching of arabinose side chains, was significantly
higher in G. sulphureus than in C. formosanus. These
findings support the notion that dietary preferences drive
the composition of the termite gut microbiota.
Wood-feeding termites have abundant GHs for ligno-
cellulose digestion [16, 21, 59]. Arora et al. (2022) dem-
onstrated that a significant abundance of CAZymes is
present in the majority of termites, including GH2, GH3,
GH10, GH31, and GH77. Additionally, the GH8, GH26,
GH45, GH5_2, and GH53 are found in high quanti-
ties specifically within the wood-feeding termites [54].
Victorica et al. (2020) analyzed the microbial commu-
nity composition and lignocellulose metabolic potential
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between C. fulviceps and Nasutitermes aquilinus, reveal-
ing that GHs constitute 40.3% and 37.6% of the total
CAZymes in these termites, respectively. The GHs with
the highest abundance included GH1, GH3, GH5, GH9,
GH10, GH11, and GH43 [18]. Liu et al. (2019) identified
GH families with higher abundances in G. brachycerastes,
including GH1, GH3, GH5, GH10, and GH11 [16]. This is
similar to our results, both G. sulphureus and C. formosa-
nus have abundant GHs, with higher abundances of GH2,
GH3, GH5 subfamily, GH6, GH9, and GH10. We further
analyzed the taxonomic distribution of CAZymes at the
phylum and genus levels. The cellulases and hemicellu-
lases in G. sulphureus were mainly encoded by the most
abundant Spirochaetota, Fibrobacterota, Firmicutes,
and Proteobacteria. In C. formosanus, the cellulases and
hemicellulases were mainly encoded by Bacteroidota and
Spirochaetota. Our results are similar to previous studies.
In the wood-feeding termites Microcerotermes parvus
and Neocapritermes taracua, the cellulase and hemicel-
lulases are predominantly encoded by the most abundant
Spirochaetales, Fibrobacterales, Clostridiales, and Bacte-
roidates [17]. CAZymes in Nasutitermes spp. are mainly
encoded by the most abundant Spirochaetota and Fibro-
bacterota [15]. These results are consistent with previous
studies, which found that the gut microbiota of termites
have similar CAZymes, and are encoded by the most
abundant bacterial groups [19, 21, 60].

GH6 and GH48 are key components of the lignocellu-
lolytic enzyme system [61, 62]. However, these two GHs
are absent in higher termites such as Nasutitermes spp.
and Macrotermes annandalei [15, 63]. In difference to
these findings, this study found the presence of GH6 in
both G. sulphureus and C. formosanus, while GH48 was
found exclusively in the hindgut of G. sulphureus. In G.
sulphureus, the cellulases were mainly GH5_2, GH5_4,
GH6, GH9, and GH45, while the hemicellulases were
mainly GH11, GH8, GH10, GH11, GH26, and GH53. In
C. formosanus, the cellulases were mainly GH6 and GH9,
and the hemicellulases were mainly GH5_7, GH5_21,
GH10, GH12, and GH53. Interestingly, the diversity of
the GH5 subfamily is higher in C. formosanus compared
to G. sulphureus. Previous studies have indicated that the
gene abundance of cellulase GH5 is highest in certain
higher termites, such as C. fulviceps, N. aquilinus, and
G. brachycerastes [16, 19]. Calusinska et al. (2020) indi-
cated that the abundance of GH5 is highest in the gut
microbiota of Nasutitermitinae, predominantly consist-
ing of GH5_2 and GH5_4. This finding is consistent with
our results. In G. sulphureus, GH5_2 and GH5_4 are the
predominant cellulases within the GH5 family [64]. The
results suggested that the hindgut of G. sulphureus has
diverse GHs for degrading cellulose and hemicellulose,
which could be a potential source of novel lignocellulose-
degrading enzymes. Our findings are limited by the lack
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of expression information, which could restrict the effec-
tiveness of GH screening efforts. Future research needs
to conduct a thorough expression analysis of the identi-
fied GHs in G. sulphureus to fully assess their potential
for biotechnological applications.

Conclusion

In summary, the study showed that Spirochaetota, Fir-
micutes, and Fibrobacterota dominated the hindgut
microbiota of C. formosanus and G. sulphureus. Com-
pared to C. formosanus, G. sulphureus is enriched in
genes encoding hemicellulase and debranching enzymes.
Additionally, it highlights the rich diversity of GHs in the
hindgut microbiota of G. sulphureus, including the GH5
subfamily, GH6, and GH48, with the GH6 and GH48
not previously reported in other higher termites. These
results strengthen the understanding of the diversity of
termite gut microbiota and CAZymes.
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