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Abstract Termites are well recognized for their thriving on recalcitrant lignocellulosic diets
through nutritional symbioses with gut-dwelling microbiota; however, the effects of diet
changes on termite gut microbiota are poorly understood, especially for the lower termites.
In this study, we employed high-throughput 454 pyrosequencing of 16S V1-V3 amplicons to
compare gut microbiotas of Taitermes ampliceps fed with lignin-rich and lignin-poor cellu-
lose diets after a 2-week-feeding period. As a result, the majority of bacterial taxa were shared
across the treatments with different diets, but their relative abundances were modified. In
particular, the relative abundance was reduced for Spirochaetes and it was increased for
Proteobacteria and Bacteroides by feeding the lignin-poor diet. The evenness of gut microbiota
exhibited a significant difference in response to the diet type (filter paper diets < corn stover
diets < wood diets), while their richness was constant, which may be related to the lower
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recalcitrance of this biomass to degradation. These results have important implications for
sampling and analysis strategies to probe the lignocellulose degradation features of termite gut
microbiota and suggest that the dietary lignocellulose composition could cause shifting rapidly
in the termite gut microbiota.

Keywords Tsaitermes ampliceps - Gut symbionts - Lignocellulose degradation - Corn stover -
Filter paper - 454 Pyrosequencing

Introduction

Termites are extremely successful wood-degrading organisms distributed worldwide, which
are important for carbon turnover in the environment and are potential sources of biochemical
catalysts [1-4]. It is well known that termites form symbiotic association with diverse
microorganisms in their gut, which as a result of evolution and adaptation, makes the termites
capable of degrading the lignocelluloses in their diets, as well as improving their immunity,
reproduction, and other physiological functions [3, 5—-8]. The microsymbionts were mainly the
bacteria in the so-called higher termites (family Termitidae), while the guts of lower termites
(other families) harbored many protozoans as well as the prokaryotes [9]. Since uncultivable
bacteria, like those in TG1 (termite gut 1) phylum, have been identified as endosymbionts of a
variety of termite gut-flagellated protists [10], the bacteria, protists, and lower termite species
might form a complex nutritional symbiosis [3, 11]. In addition, it has been evidenced that the
lignocellulose degrading capability of termites are depending on their gut symbionts [3,
12—-14], while certain symbiotic bacteria in the termite intestines act directly on cellulose
and xylan hydrolysis [6, 7, 15].

Previously, it has been reported that the gut microbiota of termite was mainly determined by
the termite phylogeny, but was also shaped by the diet habits of termites [16—18]. Recently,
several studies have been realized on the relationships among the diets, the capabilities of
lignocellulose digestion, and the structure of gut microbial community of termites [19-23].
Diet has been reported as the primary determinant of bacterial community structure in the guts
of fungus, wood/grass, soil, and humus/litter-feeding higher termites [24]. For the lower
termites, Boucias et al. [21] reported that diet-dependent shifts in the gut microbiota of
Reticulitermes flavipes fed with lignin-rich and lignin-poor cellulose diets were not statistically
significant; but Huang et al. [20] demonstrated that the gut bacterial communities were
different among the R. flavipes populations fed with woody diet, corn stover, and sorghum.
However, both of the reports have flaws: Boucias et al. [21] fed the termite for only 1 week
that may not be sufficient to induce significant change in gut microbiota, while Huang et al.
[20] did not include the comparison with no lignin diets. In addition, [9] indicated that “the
changes in diet or overall host physiology affected the protist and bacterial populations in the
hindgut” of six R. flavipes populations collected from different geographic locations or
sources, but the diet features were not reported in their study [9]. Therefore, further study is
needed to verify the effects of lignin contents in the diets on the gut microbiota of lower
termites.

As a local species in Henan Province of China, the study on Tsaitermes ampliceps, a lower
termite species, is rare up to date. Considering that clarifying the response of gut microorgan-
isms to different kinds of diets is important for both the potential application of termite gut
microbiota in biotransformation of lignocelluloses, hemicelluloses, and cellulose, and for
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understanding the termite adaptation in environment, we did the present study by feeding
T. ampliceps populations with wood, corn stover, and filter paper separately in a laboratory
environment. And then the gut bacterial communities in different treatments were compara-
tively analyzed by 454 high-throughput sequencing. The aims of our study were to facilitate a
more comprehensive analysis of gut microbiota associated with termite fed with different diets
and to find the effects of diet on the gut bacterial community. The results provide insights into
the relationships among the intestinal bacteria and the diet lignin contents of the lower termites.

Materials and Methods
Termite Collection and Diet Manipulation Bioassays

T. ampliceps samples were collected from Shangcheng County, one of the two habitat regions
(another one is Yuzhou County) for this termite, in Henan Province (N31°27’, E115°19’) [25,
26]. All collected locations are in wild fields not disturbed by human activities, while
T. ampliceps is not an endangered species (Fig. 1). Termite populations were maintained
together with logs and soils collected from the sampling site in complete darkness at room
temperature with >70 % humidity until further processing. Termite species was identified
based on morphology [25].

Fig. 1 Feeding boxes and the gut sample of termite species T3aitermes ampliceps used in this study. Plastic
boxes with dimensions of 15 x 15 x 10 cm were filled with 2 cm thickness of 1 % (w/v) agarose gel as basal
substrate incubated in darkness at 27 °C and 70 % relative humidity, supplied with: a Pine wood (18.5 % lignin
and 66.2 % cellulose-hemicellulose). b Corn stover (11.8 % lignin and 62.3 % cellulose—hemicellulose). ¢ Filter
paper (100 % cellulose). d Entire gut compartments sampled from termite 7. ampliceps
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T. ampliceps individuals collected from the same population were divided into three groups
(about 1,000 termite workers per group) and fed separately with the diets of pine wood (W,
contained 18.5 % lignin and 66.2 % cellulose-hemicellulose), corn stover (C, contained
11.8 % lignin and 62.3 % cellulose—hemicellulose), and filter paper (F, contained cellulose
alone) in darkness at 27 °C and 70 % relative humidity, in the plastic boxes (15 X 15 x 10 cm)
filled with 2 cm thickness of 1 % (w/v) agarose gel as basal substrate. Dietary materials (strips
of 0.5 cm in width) were saturated with deionized water and placed on the gel in boxes
(Fig. 1). The dietary materials were regularly moistened with deionized water every day for
2 weeks.

Termite Gut Dissection and DNA Extraction

After 2 weeks of feeding, termite workers were used for extraction of metagenomic deoxyri-
bonucleic acid (DNA). Briefly, after washing with 70 % ethanol and sterilized water (30 s for
each), the whole intestinal tracts of 200 termites of the same treatment were dissected on ice
using sterilized tweezers and insect needles under anatomical microscope (Fig. 1). The isolated
guts were immersed in ice-cold 0.2 M phosphate-buffered saline containing (g/L) 8.0 NaCl,
0.2 KCl, 1.44 Na,HPO,, and 0.24 KH,PO, with pH 7.4 [27] and were homogenized by Bullet
Blender (Next Advance, America). After centrifugation at 3,000xg for 5 min at 4 °C, the
supernatant was used for metagenomic DNA extraction using the E.Z.N. A® Tissue DNA Kit
(OMEGA, USA), according to the manufacturer’s instruction. DNA quality was evaluated by
electrophoresis in 1.0 % (w/v) agarose gels stained with SYBR Safe, visualized on a CCD
compact image system (Major Science, USA). The DNA samples were stored at —20 °C before
further processing. Triplicates for each feeding treatment were included as biological replicates
for intestinal dissection, DNA extraction, and the subsequent PCR amplication and
sequencing.

PCR Amplification of Microbial 16S rRNA Genes

The polymerase chain reaction (PCR) amplification of variable regions V1-V3 of 16S rRNA
was performed by using the forward primer fP (5'-TGG AGA GTT TGATCC TGG CTC AG-
3") and reverse primer rP (5-TAC CGC GGC TGC TGG CAC-3") [28] containing 10 pb
multiplex identifiers (MID) with a GeneAmp® PCR Systems 9700 (Applied Biosystems,
USA) using the corresponding protocol [28] in 50 pl of reaction mix. The PCR products were
gel-purified using Agencourt AMPure XP beads (Beckman Coulter, USA) according to the
manufacturer’s protocol and the concentrations were quantified using an Agilent BioAnalyzer
2100 (Invitrogen, USA).

Pyrosequencing and Bioinformatic Analysis of the 16S rRNA Amplicons

The purified DNA amplicons from metagenomic DNAs were analyzed by pyrosequencing
with a 454 Life Sciences Genome Sequencer FLX Titanium (GS-Titanium; 454 Life Sciences,
Branford, CT, USA), which produced 400-bp reads on average. The sequence preprocessing,
identifying operational taxonomic units (OTUs), taxonomic assignment, and community
structure comparison of the microbiota were analyzed with MOTHUR [29] (http://www.
mothur.org/). To control the sequence quality, reads <150 bp, with an average quality score
of <35 in each 50-bp window rolling along the whole read, with an ambiguous base call (N),
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with any homopolymers of >8 bases, or without the primer sequence were excluded [30]. The
remaining reads were then sorted based on the tag sequences. A pre-clustering step using the
“pre.cluster” script in MOTHUR was performed and all the chimerical sequences detected by
UCHIME [31] were removed for reducing sequencing noise in the pyrosequencing data. These
trimming processes were completed using RDP Initial Process (http:/pyro.cme.msu.edu). To
conduct termite gut microbiome analysis, the 16S rRNA gene reads that were obtained using
the 454 GS-Titanium were further processed by customized computational pipelines. The 16S
rRNA gene reads obtained in this study were deposited in the Sequence Read Archive (SRA)
of NCBI under the accession number of SRP067996 and were further processed by compu-
tational pipelines that were customized for termite gut microbiome analysis.

For assessment of microbial diversity, the trimmed reads were clustered using UCLUST
(http://www.driveS.com/uclust/) and the reads sharing identical sequences were defined as a
phylotype. To determine the alpha diversity, an in-house Perl script was then used to convert the
output from UCLUST into a format recognized by MOTHUR software package and the reads
sharing similarities >97 % were assigned as the same OTU. All of the OTUs were aligned to the
Greengenes database [2] using the “claasify.seqs” command in MOTHUR, with an 80 %
confidence threshold to obtain their taxonomic assignments. Then, alpha diversity, including
the analysis of Good’s coverage, diversity estimators (Shannon’s and Invsimpson), richness
estimators (ACE and Chaol), and rarefaction curves were calculated based on the OTUs using
the summary single command in MOTHUR (http://www.mothur.org/). The relative abundances
of bacterial taxa were calculated at the phylum, class, order, family, and genus levels, as well as
unclassified taxa if they were not clearly defined into any level. The microbial community
structures were compared using principal coordinates analysis (PCoA) [32] based on the
matrices of pairwise distances among all the microbiomes or using the heat map generated
with the program at http://www.metagenassist.ca/METAGENassist/faces/UploadView.jsp2.
For statistical analyses, the data were typically presented as the mean £ S.E.M. One-way
analysis of variance (ANOVA) was used to detect statistically significant differences, and
Tukey HSD was used for multiple comparisons with SPSS 17.0. All the statistical tests were
two-sided with a significance level of p < 0.05. If appropriate, the p values were corrected based
on Holm’s adjustment for multiple comparisons [33]. To probe the microbial metabolic and
functional pathways in the microbiota, the OTUs were automatically taxonomy-to-phenotype
mapped using approximately 20 different phenotypic categories in METAGENassist
(http://www.metagenassist.ca/METAGENassist/faces/Home.jsp).

Results
Diversity of Gut Microbiota from 7. ampliceps with Different Diets

After strict quality control and chimera checking, a total of 95,195 post-trimming 16S rRNA
gene reads were obtained from the gut microbiota in the three treatments of 7. ampliceps, with
an average of 10,577 reads per sample (Table 1). The number of OTUs varied between 824
and 1,230 in the samples. The richness of total bacterial phylotypes ranged between 1,105 and
1,570 among the replicates in each sample. The diversity (Inv Simpson = 162.06) of the
termite gut bacteria in treatment F was significantly lower than that in treatment C (181.94;
p < 0.05) and was lower than that in W (189.69); however, the Shannon index showed a
similar level (around 5.91) in all the three treatments (Table 1). The ratio of OTU/Chaol was
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0.719-0.748 and the rarefaction curves from the three biological replicate samples did not
reach clear plateaus (Table 1, Online Resource Fig. S1), indicating that most of the OTUs have
been detected, but more OTUs might be obtained if the number of reads was enlarged.
Comparisons of the rarefaction curves showed that the three diets exhibited different levels
of richness for OTU (Online Resource Fig. S1).

In the PCoA analysis, the gut microbiotas of T. ampliceps fed on different diets were
separated (p < 0.01) from each other and those in C and W were more similar compared with
that in F (Figs. 2 and 3). The Jclass-based PCoA, a thetayc scheme PCoA analysis, produced
further consistent results (Fig. 3). In our study, the majority of gut bacteria (41.6 % of OTU,
accounting for 94.8 % of sequence reads; Fig. 2b) were shared across the three treatments.
Combined with the analysis of diversity index, it seems that the composition of OTUs in core
microbial community had no significant difference (according to Shannon index), while their
evenness was significantly different in the three treatments (according to Inv Simpson index,
p =0.017). Therefore, the gut microbiota community structure of 7 ampliceps was affected by
the diet shifting mainly in the relative abundances of different taxa, and the filter paper diet
presented greater influence than the corn stover diets.

Community Composition of 7. ampliceps Gut Microbiota with Three Diets

The T. ampliceps gut microbiota of the three diet treatments were all covered 22 bacterial phyla
and some unclassified members (Fig. 4a and Online Resource Table S1). However, some
significant differences in the relative abundances were observed for eight phyla, including
Spirochaetes, Proteobacteria, Bacteroidetes, Firmicutes, Planctomycetes, Acidobacteria,

Table 1 General information about the 16S rRNA gene pyrosequencing results after quality filtering and alpha
diversity comparison of gut bacteria from T3aitermes ampliceps feeding on three different lignocellulosic diets

Sample ID Raw reads Reads analyzed OTUg; Good’s coverage Richness Diversity*

Chaol ACE  Shannon Invsimpson

Feeding with wood

TW1 11,010 6,414 892 0.9520 1,253.0 1,213.4 591 190.25
TW2 8,757 5312 824 0.9469 1,138.5 1,1059 5.89 196.97
TW3 24,043 15,012 1,186  0.9758 1,641.6 15792 5.96 181.86
Average 14,603 8,912 967  0.9582 1,344.3 1,299.2 592 189.69*
Feeding with corn stover
TC1 24,992 13,522 1,098  0.9764 1,419.0 1,420.0 5.94 186.09
TC2 12,868 7,960 935 0.9613 1,313.2 1,249.1 5.88 183.75
TC3 27,615 16,859 1,138 0.9805 1,531.8 1,478.9 5.90 175.99
Average 21,825 12,780 1,057  0.9727 1,421.4 13827 591 181.94%
Feeding with filter
TF1 13,716 8,748 1,018  0.9620 1,361.4 13558 5.87 155.46
TF2 7,753 5,097 853 0.9376 1,213.0 1,199.7 5.88 171.76
TF3 24,542 16,271 1,230 0.9786 1,571.1 1,571.4 592 158.98
Average 15,337 10,038 1,033 0.9594 1,3819 1,375.6 5.89 162.06°

*Superscript letters @ and b were used to mark the statistically different (»p < 0.05) average data estimated by
multiple comparisons with SPSS 17.0
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Fig. 2 Principal component analysis (PCA). a The microbiota grouping of replicates for the same treatment and
separation of mcrobiotas in different diet treatments is showed. b Venn diagram demonstrated the distribution of
gut bacterial OTUs in the Tsaitermes ampliceps feeding with three diets with different lignocellulosic contents. In
a, each point corresponds to a microbial community and the triplicate samples of the same treatment were
presented in the same color. The percentages of variation explained by the plotted principal coordinates are
indicated on the axes. 7*#-F shows T. ampliceps feeding on filter paper, T*-C shows T. ampliceps feeding on corn
stover, 7#-W shows T. ampliceps feeding on wood. In b, 784 OTUs were shared by the three treatments and the
others shared by two treatments or found in single treatments

Thermi, and Fusobacteria (p < 0.05; Fig. 4a and Online Resource Table S1). The relative
abundance of Spirochaetes was the highest in all the three treatments, and significant differ-
ences were observed in the order of W > C > F. The second and third abundant phyla in all the
treatments were Proteobacteria and Bacteroides, and both were higher in C and F than in W.
The forth abundant phylum was Firmicutes and its relative abundances in the three treatments
were significantly different, in the order of F > W > C. The relative abundance of
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Fig. 3 Principal coordinates analysis (PCoA) showing that the gut bacterial communities in Tsaitermes
ampliceps populations feeding on the three diets with different lignocellulosic contents were significantly
different (**p < 0.01; ***p < 0.001 according to Kruskal-Wallis test). a The community structures analyzed
by PCoA based on thetayc distance matrix. b The community structures analyzed by PCoA based on Jclass
distance matrix. Each point corresponds to a microbial community where the color indicates its treatment. PCO1
and PCO2 are shown with the percentage variation explained for each axis. 7*#-F shows T. ampliceps feeding on
filter paper, 7*-C shows 7. ampliceps feeding on corn stover, and 7*-W shows 7. ampliceps feeding on wood
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Planctomycetes was lower in C than in the other treatments. No difference was detected in the
other five abundant phyla (Fig. 4a and Online Resource Table S1). Generally, the diversity of
gut bacteria in F was significantly lower than those in C and W treatments (Inv Simpson index
being 162.06, 181.69, and 181.94, respectively).

Among the three diet treatments of 7 ampliceps, a total of 122 genera were identified, and
about one third (3,100/9,147) of the sequences were unclassified. Generally, 81, 56, and 80
genera were identified within the samples of C, W, and F, respectively (Fig. 4b, Online
Resource Table S2). The main genera were similar among the three treatments, but their
relative abundances varied. The genus Treponema was the most abundant one, occupying
54.57, 50.77, and 38.32 % of all the OTUs, followed by Candidatus genus Azobacteroides
(3.07, 3.00, and 2.55 %), Desulfovibrio (1.62, 1.92, and 1.63 %), and Dysgonomonas (1.10,
1.80, and 1.30 %) for W, C, and F treatments, respectively. The other genera presented at
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Fig. 4 Variations of bacterial communities in the gut of T3aitermes ampliceps feeding on three diets with
different lignocellulosic contents. a The variation of core phyla of the gut bacteria. The bars marked with
different letters for the same bacterial phylum are significant different in the abundance based upon the statistical
analysis (p < 0.5). b Heat map presenting the variation of core genera of gut bacteria in different treatments
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relative abundance <0.87 % (Fig. 4b, Online Resource Table S2). The main differences among
the three treatments were that higher abundance of Treponema (54.57 %) and lower abundance
of Dysgonomonas (1.10 %) were found in W than in the other two. In addition, 39 minor
genera were found only in C or F, but not in the wood-fed populations (Fig. 4b, Online
Resource Table S2). Lower abundances of Treponema (38.32 %) and Dysgonomonas (1.30 %)
differentiated the F treatment from C (50.77 and 1.80 %, respectively). The other differences
were found in the minor genera, such as rare Pseudomonas (0.07 %) and Acinetobacter
(0.03 %) in W, but little bit abundant in C (0.73 and 0.38 %, respectively) and F (0.63 and
0.54 %, respectively); absence of za29 and presence of Chitinophaga in C; absence of
Flavobacterium and Stenotrophomonas in W. These differences demonstrated that the diet
characters might have regulated the gut core bacterial community structure of the termite
species after 2 weeks of feeding.

Functional Implications of the Different Diets

For T. ampliceps fed with three kinds of lignocellulosic diets, 27 types of bacterial metabolic
activities (phenotypic category of metabolism) were identified (Fig. 5). The abundances for
different metabolic types, especially the nitrogen cycle, sulfur cycle, and degrading bacteria,
varied among different treatments (Fig. 5). In general, the nitrogen-fixing bacteria were the
most abundant group (with relative abundance of 2044 %), followed by ammonia oxidizer
and dehalogenation (about 12 %). Sulfate reducer, nitrite reducer, sulfide oxidizer, and
aromatic hydrocarbons degrader represented the third level of abundance (4-7 %), whereas
those of denitrifying, dinitrogen-fixing, and streptomycin producer were low (approximately
0.1 %; Fig. 5). Comparing the three treatments, the microbiota in F were characterized by the
lower nitrogen-fixing and the greater sulfate reducer, nitrite reducer, sulfide oxidizer, aromatic
hydrocarbons, xylan degrader, etc., that was significantly different from those in the C and W
treatments.

Discussion

According to the previous studies [3, 10, 34], the synergistic association with protozoans and
bacteria is essential for the lower termites to digest the ligniocellulos. Although flagellates have
been believed to play an important role in the lignocellulose degradation based upon their
dense colonization and production of multiple enzymes in the gut of lower termites [34, 35],
the endophytic bacteria in the gut are also important in order to maintain the gut environment,
such as producing acetate by recycling H, and CO, produced by the flagellates, consuming O,
and fixing nitrogen [36]. Considering that the different diets may change the gut environments,
such as C/N ratio, composition, and intermediate metabolites, the shifting in bacterial com-
munity is expected corresponding to the diet change. In the present study, we fed the termite
2 weeks and analyzed for the first time the response of gut bacterial communities in
T. ampliceps to three different lignocellulosic diets. The high coverage values (0.94-0.98;
Table 1) and the well clustering of bacterial communities from the three subsamples for each
diet in PCA (Fig. 2) demonstrated that most of the gut bacteria associated with the sampled
termites have been detected and the methods in this study were reproducible.

In general, the structure composition of gut microbiota characterized by predominant phyla
Spirochaetes (56.2 %), Proteobacteria (12.6 %), Firmicutes (8.2 %), and Bacteroidetes (6.3 %)
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Fig. 5 Relative abundance of putative metabolic groups in termite gut microbiota of T3aitermes ampliceps
feeding on three diets with different lignocellulosic contents. To probe the microbial metabolic and functional
pathways, the OTUs were automatically taxonomy-to-phenotype mapped using approximately 20 different
phenotypic categories in METAGENassist (http://www.metagenassist.ca/METAGENassist/faces/Home.jsp).
The comparison was conducted at phylum level. The significantly varied metabolic groups among the three
treatments were marked with * (p < 0.05) or *** (p < 0.001). T*-F shows T. ampliceps feeding on filter paper,
T*-C shows T. ampliceps feeding on corn stover, and 7*-W shows 7. ampliceps feeding on wood

in T ampliceps gut (Fig. 4a) was similar to that reported previously for another wood-feeding
lower termite R. flavipes [9, 20, 21]. However, the dominance of Proteobacteria (12.6 %) and
the relative abundances of the other dominant phyla in 7" ampliceps were differed from the gut
microbiota of R. flavipes [9, 20, 21]. These variations may be related to the differences of the
diet habits, environmental factors, or genetics of their hosts, as reported previously [16, 17,
21]. The dominance of Spirochaetes (mainly 7reponema) was common in the gut microbiota
for both the lower and the higher termites [7, 9, 20, 21, 37], implying that bacteria in this
phylum may play important role in the life of termites. In addition, the absence of
Fibrobacteres in the lower termite but as the second abundant phylum in higher termite
(13 %) [7, 37] could be a microbial marker to differentiate the lower and higher termites.

In the present study, we focused on the effects of diet lignocellulosic composition on the gut
microflora. The significant variation in 58.4 % of OTUs in the gut bacteria (Fig. 2b) is an
evidence that 2 weeks of feeding was sufficient to cause the detectable shifting in gut
microbiota of 7. ampliceps. Our results confirmed the previous reports that microbial com-
munities are considered sensitive to environmental perturbation, including diets [3, 4, 20], and
that the conclusion of Boucias et al. [21] was a feeding time-depending event. Thus, we can
consider that altering diet composition would impact gut microbiota composition. Interesting-
ly, the significantly lower diversity in gut bacteria of 7. ampliceps fed with filter paper than
those in corn stover and wood fed populations and the clustering results (Table 1, Fig. 2) were
consistent with the previous studies that the diets of corn stover and filter paper reduced gut
bacterial richness and diversity in R. flavipe colonies compared to wood diets [20, 21].
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Combining our results with the previous reports, the significantly reduced diversity level of
termite gut microbiota associated with diet without lignin (filter paper) may demonstrate that
more complex synergistic interactions among the gut microorganisms are needed for
degrading the high-lignin-containing materials. Since previous studies have revealed that the
gut microbiota plays an essential role in the life of termites by digesting the food, fixing
nitrogen, and producing amino acids/vitamins etc. [7, 37], the shifting in the gut microbiota
responding to the diet will be discussed in relation to the possible function of the bacteria.

In a previous research, core microbiome was defined as the common bacterial taxa
presented in the guts of different termite species or the same termite fed with different diets,
but the relative abundance of each taxon in the microbiome varied [17, 20, 38]. In the present
study, the majority of detected phyla were shared across all the treatments (60.8 % of phyla,
accounting for 94.9 % of OTUs; Fig. 2; Online Resource Table S2) and the core bacterial taxa
belonged to the phyla Spirochetes (51.19 %), Proteobacteria (15.74 %), Bacteroidetes
(10.28 %), and Firmicutes (6.62 %) (Online Resource Table S2).

In particular, the relative abundance of Spirochaetes was reduced while Proteobacteria and
Bacteroides increased in the gut microbiota when the lignin content in the diet decreased
(Figs. 3 and 4). Our data reinforce previous findings that phylum Spirochetes played an
important role in plant lignocelluloses degradation in the lower termite guts [17, 20, 38].
However, no known gene directly involved in the lignin degradation was detected in
metagenomic analyses of several higher termites, and the release of cellulose and hemicellu-
loses from the lignocellulose was estimated to be performed by the termites in their alkaline
parts of gut [3, 37]. Therefore, the lignocellulose-degrading ability of gut bacteria in the lower
termites needs further study.

The graduate decrease of Spirochetes (mainly 7Treponema) in C and F might be indirect
evidence that these bacteria were important in both the hemicelluloses and lignin degradation
(Fig. 3). According to the metagenomic studies [7, 37], Treponema belonging to the most
abundant phylum Spirochetes is responsible for transformation of H, and CO, into acetate,
that is the main source of carbon and energy for termites. The majority of glycoside hydrolase
(GH) catalytic domains in a termite were encoded by treponemes [37]. Therefore, it is
reasonable that Treponema is detected as one of the most abundant bacterial groups in the
guts, despite the phylogeny of termites. In the present study, another main genus was Za29 that
has been classified as Spirochaeta and presented greater abundance in treatment F than in W
and C. Although its physiological features are not known, a related strain SPN1 presented
several enzyme activities involved in degradation of cellulose [39].

In the phylum Bacteroidetes, three genera, Candidatus genus Azobacteroides,
Dysgonomonas, and Sphingobacterium, were found in the top 11 genera in the gut microbiota
(Fig. 4). Azobacteroides is a bacterium coupled N, fixation to cellulolysis within protist cells
in termite gut [40]. The abundance of Azobacteroides was constant in all the three treatments,
implying that it was not directly participated in the polymer degradation. The genome analysis
of this bacterium demonstrates that it is able to fix nitrogen, to synthesize amino acids/
cofactors, to recycle the waste of protist (urea and ammonia), to ferment the monomers
(glucose, xylose, and hexouronates) produced from lignocellulose degradation by protist,
and to uptake H, produced from lignocellulose degradation and nitrogen fixation [40]. In
contrast to Azobacteroides, genus Dysgonomonas increased its relative abundance in treat-
ments C and F than that in W (Fig. 4b). Two species in this genus, D. macrotermitis [41] and
D. termitidis [42], have been described for isolates from termite guts and they are able to
ferment soluble starch, xylan, pectin, CM-cellulose, and aesculin. So, the enhanced abundance
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of this genus or total Bacteroidetes might be a response to the increase of cellulose in the diet
of termite. Abundance of Sphingobacterium was significantly greater in treatment F than in W
and C, and it has been isolated as cellulolytic bacterium from gastrointestinal tract of snail [43].

Candidatus genus Tammella and TGS (a group specific to termite gut) are members of
recently recognized phylum Synergistetes that harbors some anaerobic, Gram-negative rod/
vibrioid bacterial groups. The physiology of Tammella is not known, but its function as the
motility ectosymbiont of the termite gut flagellate Caduceia versatilis has been confirmed
[44]. Since the relative abundance of Tammella is constant in all the three treatments, it may
not be related to the degradation. Different from Tammella, the relative abundance of TGS was
gradually increased in treatments W, C, and F (from 0.46 to 0.59 and 0.87 %), which might be
related to the degradation of cellulose, but it is only an estimation since no phenotypic features
is available for this genus [9].

As a member of Proteobacteria, the detection of greater abundances of Desulfovibrio,
Pseudomonas and Acinetobacter in treatments C and F than in W might related to their
degradation ability of hemicellulose and cellulose. Pseudomonas as a dominant cellulolytic
group has been isolated from snail gastrointestinal tract [43] and degradation of various
compounds has also been reported for them [45]. Similar to Pseudomonas, Acinetobacter
strains are also frequently isolated as crude oil and/or lignocellulose degrading bacteria [46,
47]. Desulfovibrio is a well-known anaerobic degrader and it has been isolated from
lignocellulose-degrading consortia [48]. Based upon it physiological features, these bacteria
may not directly degrade the lignocelluloses, but it can remove the inhibition of organic acids
to the lignocelluloses degradation by anaerobic respiration. Therefore, it is possible that these
genera also participate directly or indirectly in the degradation of lignocelluloses, especially the
hemicelluloses and cellulose, inside the gut of termite, since Proteobacteria is an abundant
phylum and were enriched by the low-lignocellulose diets in treatments C and F.

Belonging to Tenericutes, Mycoplasma has been reported mainly as pathogen for animals
and human. Because of the small size of the genome, its degradation ability is limited and its
function in the termite gut is unknown. The constant abundance of Tenericutes in the three
treatments of the present study implied that this group may not be related to the degradation.

In addition to the mentioned phyla and genera above, the other bacteria detected in the
termite gut may also play some important roles in maintaining the efficiency of degradation
and transformation in the gut system. No abundant genus was detected in Firmicutes, although
it was the fourth abundant phylum. The decrease in treatment C and increase in treatment F
demonstrated the possibility that this group was inhibited by hemicellulose, but enriched by
cellulose. In the anaerobic conditions, the main Firmicutes is Clostridia, which contained some
lignocellulosic [47] and cellulolytic [49] hydrolyzing members. In higher termites, most of the
xylanase (hemicelluloses-degrading) genes (GH11 family) were assigned to Firmicutes [37].
The higher abundance of Firmicutes detected in treatment F than in treatments W and C
demonstrated the possibility that Firmicutes may not be the main hemicelluloses degrader in
T ampliceps gut. In the higher termites, some cellulose-degrading genes (cohesins and
dockerins) were affiliated to Clostridia [37], but these bacteria were decreased in the C
treatment and were not presented as the main genera (Fig. 4). In addition, no Clostridium-
related cellulase gene GH5 was detected in the metagenomic study [7]. Therefore, further
study is needed to confirm the cellulose degrading activity of clostridia in termite gut.

Because of the absence of information about the metabolic functions of the bacterial genus
or OTUs in the gut of lower termites, the shifting in functional groups of termite gut microbiota
associated with the dietary lignocellulose composition was estimated using the 20 different
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phenotypic categories in METAGENassist (http://www.metagenassist.ca/METAGE382
Nassist/faces/Home.jsp) as references.

The variation of microbial functional groups in 7. ampliceps was highly correlated with the
termite diet types (Fig. 5). As the cellulose content increased in the diets, the relative
abundances of phyla with cellulose degradation and xylan degradation functions also increased
in the gut of 7 ampliceps. Thus, the diets tune the functions of the microbes in the termite gut
and correspondingly their biomass degradation capability. The finding of changes in enzyme
activities responding to the diet features [19, 22] could be evidence for this estimation. Recent
studies showed that bacteria from the phyla Firmicutes [1, 50], Proteobacteria [50],
Armatimonadetes [51], and Spirochaetes [52] may have important roles in lignin degradation,
and they were also the abundant ones in the wood treatment in the present study. This may
facilitate the identification of strains related to lignocellulose degradation, i.e., the diet-specific
bacterial OTUs may represent organisms with the ability to degrade lignin. These diet-
dependent taxa may have unique selective effects on each biomass type processed by termite
gut bacterial communities [1].

The diet-driven changes in termite gut bacterial communities and the decrease of diversity
along with the decreased content of lignin in diets may be explained as the recalcitrance of diets
relate to gut bacterial richness and diversity by impacting the potential for niche differentiation.
The recalcitrance of plant cell walls to efficient deconstruction to simple sugars could be
efficiently performed by enzymatic decay of biomass of microbial communities existing in
soils, swamps, and the guts of wood-eating worms and termites [53]. For instance, the
recalcitrance index (RI) values decreased in the order of softwood (0.87), hardwood (0.56),
and comn stover (0.26) due to their different lignin content (the order of 25-35, 18-25, and 17—
21) [54]. Among the substrates tested here, filter paper is only composed of cellulose, with a
bundle of linear poly [3-1,4-glucan chains organized by H-bonding networks. The recalcitrance
of wood and corn stover extending far beyond filter paper, with cross-linking of these matrixing
polymers (cellulose, hemicelluloses, pectins, and lignins), could result in the elimination of
water from the wall and that such dehydration could alter the structure of the cellulose fibrils
[53]. Filter paper diets with low recalcitrance may lead to quick exclusion of some bacteria
competing for the same homogenous substrates; so, rapid degradation of biomass could be
accomplished by a decreased number of microbial taxa. This may explain the lower gut
bacterial richness and diversity for termites fed with filter paper compared to corn stover and
wood diets. In addition, plant secondary metabolites, including alkaloids, phenolic, and essen-
tial oils compounds, could act as inhibitors against some members of the gut microbiome [55];
the diet-specific bacterial OTUs may represent organisms with the capacity to detoxify some of
these secondary metabolites, including degrades aromatic hydrocarbons, sulfate reducer and
sulfur reducer, and so on (Fig. 5). However, microbial functions do not offer a clear explanation
for the varied richness and diversity of termite gut bacterial communities.

In conclusion, experiments on 7. ampliceps using different lignocellulosic diets showed that
the dietary lignocellulose composition partially shaped the termite gut microbiota, and the gut
microbial diversity of T ampliceps feeding with filter paper diets was significantly lower than
that in 7 ampliceps fed with corn stover diets and wood diets. The majority of bacterial taxa
were shared across all diets, but each diet significantly enriched certain taxa. These results have
important implications for sampling and analysis strategies to probe the temporal and epide-
miological features of termite gut microbiota and to unveil the intimate co-evolution of insect
hosts and their gut microbiota. These findings contribute important new knowledge enhancing
our understanding of termite symbiosis and symbiont-assisted lignocellulose digestion.
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