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Abstract

The microbiome in the hindgut of wood-feeding termites comprises various species of bacteria, archaea, and protists. This
gut community is indispensable for the termite, which thrives solely on recalcitrant and nitrogen-poor wood. However, the
difficulty in culturing these microorganisms has hindered our understanding of the function of each species in the gut.
Although protists predominate in the termite gut microbiome and play a major role in wood digestion, very few culture-
independent studies have explored the contribution of each species to digestion. Here, we report single-cell transcriptomes of
four protists species comprising the protist population in worldwide pest Coptotermes formosanus. Comparative
transcriptomic analysis revealed that the expression patterns of the genes involved in wood digestion were different among
species, reinforcing their division of roles in wood degradation. Transcriptomes, together with enzyme assays, also suggested
that one of the protists, Cononympha leidyi, actively degrades chitin and assimilates it into amino acids. We propose that
C. leidyi contributes to nitrogen recycling and inhibiting infection from entomopathogenic fungi through chitin degradation.
Two of the genes for chitin degradation were further revealed to be acquired via lateral gene transfer (LGT) implying the
importance of LGT in the evolution of symbiosis. Our single-cell-based approach successfully characterized the function of
each protist in termite hindgut and explained why the gut community includes multiple species.

Introduction

Wood-feeding termites harbor a complex symbiotic system in
their gut, comprising various microorganisms from three
domains of life [1]. It has long been recognized that the
microbiome in the termite gut is essential to the host thriving
only on dead wood, which is recalcitrant for digestion and
poor in nitrogen. Their ability of efficient lignocellulolysis
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makes termites a keystone in the global carbon cycle. How-
ever, the detailed function of each microbial species in the
termite gut has not yet been elucidated because most of them
are very difficult to culture in laboratories. About a decade
ago, the sequencing of two bacterial symbiont genomes was
achieved by uniting whole genome amplification and next
generation sequencing (NGS) techniques [2, 3]. Since then,
several symbiotic bacterial genomes in the termites have been
analyzed from a small number of, or even single cells [4-6].
These studies have shed light on their contribution to the
symbiotic system by different means, such as nitrogen fixa-
tion, amino acid/cofactor synthesis, reductive acetogenesis,
and partial participation in lignocellulose digestion. In con-
trast to progress on bacterial sequencing, NGS of individual
termite gut protist (unicellular eukaryote) species, which
belong to either the phylum Parabasalia or the order Oxy-
monadida (phylum Preaxostyla), have not been reported—
although protists occupy the large volume of the microbiome
and actively ingest wood particles [7]. At present, only a
handful of protist genes for wood decomposition (e.g.,
endoglucanase, cellobiohydrolase, and xylanase) and phylo-
genetic marker (e.g., genes for small subunit of rRNA,
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a-tubulin, and elongation factor la) are identified their
organismal origin [8—13] except oxymonad Streblomastix
strix of which a draft genome was recently sequenced [14].
Meta-omics analyses in the previous studies revealed the
series of genes for wood digestion but the “owner” of them
cannot be determined [15-17]. The hypothesis that each
protist species has a different role in wood decomposition and
that lignocellulose is completely degraded by their colla-
borative work is attractive for explaining the population
complexity in the termite gut. Therefore, data obtained from
each species of microbiome are highly desirable, which may
give us further clues to infer other roles of protists in the
termite gut besides digestion.

Coptotermes formosanus is one of the most hazardous and
broadly distributed pest species [18]. Based on morphology,
the protists in C. formosanus are classified into three species
belonging to phylum Parabasalia [19]: Pseudotrichonympha
grassii, Holomastigotoides hartmanni (commonly confused
with H. mirabile), and Cononympha leidyi (previously called
Spirotrichonympha leidyi [20]). The spatially different dis-
tribution of three species in the hindgut enabled to roughly
assess the ability of each species for wood digestion [21, 22].
Biochemical experiments and identification of the organismal
origins of genes for wood degradation supported the concept
of the division of role. For example, P. grassii was found to
encode a cellobiohydrolase and decompose high-molecular
cellulose in the entrance of hindgut [10, 23] while xylan is
mainly degraded by H. hartmannii with its xylanase [12].
However, lignocellulose consists of heterogenous compounds
besides cellulose and xylan [24]. Moreover, metatran-
scriptome studies showed the presence of various genes of
glycoside hydrolase families of which organismal origins are
remain to be unassigned [15-17].

In this study, we performed single-cell transcriptomes
targeting the protists in C. formosanus for further investiga-
tion of their functional potentials. Comparative analysis of the
transcriptomes showed different expression patterns of genes
involved in lignocellulose digestion among the protist species
and enabled to overview the whole image of division of roles
in wood degradation. We also propose a possible contribution
of C. leidyi to nitrogen recycling and/or host defense against
fungal infection through chitin degradation.

Materials and methods

Libraries preparation for single-cell transcriptome
and sequencing

The termite C. formosanus was collected at Ishigaki Island,
Okinawa, Japan. The gut of termite was pulled out with
sterilized forceps and suspended in 0.46% NaCl. A protist
single cell was manually picked into a drop of 0.46% NaCl
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and washed by transferring another drop of NaCl three times.
A washed cell was then transferred in 0.4 ul of 0.5% NP-40
and submitted to cDNA synthesis and amplification, accord-
ing to the Quartz-seq protocol [25]. Libraries for the Illumina
sequencing platform were prepared from the purified cDNAs
using a Nextera XT DNA Library Preparation Kit following
the manufacturers’ instructions. Sequencing was preformed
using MiSeq with MiSeq Reagent Kit v2. After the orga-
nismal origin of each library was re-determined (see below),
three representative libraries were selected for each species
and deeply sequenced by HiSeq 2500 with HiSeq SBS Kit
v4. The raw data of single-cell transcriptomic generated in
this study were deposited BioProject accession under
PRIDB8546. The decontaminated assemblies and the pre-
dicted gene models are available at Dryad Digital Repository
(https://doi.org/10.5061/dryad.05.qfttf04).

Inspecting the organismal origin of single-cell
transcriptome libraries

The organismal origins of libraries were initially assigned to
P. grassii, H. hartmanii, and C. leidyi based on cell mor-
phology. Considering that the previous study indicated further
protist diversity in C. formosanus [26], the organismal origins
of libraries were investigated using the data generated from
MiSeq. The generated FASTQ files underwent primer
removal and quality trimming by Trimmomatic [27]. The
trimmed FASTQ of all libraries were concatenated into one
file, irrespective of the putative taxonomic assignment, and
assembled by Trinity v2.5.1 [28]. The redundancy of the
contigs was reduced by CD-HIT clustering with 95% simi-
larity [29]. The nonredundant contigs were quantified for
individual libraries by bowtie2 [30] and RSEM [31] using the
script provided with Trinity. The genes for the eukaryotic
ribosomal proteins were searched by BLASTX [32]. The
organismal origins of libraries were re-identified based on
expression value of contigs encoding the eukaryotic marker
gene. The sequences used as query in BLAST are summar-
ized in Supplementary Table 1.

Fluorescence in situ hybridization (FISH)

FISH was performed as described previously [33] with
slight modifications. The detailed protocol is described in
the Supplementary material. Color modification of the
obtained images and analysis of cell size were performed
using ImageJ software [34].

Bioinfomatic analyses of deeply sequenced
transcriptomes

The FASTAQ files generated from HiSeq were concatenated by
species. Quality trimming and assembly was performed as
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described above. Gene models of each species were predicted
from the resultant assembly using TransDecoder (https:/
github.com/TransDecoder/TransDecoder/wiki) and annotated
by KAAS [35]. The gene models were also submitted to a
BLASTP [32] search in the NCBI nonredundant database.
The contamination, completeness, and reproducibility of
transcriptomes were assessed as described in Supplementary
material.

The genes for carbohydrate-active enzymes (CAZYs)
were searched by dbCAN?2 [36] with manual curation. The
genes classified to Glycoside hydrolase family 7 (GH7)
were further classified into endo-p-1,4-glucanase or cello-
biohydrolase based on sequence alignment [37]. The spe-
cificity of the other GH genes was inferred according to the
homologs of which substrate were enzymatically identified.
The comparison of the highly expressed GHs among the
protists was performed as described in Supplementary
material.

Enzyme assay

The crude enzymes extracted from the protist pellets from
the anterior and posterior parts of the hindgut were sub-
jected to chitinase assays. The detailed procedure is
described in Supplementary material.

Identification of the protist origin of the putative N-
acetyl glucosamine deacetylase (nodB) gene

Whole-cell in situ hybridization was performed to confirm
that nodB gene was encoded by C. leidyi. The procedure
of in situ hybridization was performed according to the
previous study [38] with oligonucleotide probe (5’
CTGCGTATCCTCACTCTGCGAC-3") attaching digox-
igenin (DIG) to its 5’ end. The specificity of the probe was
checked as described in FISH probes (see Supplementary

Fig. 1 Symbiotic protists in Coptotermes formosanus. Bright-field
images of (a) Pseudotrichonympha grassii, (b) Holomastigotoides
hartmanni, and (¢) Cononympha leidyi. d Fluorescence in situ hybri-
dization simultaneously (FISH) staining two distinct Holomastigo-
toides. The oligonucleotide probes are specific to H. hartmanii
(Texas red, shown in cyan) and the undescribed Holomastigotoides

material). The hybridization signal was detected using
alkaline phosphatase-conjugated anti-DIG antibodies with
colorimetric substrate. We also checked the poly A tail of
nodB mRNA by 3’ RACE with oligo (dT) primer to confirm
that the gene encoded by eukaryotic organisms.

Phylogenetic analyses

The maximum-likelihood (ML) analyses of chitinase and
nodB genes were conducted as described in Supplementary
material.

Results

Identification and characterization of new symbiotic
protist species in Coptotermes formosanus

In total, 17 libraries of single-cell transcriptomes were
prepared from a protist cell in C. formosanus and sequenced
by Ilumina MiSeq platform. The generated reads were
concatenated and assembled together. Based on morpholo-
gical observation, Koidzumi [19] reported C. formosanus
harbors P. grassii, H. hartmanni, and C. leidyi (Fig. la—c).
However, the later study indicated the existence of an
additional Holomastigotoides species [26]. Therefore, we
investigated organismal origin of libraries from the
expression value distribution of the genes for the eukaryotic
ribosomal protein in each library. Coinciding with the pre-
vious study, the expression patterns of the ribosomal protein
genes classified each library to P. grassii, H. hartmanni, C.
leidyi, or the undescribed Holomastigotoides (Supplemen-
tary Fig. 1). To characterize the undescribed Holomastigo-
toides, we performed whole-cell FISH using specific probes
for the two Holomastigotoides species and successfully
distinguished them (Fig. 1d). Although the morphological
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(6-carboxyfluorescein, shown in pink), respectively. Yellow and blue
arrows indicate the cells of P. grassii and C. leidyi, respectively. e Size
distribution of H. hartmanni and the undescribed Holomastigotoides.
Cyan and pinks dots represent the cell size of H. hartmanni and the
undescribed Holomastigotoides, respectively.
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characteristics delineating the two Holomastigotoides species
could not be found under FISH imaging, they showed dif-
ferent size distributions (Fig. le). The cells of H. hartmanni
were 34-223 um in length by 21-64 pm in width, with the
respective averages+SD of 112+41 and 75+26pum (n=
658 cells), whereas those of the other species were 23-117
ym in length by 24-109 ym in width, with the respective
averages £ SD of 60+20 and 61 %17 pum (n=497 cells).
Their average cell size was also significantly different
(Welch’s t-test, p<1.22E—115 and < 4.82E—29 for length
and width, respectively). Considering differences in SSU
rRNA [26] and cell size, we designated the undescribed
Holomastigotoides as Holomastigotoides minor sp. nov.

Deep sequencing of single-cell transcriptome and
quality assessment

As our single-cell transcriptomic libraries appeared to be
successfully constructed, we selected three representative
libraries of each protist species for further sequencing by
Hiseq 2500. The generated reads from 12 libraries were
concatenated by species and assembled (Supplementary
Fig. 2a). As indicated by Supplementary Fig. 1, the tran-
scriptomes contain reads from nontargeted protists, parti-
cularly among small species. The transcriptomes can also
include the reads from bacteria because the termite gut is
filled with bacteria and the gut protists also harbor dense
colonization of ecto- and/or endosymbiotic bacteria. To
assess the contamination, all the reads were concatenated by
species and aligned with all the assemblies (Supplementary
Fig. 2b). The contigs that aligned with reads from the
nontarget species were regarded as contamination. The pair
plot of the normalized read counts showed that, although
there was a substantial amount of contamination (except for
the assembly of P. grassii) most were derived from bacteria
and their abundance was low (< 30 counts per million reads,
corresponding to ~1.5 in pair plot axes; Fig. 2 and Sup-
plementary Figs. 3-6). The contamination from nontarget
protist could also be easily assigned to one species because
most of the normalized read counts of the contigs derived
from the targeted protists were ten times higher or more
than those derived from contamination (Fig. 2 and Sup-
plementary Figs. 3-6). A summary of the pre and post-
decontaminated assemblies, is shown in Table 1. We were
conscious of the fact that the trimmed assemblies could still
include some contamination from bacteria due to the limited
information of genome sequences of gut bacteria. There-
fore, we considered the possibility of persisting bacterial
contamination throughout the downstream analyses.
Another problem of single-cell transcriptome analysis is
that it is not always comparable to the transcriptome using a
large amount of starting material with respect to the com-
pleteness and reproducibility [39, 40]. To evaluate the
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completeness of assemblies, we defined 226 genes as the
gene set conserved in Parabasalia, based on BUSCO dataset
of version 3 [41]. After removal of contamination, 126—198
marker genes were detected in our assemblies, corre-
sponding to 51-79% completeness (Table 1, Supplementary
Tables 2 and 3). The completeness of the P. grassii
assembly was much higher than those of the others, prob-
ably due to its much amount of mRNA within their large
cells [40].

The reproducibility among libraries targeting the same
species was evaluated by aligning the assembly with the
reads that generated themselves (Supplementary Fig. 2c)
and calculating trimmed mean of M value (TMM). Figure 3
and Supplementary Figs. 7-10 show that the contigs with
low TMM were unstable between replicates, as reported in
previous studies [39, 40]. These variants of TMM among
replicates are thought to be derived technical or stochastic
factors due to the small amount of RNA in the starting
material, rather than biological differences. In contrast, the
highly expressed contigs showed an obvious correlation in a
pairwise comparison, indicating their confident reproduci-
bility. In addition to the reliable reproducibility, the contigs
with high TMM were devoid of bacterial contamination.

Taking these facts together, our assemblies, derived from
three single cells, captured at least half of the whole tran-
scriptomes and could be used to infer the major functions of
each protist as well as the expression abundance. Hereafter,
we regarded genes with TMM > 100 in at least two of three
replicates as the highly and stably expressed genes and use
for the inference of protist functions in the termite gut.
Focusing on the highly expressed genes is also helpful to
evade amplification bias generated in cDNA synthesis from
single cell [42].

Differential expression pattern of genes involving
lignocellulose digestion among symbionts in C.
formosanus

A series of CAZY were detected from the transcriptome of
all species, including those involved in cellulose, hemi-
cellulose, and pectin degradation (Supplementary Table 4).
The expression heatmap of the GHs (Fig. 4) indicated that
some GHs were highly expressed in multiple species,
whereas the expression of other GHs varied among them,
prompting us to determine their division of roles. Indeed,
some GHs that show species-specific expression have
unique substrates. For example, P. grassii and C. leidyi
highly express the genes for mannanase (GH26), and/or
mannosidase (GH2 and GH92). These GHs degrade glu-
comannan with endo-p-1,4-glucanase. The extremely high
expression of cellobiohydrolase (GH7) in the P. grassii
transcriptome suggested that P. grassii actively degrades
crystalline cellulose. This is consistent with the previous
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Fig. 2 Comparison of the abundance of the contaminated contigs.
The x and y axes represent log;, (normalized read counts + 1) of the
contig in the respective libraries. Blue and orange dots represent
bacterial and parabasalian contigs, respectively. a Pair plot comparison
of cross-contaminated contigs assigned to Bacteria or Parabasalia
between the libraries targeted Pseudotrichonympha grassii (Pg) and
Holomastigotoides hartmanni (Hh). b Pair plot comparison of all the
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contaminated contigs between Pg and Hh libraries. ¢ Pair plot com-
parison of the cross-contaminated contigs assigned to Bacteria or
Parabasalia between the Cononympha leidyi (Cl) and Hh targeted
libraries. d Pair plot comparison of all the contaminated contigs
between CI and Hh libraries. All of the pairwise comparisons between
libraries of different species are given in Supplementary Figs. 3-6.

Table 1 Summary of
transcriptomes of the protists in
Coptotermes formosanus.

No. of contig No. of CDS

Before® After® Before® After® Completeness®
Pseudotrichonympha grassii 41,010 39,825 27,864 27,334 79.2% (179)
Holomastigotoides hartmanni 123,108 108,262 87,978 57,788 54.4% (123)
Holomastigotoides minor 98,635 70,088 47,872 43,317 51.3% (116)
Cononympha leidyi 69,830 51,266 29,500 35,949 53.1% (120)

Each transcriptome was assembled from the paired-end reads generated from three single-cell libraries. The
number of contigs and CDSs longer than > 300 bp and CDS > 100 amino acids, respectively are shown.

*The number of contigs and CDSs in assembly before removal of contamination.

The number of contigs and CDSs in assembly after removal of contamination from bacteria and nontarget protists.

“The ratio of the detected marker gene to those of Trichomonas vaginalis. The numbers of the detected
marker genes are shown in parentheses.
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Fig. 3 Comparison of trimmed
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study which suggested that wood particles that arrive at the
hindgut were first attacked by the cellobiohydrolase of P.
grassii inhabiting the anterior hindgut [21-23, 43]. a-L-
arabinoside residues in arabinoxylan and arabinogalactan
are released by enzymes of subfamily 2 of GH43 in H.
hartmanni and C. leidyi. Although H. minor and C. leidyi
showed active expression of PL1, PL1 alone is not enough
to decompose pectin that consists of complex poly-
saccharides and the role of PL1 is uncertain [44].

In contrast, galactosidase, endo-p-1,4-glucanase, and
xylanase were encoded by all protists, suggesting that they
can all attack the galactose residues in galactoside, as well
as the 1,4-p-D-glucosidic linkages in cellulose and xylan.
Interestingly, the GH targeting these common substrates
and their expression levels, were not always shared among
protists. The striking example is xylanase belonging to the
GHI10 and GH11: P. grassii showed high expression levels
of GH10, whereas H. hartmanni and H. minor highly
expressed the genes for GH11 xylanase. C. leidyi showed
only a low level of expression of GH10 family xylanase and
no GH11 gene was detected. The previous study insisted
that Holomastigotoides plays a primary role in xylan
degradation with GHI11 [12] but their evidence did not
exclude the existence of another xylan feeder. In fact, our

SPRINGER NATURE
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results suggested that P. grassii also highly express the gene
for GH10 of which activity to wood xylan were reported
[16]. The functional difference between GH10 and GHI11
was not evaluated in this study but it can be found in
substrate specificity as suggested in elsewhere [45, 46].

Lignin is another main component of wood and it is still
under controversy how wood-feeding termites overcome the
lignin barrier for cellulose utilization [7]. Lignin degrading
enzymes, for example, those belonging to Auxiliary
Activity family 3 (AA3), AA4, and AAS8, were not detected
from any transcriptomes.

Chitin degradation by C. leidyi and the evolutionary
origins of chitinase and nodB

The GH expression heatmap indicated that C. leidyi actively
expresses chitinase genes (GH18, Fig. 4). Indeed, the GH18
includes the genes with the highest expression of those
belonging to GHs in the C. leidyi transcriptome (Supple-
mentary Table 4d). We also assessed the actual enzyme
activity using three kinds of chitinase substrate. We col-
lected protist cells separately from the anterior and posterior
of the hindgut and successfully prepared fractions that
showed different protist composition (Table 2). The
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Fig. 4 Distribution of glycoside hydrolase (GH) and pectin lyase
(PL) families in the transcriptome of the four symbiotic protists in
Coptotermus formosanus. The color intensity of the heatmap shows
the expression level of the GH/PL family. The expressions are
represented by the average of trimmed mean of M (TMM) of the gene
for the GH/PL family in the three cells. GH/PL family was sorted
according to the result of clustering. The predicted activities of each
GH/PL family are shown. GH/PL families digesting cellulose, hemi-
cellulose, pectin, and fungal cell walls are indicated by an asterisk,
dagger, double dagger, and section, respectively. White circles indicate
GH/PL families that include the gene(s) of which TMM is larger
than 100 at least in 2 of 3 replicates. Pg, Hh, Hm, Cl represents
Pseudotrichonympha grassii, Holomastigotoides hartmanni, Holo-
mastigotoides minor, and Cononympha leidyi, respectively.

Table 2 Fractionation of protist density in the anterior and posterior
gut content of Coptotermes formosanus.

Cell density (104 cells/ml)

Species Anterior Posterior
Pseudotrichonympha grassii 5.63 0.5
Holomastigotoides spp.* 2.75 2.15
Cononympha leidyi 1.86 2.50

4As Holomastigotoides hartmanni and H. minor are difficult
to identify, the cells of Holomastigotoides were counted as
Holomastigotoides spp.

posterior fraction showed significantly higher chitinase
activity than the anterior, for all assayed chitinase substrates
(Table 3). Cells of Holomastigotoides were equally found

Table 3 Chitinase activity of protists collected from the anterior and
posterior gut of Coptotermes formosanus.

Chitinase activity (U/g+SD, n=3)

Substrate Anterior Posterior p value
pNP-(GIcNAc) 5.16 £0.40 12.8 £0.56 < 0.006
pNP-(GIcNAc),  0.62+0.01 0.88 +0.04 < 0.022
pNP-(GIcNAc);  0.33+0.02 0.75 +0.06 < 0.011

Every substrate was assayed three times. The activity of posterior
fraction was significantly higher than that of the anterior for all the
tested substrates (Welch’s r-test). Activity unit was defined as
micromoles of the liberated p-nitorophenol per minute per microgram
of the extracted protein. Chitinase substrate, 4-nitrophenyl N-acetyl-f-
D-glucosamide, 4-nitrophenyl N,N’-diacetyl-p-D-chitobioside and 4-
nitrophenyl B-D-N,N’,N”-triacetylchitotriose are shown as pNP-
GlcNAc, pNP-(GLcNAc),, pNP-(GLcNAc)s, respectively. GIcNAc
indicates N-acetyl glucosamine.

between the anterior and posterior fraction. On the other
hand, the posterior fraction contained more C. leidyi cells
than the anterior fraction, whereas the P. grassii cells were
reversely distributed. Thus, the higher chitinase activity in
the posterior fraction is very likely to be caused by the high
density of C. leidyi, consistent with the transcriptome data.

From the transcriptome of C. leidyi, we further inferred
that N-acetyl glucosamine, a degradant of chitin, is con-
verted to ammonium and fructose-6-phosphate, the source
of nitrogen compounds and ATP, respectively, by putative
NodB, hexokinase (HK), and glucosamine-6-phosphate
deaminase (NagB) (Fig. 5a). The four genes involved in
these successive reactions were highly expressed among
three replicates of C. leidyi transcriptomes. The genes for
the chitin degradation pathway were also identified in H.
hartmanni and H. minor, but their expression levels were
not consistently high in replicates of single-cell tran-
scriptomes. P. grassii also expressed chitinase at a low
expression level. Interestingly, BLASTP analyses showed
that chitinase genes of Spirotrichonymphea (H. hartmanni,
H. minor, and C. leidyi) had affinity to those of fungi,
whereas that of P. grassii were similar to those in Tricho-
monas vaginalis, suggesting vertical inheritance from the
common ancestor of Parabasalia. Chitinase genes were also
found from some groups of protists [47-50] but their chit-
inase genes do not show close affinity to the homologs of
fungi and those found in our single-cell transcriptomes. We
further searched chitinase in the available genome/tran-
scriptomes of the metamonada, which contain Parabasalia
and its sister clades [51] but chitinase genes related to fungi,
Holomastigotoides, or C. leidyi were not found. To inves-
tigate evolutional origin of the chitinase genes in Spiro-
trichonymphea, we performed a phylogenetic analysis by
the ML method. The chitinase genes of C. leidyi formed
monophyletic clades, with the sequence reported as the C.
formosanus gene with strong statistical value (99% of
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Fig. 5 Putative chitin degradation pathway in Cononympha leidyi.
a Predicted pathway of chitin degradation inferred from the tran-
scriptome of C. leidyi. b Maximum-likelihood (ML) tree of chitinase.
Only the operational taxonomic units around genes of Coptotermes
formosanus symbionts are shown. The sequences of fungi and C.
formosanus symbionts are indicated by blue and red fonts, respec-
tively. The nodes supporting 100% bootstrap probability (BP) are
indicated by thick branches. The 70-99% BPs are shown on each
node. Asterisks indicate the collapsed node includes a few sequences
from non-Peizomycotina species. The detailed ML tree is provided in
Supplementary Fig. 11. ¢ ML tree of nodB. The sequences from

bootstrap probability, Fig. 5b). The sequence annotated as
C. formosanus in this tree was most likely derived from
contamination with C. leidyi since it was obtained from the
transcriptome using entire termite bodies. The clade of C.
leidyi was nested in fungal sequences. Therefore, the result
suggests that C. leidyi obtained the chitinase genes from
fungi via lateral gene transfer (LGT), although the direct
donor lineage could not be determined from the ML tree. In
addition, chitinase genes of H. hartmanni and H. minor
were included in the fungal clade but located at a separate
position from those of C. leidyi, indicating that they inde-
pendently acquired the chitinase gene by LGT.

We also inferred the phylogenetic tree of nodB genes
because they were not found in the transcriptome of P. grassii
nor the genome and transcriptome of model parabasalids,
such as T. vaginalis and Tritrichomonas fetus. In contrast to
the eukaryotic origin of the chitinase gene, the ML tree of
NodB showed a different perspective. The nodB gene of C.
leidyi was grouped with those of H. hartmanni, H. minor,
Reticulitermes speratus (termite), and Treponema azotonu-
tricium, with maximum bootstrap support (Fig. 5c). The gene
annotated as R. speratus was probably due to contamination
of gut symbionts as well as chitinase assigned to C.
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Peizomyconita*

Ruminococcus sp
Ruminococcus bicirculans
Butyrivibrio sp
Eubacterium sp.

98 Eubacterium siraeum
Ruminococcus sp
7 X
Lachnospiraceae bacterium

Pseudobutyrivibrio xylanivorans
_E uncultured bacterium
99

Herbinix luporum

99

_ 04

Firmicutes are shown in blue. The collapsed clade comprises mis-
cellaneous organisms and the taxon names cannot be given as in (b).
The detailed ML tree is provided in Supplementary Fig. 12. The other
details are the same as described in (b). d Identification of the orga-
nismal origin of nodB. The antisense probe of nodB mRNA with
digoxigenin was hybridized and detected by immunoassay. The signal
was exclusively observed in C. leidyi cells. Yellow, light blue, and
dark blue triangle indicate the cells of P. grassii, Holomastigotoides,
and C. leidyi. Note that it is difficult to classify H. hartmanni and H.
minor, but the cell pointed by light blue is probably H. hartmanni,
judging from its cell size. Arrows indicate debris. Scale bar: 25 um.

formosanus. On the other hand, the gene of T. azotonutricium,
a bacterium isolated from the gut of the termite Zootermopsis
angusticollis [52], is genuinely from the bacterium because it
is encoded in the complete genome of T. azotonutricium. In
order to confirm that the nodB gene was from C. leidyi and
not from contamination of bacteria living in the gut, we
conducted in situ hybridization targeting the nodB mRNA.
The C. leidyi cells were exclusively stained, confirming that
C. leidyi encoded and expressed nodB (Fig. 5d). We also
excluded the possibility that bacteria associated with C. leidyi
express nodB by checking poly A tail of its mRNA. Con-
sidering these facts, we concluded that the common ancestor
of Spirotrichonymphea protists in C. formosanus acquired
the nodB gene from bacterial neighbor, such as that belonging
to Treponema.

Discussion

In this study, we performed single-cell transcriptomes of
the gut protists inhabiting in the wood-feeding termite C.
formosanus where has been believed to harbor only three
protist species for near a century [19]. Despite through
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morphological observation, the existence of hidden Holo-
mastigotoides species were not suggested until molecular
techniques were applied [26]. By using FISH and single-cell
transcriptomes, we clearly showed that C. formosanus
actually harbors two Holomastigotoides species, which is
hardly distinguishable under light microscope except cell
size. This finding enforces the importance of evaluating
microbial diversity in the termite gut using genetic infor-
mation even if the community structure looks simple.

Because lignocellulose is a complex compound that
comprises cellulose, hemicellulose, pectin, and lignin, the
process of wood digestion requires the collaborative action
of various enzymes. Several meta-omics studies of wood-
feeding termites including C. formosanus detected a number
of cellulases, hemicellulases, and pectinases [15-17].
Compared with these meta-omics analyses, our single-cell
transcriptomes of the protist species assigned these genes to
individual symbionts, resulting the reassignment of GHs
that were formerly identified as fungi or bacteria to protists.
For example, GH8 and GH26 were identified as bacterial
origins in the metatranscriptomic study [16] but they are
encoded by P. grassii considering the high and stable
expression in the single-cell transcriptomes. As the genes
involving in wood degradation can be transferred from
bacteria to symbiotic protists in termites [37], similarity-
based taxonomic identification of genes found in meta-
omics should be interpreted with caution. On the other
hands, meta-omics approach using whole gut can circum-
vent some changes in gene expression caused by single-cell
isolation procedure. In this study, the cells of the protists
were released from the gut and washed by pipetting before
the cDNA synthesis, and the influence of this procedure on
gene expression should be evaluated in future.

Our single-cell transcriptomes also showed different
expression patterns of GHs among the protists in C. for-
mosanus, giving new insights to understand the division of
roles in wood digestion. In the previous studies, Holomas-
tigotoides was regarded as a main wood decomposer
because (1) they are equally distributed over the whole
hindgut, (2) their cell number increases with host feeding
activity, and (3) they ingest wood particles even in the P.
grassii-eliminated hindgut [21-23, 43]. The comparative
analysis here suggested that, in contrast to P. grassii,
Holomastigotoides does not degrade hemicellulose com-
ponent of which main chain consists of mannan. Therefore,
a major role of Holomastigotoides in wood digestion can be
derevied from efficient utilization of cellulose and hemi-
cellulose, not accessibility of more various wood compo-
nents. This indicates that the localization of P. grassii at the
entrance of hindgut and utilization of mannose-containing
hemicellulose is to avoid an overlap niche with Holomas-
tigotoides. If so, the division of role in C. formosanus has
been likely evolved from competition, not collaboration.

C. leidyi does not have highly expressed CAZYs digesting
crystalline cellulose and main chains of hemicellulose.
However, it highly expressed the genes for amorphous
cellulose and side chains of hemicellulose. It is not com-
pletely matched with the previous assumption that C. leidyi
is not involved in the wood digestion and nutritionally
dependent on the larger protists [21, 43]. Considering the
highly expressed CAZYs in C. leidyi and the fact that tens
of C. leidyi cells frequently surround a cell of P. grassii or
Holomastigotoides, C. leidyi seems to utilize wood degra-
ded partially by the larger protists. Although a further study
is needed to elucidate the degree of C. leidyi’s contribution
to wood degradation, it surely participates more or less in
wood digestion.

Apart from the genes involved in cellulolysis, it was
revealed that C. leidyi actively expresses genes belonging to
GH18 (chitinase) and those involved in degradation of chitin.
C. leidyi probably converts the chitin degradant to ammo-
nium, then assimilates it into amino acids. Although some
GH18 enzymes show lysozyme activity and the enzyme assay
we performed here cannot distinguish chitinase and lysozyme
activities, we consider that the C. leidyi GH18 works as a
chitinase because of its high similarity to chitinases in fungi,
of which substrates are characterized. The chitin utilization as
a nitrogen source may be essential for C. leidyi to survive in
the termite gut, given that dead wood is very poor in nitrogen
compounds such as amino acids and that C. leidyi does not
possess nitrogen-fixing endosymbiotic bacteria, e.g., Candi-
datus Azobactroides pseudotrichonymphae in P. grassii [3].
There are two possible sources of chitin in termite guts: (1)
shedding skin of termites: it is well observed that the molting
skin of termites is eaten by their nestmates; thus, C. leidyi is
likely to utilize termite skin as a nitrogen source. Nitrogen
compounds in C. leidyi may finally return to the host termites
after it is digested, suggesting C. leidyi’s contribution to
nitrogen recycling in the symbiotic system. (2) The fungal cell
wall: termites are always at the risk of infection from ento-
mopathogenic fungi from their colony environment; however,
infected termites are seldomly found in the field. One of the
reasons for this is that the fungi attached to the termite cuticle
are removed by nestmate grooming and conidial germination
of them is inhibited in the gut [53]. Considering this obser-
vation, we inferred that C. leidyi degrades the cell wall of the
inactivated conidia. Rosengaus et al. [54] also suggested that
B-1,3 glucanases derived from protists degrade glucan,
another main component of fungal cell wall, and contribute to
protection from fungal pathogen. This is consistent with the
high expression level of B-1,3 glucanases (GHS5 and GHS81)
in C. leidyi (Fig. 4 and Supplementary Table 4) and thus we
propose that C. leidyi plays a role not only in nitrogen recy-
cling but also in host defense. Although the localization of
C. leidyi at the posterior hindgut is counterintuitive to this
hypothesis, it is still possible that C. leidyi utilized fungal cell
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wall inactivated by the other symbiont. As a set of genes
involved in the chitin degradation pathway are highly
expressed only in C. leidyi, nitrogen recycling and/or host
defense through chitin degradation is probably a unique
function of C. leidyi in the C. formosanus gut.

The phylogenetic analyses clearly indicated that chitinase
and NodB encoded in C. leidyi were derived from LGT. In
contrast, the genes for NagB and HK, which are responsible
for the downstream step of the chitin degradation pathway,
are most likely inherited vertically from the common ancestor
of Parabasalia. Therefore, laterally transferred genes of sepa-
rate origins could coordinate the existing system to construct
the chitin degradation pathway. Although our transcriptome
analyses of H. hartmanni and H. minor did not show high
expression levels, they both possess all genes for the chitin
degradation pathway, and the phylogenetic analysis indicated
that their chitinase and nodB genes were also derived from
LGT. If H. hartmanni and H. minor as well as C. leidyi
decompose chitin and produce ammonium, the chitin degra-
dation pathway could establish multiple times in the gut of C.
formosanus because evolutionary origins of Holomastigo-
toides chitinase are different from C. leidyi. This assumption
may imply the importance of nitrogen recycling and defense
against fungi in the termite gut. Finally, as the nodB gene was
found in R. speratus where Parabasalia and Oxymonads co-
exist, the chitinase degradation pathway can be carried out in
R. speratus. It is an interesting question as to which species
encodes the genes for chitin degradation, whether their origins
are common in C. formosanus and R. speratus symbionts, and
to what extent the chitin degradation pathway distributes in
the termites, in terms of the evolution of symbiosis in the
termite gut microbiome.

In conclusion, our single-cell transcriptomes showed
differential expression patterns of GHs among protists in the
wood-feeding termite, supporting the concept of their col-
laborative work in wood digestion. In addition to lig-
nocelluolysis, we speculated that one of the symbionts, C.
leidyi, may contribute efficient nitrogen utilization and/or
defense against entomopathogenic infection by degrading
nestmate skin and fungal cell wall. These insights were
achieved by means of single-cell analyses covering all the
members of the population, which is in clear contrast to
metatranscriptomic approaches that do not determine the
exact owners of the genes identified.

Taxonomic summary

Phylum Parabasalia Honigberg 1973; Class Spiro-
trichonymphea Grassé 1952; Order Spirotrichonymphida
Grassé 1952; Family Holomastigotoididae Grassi 1917
emend Cepicka et al. 2010; Genus Holomastigotoides Grassi
& Foa 1911; Holomasitogotoides minor Nishimura, sp. nov.

SPRINGER NATURE

Description

Multiflagellate parabasalian. Obligate symbiont of Copto-
termes formosanus. Cells 23—117 um (average 60 um) in
length and 24-109 um (average 61 um) in width. Morpho-
logically unidentifiable with H. hartmanii under light
microscope but smaller cell size. SSU rRNA gene sequen-
ces with 99% identity to JIN585011.

Diagnosis

Distinguished from all other Holomastigotoides species by
SSU rRNA gene sequence; distinguished from other
Holomastigotoides except H. hartmanii by host identity;
distinguished from H. hartmanii by its larger cell size
(34-223 um in length by 21-164 um in width with the
respective average 112 and 75 pm).

Locality

Hindgut  of
Rhinotermitidae).

Coptotermes  formosanus  (Isoptera,

Etymology

The specific epithet minor refers to the smaller cell size
compared with the H. hartmanii which lives in the same host.

Holotype

Permanent protargol-stained slide of microscope (TNS-AL-
58971), deposited in the herbarium of the National Museum
of Nature and Science (TNS), Tokyo.
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