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Termites consume an estimated 3—7 billion tonnes of lignocellulose annually,
arole in nature which is unique for a single order of invertebrates. Their food is
digested with the help of microbial symbionts, a relationship that has been
recognized for 200 years and actively researched for at least a century.
Although DNA- and RNA-based approaches have greatly refined the details
of the process and the identities of the participants, the allocation of roles in
space and time remains unclear. To resolve this issue, a pioneer study is
reported using metabolomics to chart the in situ catabolism of *C-cellulose
fed to the dampwood species Hodotermopsis sjostedti. The results confirm
that the secretion of endogenous cellulases by the host may be significant to
the digestive process and indicate that a major contribution by hindgut bac-
teria is phosphorolysis of cellodextrins or cellobiose. This study provides
evidence that essential amino acid acquisition by termites occurs following
the lysis of microbial tissue obtained via proctodaeal trophallaxis.

1. Introduction

Termites consume an estimated 3—7 billion tonnes of lignocellulose annually, a
highly significant process in tropical and subtropical ecosystems. Moreover, the
digestion of cellulose (among other structural components of plant biomass)
is 79-99% efficient, providing a direct link between termite feeding and the ter-
restrial carbon cycle, and a role for a single order of invertebrates that is unique
in the biosphere [1,2]. It has long been recognized that termite cellulose digestion
is assisted by gut-resident microbial symbionts; the mutualism has been actively
researched for over a century, more recently in the context of modelling efficient
large-scale and sustainable industrial processes of energy production from plant
biomass [3].

Early breakthroughs in understanding termite digestion included the demon-
stration of anaerobic cellulose hydrolysis by intestinal protists (present in six of
seven extant families, the so-called ‘lower termites’) [4], reductive H,/CO, aceto-
genesis [5,6] and nitrogen fixation by gut bacteria [7,8]. In the past two decades,
molecular methods have shown that termite hosts carry genes for endogenous
cellulase, expressed either in the salivary glands or the midgut [9]. More recently,
metagenomic studies have revealed the presence of highly diverse cellulase genes
in the bacteria of termites, including those in which symbiotic protists are absent,
the ‘higher termites’ [10]. The combination of endogenous cellulases with those of
cellulolytic symbionts is thought to explain the high efficiency of the termite
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cellulose-digesting system [9,11], but major uncertainties
remain. For example, although it is generally assumed that
host-derived cellulases generate glucose that can be directly
used by termites, to date glucose has not been identified as a
direct end product, nor is the site of absorption of any metab-
olite accumulated from cellulose catabolism known [12,13].
Bacterial cellulases are coded genetically and expressed
through RNA [10], but the degree of their contribution to the
intestinal cellulolysis remains unclear. In addition, the fate of
ingested lignin also remains unclear [3].

Strict nitrogen conservation in wood-feeding termites is
made necessary by the low levels of this element in wood
(0.05-1.4%) [14]. Symbiotic bacteria demonstrate the genetic
capacity to fix atmospheric nitrogen and to synthesize essen-
tial amino acids without organic nitrogen precursors [15];
they can also degrade uric acid with acetate and ammonia
as end products available for assimilation by other microbiota
[8]. These processes may be the basis of an efficient nitrogen
economy, but there is no direct evidence that essential amino
acids (a form of nitrogen that could be assimilated by the
host) are made available to termite tissues. A site of uptake
has not been identified, although proctodeal trophallaxis
provides a possible route.

Two-dimensional nuclear magnetic resonance (2D-NMR)
is an emerging technology that offers the generation of
comprehensive metabolic profiles from small samples con-
taining mixtures of compounds, and in combination with
isotopic labels allows the dynamics of complex catabolic
and anabolic systems to be analysed over a time series at an
atomic level [16,17]. For example, 13C—precursors have been
used to map metabolic processes during insect morphogen-
esis [18] and to define agonistic interactions between
resident gut bacteria and enteropathogens in mammals [19].
In the context of termite digestion, the technique may tie
function to sequence, thus permitting the large number of
metabolic events and interactions that occur after feeding to
be placed in temporal order and located spatially within
the intestine and other host organs. In this paper, exper-
iments are described in which *C-cellulose was fed to the
dampwood termite Hodotermopsis sjostedti, and the ensuing
labelled metabolites assayed and located in situ. Specialized
ordination was employed to separate clusters of metabolites
that were synchronized with cellulose hydrolysis from those
that were not, leading to the conclusion that free essential
amino acids were not released to the hindgut lumen, but
acquired by another route, most probably the digestion of
microbial tissue ingested via proctodeal trophallaxis.

2. Material and methods

Detailed information on materials and analytical methods is
provided in the electronic supplementary material. In brief,
H. sjostedti termites and logs were collected on Yakushima
Island, Kagoshima Prefecture, Japan. Termites were maintained
with logs and soil obtained from the collection site and stored
at room temperature until use. Mature worker-caste termites
were used for all experiments. Twenty-five termites were main-
tained with *C-cellulose (synthesized by Acetobacter xylinum),
in which the degree of *C incorporation to the cellulose was
determined with isotope-ratio mass spectrometry (IR-MS) to be
approximately 93%. Twenty individuals were randomly sampled
from the 25 stable isotope-labelled termite individuals. An equal
numbers of termites (i.e. 20), prior to feeding "*C-cellulose, were

dissected as controls. Following dissection to separate regions n

(electronic supplementary material, figure S1), the gut samples
were immediately frozen on dry ice and freeze-dried. Further pro-
cessing for metabolite extraction and NMR was as previously
described [20-22]. Digitized NMR data were normalized using
1 mM sodium-2,2-dimethyl-2-silapentane-5-sulfonate (DSS) and
intensities were estimated per microlitre of gut fluid, based on
the following gut section volumes: foregut, 1.7 + 0.2 ul; midgut,
2.0 + 0.4 pl; anterior hindgut, 16.9 4+ 2.4 ul; posterior hindgut,
6.9 + 1.7 ul (n=10; see the electronic supplementary material
for further details on calculation of gut volume). NMR data were
also subjected to hierarchical cluster analysis using R software
(R Development Core Team, Vienna; http://www.R-project.org),
and Kruskal’s non-metric multidimensional scaling (NMDS) was
applied to represent the dissimilarity of dependence between
metabolites by Euclidean distance in a two-dimensional ordina-
tion. Significant dissimilarity between clusters of metabolites was
assessed by a multiple response permutation procedure (MRPP)
based on 9999 permutations [23].

3. Results

(a) Profiles of metabolites derived from C-cellulose in
the digestive system of Hodotermopsis sjostedti

Administration of *C-cellulose resulted in a total of 256 signals
detected in the digestive system with 2D heteronuclear single
quantum coherence (HSQC)-NMR. Among these, 185 signals
were assigned to 46 known metabolites (electronic supplementary
material, figure S2 and table S1). Detailed distribution profiles of
metabolites are provided in the electronic supplementary
material. A comparison of 1D 'H and *C NMR spectra derived
from each of the four regions of the gut was also performed (elec-
tronic supplementary material, figure S3), and revealed major
differences in the metabolite composition in each of these regions,
including formate (observed only in the hindgut) and bicarbonate
(observed from the midgut to the hindgut) in addition to
metabolites detectable with 2D HSQC-NMR.

(b) Time series of intestinal "*C-cellulose metabolism
During "*C-cellulose feeding, overall '*C incorporation into
intestinal metabolites steadily increased and '>C incorporation
into the body was observed from around 24 h (electronic sup-
plementary material, figure S4). Figure 1 shows a comparison
of normalized intensities per microlitre of gut fluid between
0 h (i.e. immediately prior to feeding) and 24 h. In the foregut
and midgut, some glycolytic pathway intermediates increased
in intensity after 24 h, while in the anterior and the poste-
rior hindguts, signals for all glycolytic metabolites increased
markedly after 24 h. Signals for some TCA cycle meta-
bolites such as citrate and 2-oxoglutarate (OGA, also known
as o-ketoglutarate) were detected in the foregut and midgut.
Evidence for the production of succinate (SuA), which
can be produced either in the TCA cycle, during anaerobic
fermentation by Bacteroidetes [24], or in anaerobic protist
hydrogenosome (an organelle characteristic of parabasalian
protists) metabolism, was found in the hindgut. SuA and vola-
tile fatty acids (VFAs) such as acetate (Ac), butyrate (BuA) and
propionate (PrA) were more abundant in the anterior hindgut
than the posterior hindgut, while the converse was true for
citrate (CiA) and OGA.

Signals from essential amino acids were strongest in the
midgut for both zero time and 24 h samples, and relatively
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Figure 1. Comparisons of >C-HSQC-NMR signal intensities of metabolites between 0 and 24 h post-feeding in sequential qut regions of H. sjostedti. Abbreviations of
metabolites are according to electronic supplementary material, table S1. Normalized intensity values of metabolite signals (using DSS) per 1 wl of gut volume
(represented as arb. units) are shown as means + s.d. The termite gut regions are abbreviated as follows: Fore, forequt; Mid, midgut; antHind, anterior hindgut;

postHind, posterior hindgut.

weak in other areas of the gut. Signals from non-essential
amino acids were spread throughout the gut, being strongest
in the midgut and hindgut.

To further investigate the incorporation of 13C into metab-
olites associated with cellulolytic hydrolysates and amino
acids, signal intensities were measured at 1-3 h intervals
following administration to termites. A heat map showing
relative intensities of metabolites in different gut regions
over this period is shown in figure 2. In the foregut, the
signal intensities of cellobiose and glucose immediately
increased and reached up to 50-fold that of the zero time
reading after only 3 h of feeding. These signals in the foregut
were detected throughout the experimental period (figure 2),
with a 20-fold level maintained after 24 h. In the midgut,

signals from cellobiose and glucose increased to a lesser
degree, peaking at 11-fold and fourfold after 24 h. In the
hindgut, signals corresponding to cellobiose and glucose
began to intensify after approximately 12 h (figure 2), and
remained at 8-18-fold levels in the anterior hindgut and
5-11-fold levels in the posterior hindgut until 24 h after
administration of *C-cellulose. Signals from the glycolytic
pathway increased up to sevenfold in the foregut and three-
fold in the midgut, respectively (figure 2), while in the
hindgut they reached up to 38-fold after 24 h.

Essential amino acid signals in the foregut increased up to
approximately threefold by 18 h in some cases (Met, Trp), but
generally did not increase greatly over the 24 h. The highest over-
all increases of essential amino acids were found in the midgut,
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Figure 2. (a) Heat map indicating time-dependent fold changes of "*C-HSQC-NMR signal intensities of amino acids and metabolites associated with cellulose
hydrolysis and the glycolytic pathway. Signal intensities at 0 h were defined as 1.0 in all gut regions. Abbreviations are according to the electronic supplementary
material, table S1. The termite gut regions are abbreviated as follows: Fore, forequt; Mid, midgut; antHind, anterior hindgut; postHind, posterior hindgut.

with signals reaching around twofold by about 12 h and remain-
ing at these levels until 24 h. In the hindgut, some essential
amino acid signals (e.g. Phe, Lys, His) increased up to threefold
while others remained low. Some essential amino acid signals
(e.g. Met, Ile and Thr) slightly decreased after 24 h in the pos-
terior hindgut. Signal intensities of non-essential amino acids
were generally higher across all gut regions, exhibiting up to
30-fold increases. In the foregut, these increases mainly appeared
after 9 h or later, while they commenced after 3 h in the midgut
and 6-9 h in the hindgut (figure 2).

To elucidate the temporal relationship between cellulose
degradation and the metabolites detected, an ordination of
metabolites by NMDS was performed (see table 1; elec-
tronic supplementary material, figure S5). This was based
on clustering analysis of the temporal dynamics of metabolite
signal intensities over 24 h with average linkage inferred from
Euclidean distance. NMDS of each gut segment suggested
that temporal changes in signal intensity of cellulose hydroly-
sates in the foregut were not directly linked to those of other
metabolites. However, temporal changes in signal intensities

of cellulose hydrolysates in the midgut and hindgut were
grouped (i.e. synchronized) with those of catabolites associ-
ated with the glycolytic pathway and either the TCA cycle
(with the exception of OGA) or hydrogenosome function.
The significance of these groupings was confirmed by an
MRPP (p=1 x 107* in all gut regions). Trehalose, lactate
and VFAs occurred in the same group of cellulose catabolites
in the anterior and posterior hindguts (table 1).

Temporal dynamics in the intensity of glucose-1-phosphate
(GIc1P) signals in the midgut were different from metaboli-
tes associated with cellulose catabolism, and instead formed
a closely related cluster with glucose-6-phosphate (Glc6P)
(electronic supplementary material, figure S5, blue circle).
A statistical test showed that the Glc1P and Glc6P cluster and
the cluster representing the products of cellulose dissimilation
(electronic supplementary material, figure S5, dotted circle) in
the midgut were significantly different (MRPP, p = 0.0039). By
contrast, GIc1P signals in the hindgut were strongly associ-
ated with those of cellulose hydrolysates and glycolytic
pathway intermediates (table 1; electronic supplementary
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Table 1. Metabolites showing synchronomous temporal changes in signal intensities with those of cellulose hydrolysates based on NMDS.? Abbreviations of [ 5 |

metabolites are according to electronic supplementary material, table S1.

foregut midgut

glycolysis none 2PG

non-essential amino acids none Ala

amino acid derivatives none AcC

*Provided as electronic supplementary material, figure S5.

material, figure S5). The production of glycerol-3-phosphate
and acetate always occurred with cellulose catabolism in the
midgut and hindgut, whereas trehalose, propionate and buty-
rate were produced in conjunction with metabolites involved
in cellulose catabolism in the hindgut.

NMDS suggested that the temporal changes of all essential
amino acid signals were not synchronized with those of the
metabolites of cellulose dissimilation in the midgut. A similar pat-
tern was found in the hindgut, with the exception of Lys and
Val (table 1; electronic supplementary material, figure S5). In all
gut regions, the signal intensities of most non-essential amino
acids gradually increased to 30-fold of their original values
during the 24 h experimental period, with the exceptions of
Asn and Tyr, which tended to decrease (figure 2). NMDS
showed that the temporal dynamics of non-essential amino
acids were closely related to cellulose metabolism in the
midgut, with the exception of Tyr. Neither Asn nor Tyr was
grouped with metabolites of cellulose catabolism in the hindgut
(table 1; electronic supplementary material, figure S5).

4. Discussion

Based on the results presented here and in previous genomic,
physiological and biochemical studies (see Introduction), a
scheme for termite cellulose digestion and metabolism is pro-
posed in figure 3. Details concerning the processes in
different parts of the termite gut system are provided below.

(a) Cellulose hydrolysis and carbon metabolism in the
forequt and midqut

During feeding in lower termites, wood fragments are pro-
duced by the grinding action of the mandibles, and mixed

anterior hindgut posterior hindgut
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with host cellulases produced in the salivary glands. This
mixture then moves to the foregut, which consists of the oeso-
phagus, crop and muscular proventriculus. Despite numerous
studies on host-derived cellulases [3,9], the contribution of
these enzymes to host metabolism is not well established. Effi-
cient decomposition of crystalline cellulose into hydrolysates
such as glucose and cellobiose in the hindgut of lower termites
is generally considered to require the combined action of cello-
biohydrolases and endoglucanases [3]. Since endogenous
termite cellulases are only of the latter type, their ability to gen-
erate cellulose hydrolysates that are directly usable by the host
has remained unclear. Although these enzymes have been
shown to degrade crystalline cellulose to a minor extent in lab-
oratory assays, to date there have been no demonstrations of
in situ activity of these enzymes. In this study, termites were
fed cellulose produced by A. xylinum, which is generally
known to be highly crystalline and pure [29]. Although this
substrate is distinct from trilaminate lignocellulose occurring
in plants, this study provides the first firm evidence of in situ
cellulolysis in the foregut and the midgut, as well as metabo-
lism of the breakdown products (note that H. sjostedti
expresses endogenous cellulases only in the salivary glands,
and not the midgut [30]). Previous analyses with chromato-
graphy and zymograms indicated that most cellulases
present in these gut compartments were distinct from those
of the hindgut microbiota [31-33].

The ability of host endoglucanases to produce cellulose
hydrolysates is probably enhanced by the mechanical grind-
ing of wood fragments by the mandibles and proventriculus.
According to a previous report using another lower termite,
such grinding reduces wood to fragments less than 20 pm
in length [34]. During this mechanical process, some crystal-
line cellulose within the fragments is likely to be converted
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Figure 3. Time-dependent schematic describing cellulose catabolism in the digestive system of H. sjostedti. Cellulolysis via endogenous cellulases is depicted by blue
arrows, whereas other pathways in the host termite are indicated by black arrows. Red arrows represent bacterial metabolic pathways in the hindgut, and purple
arrows indicate protistan metabolic processes. Metabolic pathways assumed to be retained by both protists and bacteria are shown in yellow. The protistan and
bacterial metabolic pathways were inferred from the published genomes of the parabasalian protist Trichomonas vaginalis [25], the rumen bacterium Fibrobacter
succinogenes [26], the free-living symbiotic bacterium of termites Treponema azotonutricium (NCBI reference number NC_015577) [27] and the endosymbiont of
termite protist Rs-D17 (Candidatus Endomicrobium trichonymphae) [28]. Essential amino acids are represented in brown and non-essential amino acids in green. Fdx,
Ferredoxin. Abbreviations of other metabolites are according to the electronic supplementary material, table S1.

into an amorphous state, allowing endoglucanases to act. The
production of cellulose hydrolysates in the foregut did not
display any significant correlation with the temporal
dynamics of other metabolites detected. This indicates that
the foregut is not a major site of catabolism of cellulose break-
down products. The epithelial cells of the foregut have a thick
cuticle and lack absorptive morphological characteristics [35].
This makes the foregut an unlikely site of glucose absorption
and metabolism. Instead, cellulose hydrolysates produced in
the foregut probably pass through to the midgut (figure 3).
Additional cellulose hydrolysates would be produced in the
midgut by wood fragments and endogenous cellulases enter-
ing from the foregut (figures 2 and 3). Ordination of midgut
metabolites by NMDS suggested that cellulose hydrolysa-
tes are metabolized by B-glucosidases and the glycolytic
pathway and TCA cycle in this region. An exception to this
pattern was the TCA cycle intermediate OGA. This can be
explained by the fact that OGA is a key compound of several
biochemical pathways and that both the production and con-
sumption of OGA can be regulated by anaplerosis and
cataplerosis [36]. Considering the synchronized production
of Glu with cellulolysis, the TCA cycle might have been
balanced by cataplerotic flux converting residual OGA
(with ammonium) into Glu, a part of which was then further
catalysed to other non-essential amino acids of the glutamate
family such as GIn and Pro [37]. A second compound that did

not group with cellulose hydrolysates in the midgut in the
NMDS analysis was Glc6P (instead, Glc6P clustered with
GlIc1P and is probably an intermediate for glycogenesis in
this tissue; figure 3). Although GIc6P is synthesized from
Glc and flows into the glycolytic pathway, it was probably
responsive to the regulation of glycogenesis. Finally, the pres-
ence of residential bacterial activity in the midgut cannot be
excluded due to a weak but synchronized signal of acetate
with cellulolysis.

(b) Cellulose hydrolysis and carbon metabolism in
the hindgut

Considerably increased signal intensities of cellulose hydroly-
sates and glycolytic pathway metabolites were found in the
hindgut within 24 h of feeding. Taking the large hindgut
volume into account (86% of total gut volume), this result
confirms the primary role this gut segment plays in energy
production from cellulose. In H. sjostedti, the hindgut is
inhabited by 13 parabasalid and six oxymonad anaerobic
protist species, all of which lack mitochondria [38], as well
as numerous types of bacteria [39,40]. Termite protists are
also known to contain intracellular and extracellular bacteria
[15,41]. Recent studies suggest that these protists produce a
variety of cellulases and hemicellulases [3,42], and that 85%
of the acetate present in hindgut fluid is derived from
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cellulose [43]. In addition, a study indicated that a cultured pro-
tistan species from Zootermopsis sp. (from the same family as
H. sjostedti) preferentially degraded cellulose as a fermentable
energy source rather than other substrates such as xylan and
chitin [44], suggesting the relative importance of cellulose as
a substrate for the metabolic system in the hindgut.

Parabasalian protists are assumed to possess hydrogeno-
somes and produce acetate, H, and CO, [43—-48]. Although
this organelle has not been characterized from the hindgut
fauna of termites, hydrogenase activity has been found in
the hydrogenosomal fraction of the parabasalid protists of
termites [46]. Oxymonads appear to lack both mitochondria
and hydrogenosomes [41], and their energy metabolism is
currently obscure. However, the presence of functions similar
to hydrogenosomes in oxymonads is plausible [49]. This study
observed synchronized production of VFAs with cellulolysis in
the anterior and posterior hindgut, confirming that these com-
pounds are among the end products of cellulose metabolism by
the intestinal microbes (figure 3) [43]. A major proportion of
acetate synthesis is likely associated with the activities of
these protists, which occupy most areas of the hindgut lumen.
Bacteria (especially spirochaetes) are also likely to have contrib-
uted to acetate production via reductive H,/CO, acetogenesis
[5,13,27,50]. The origins of other VFAs are currently obscure,
but the bacterial community is most likely to be responsible.

The anterior hindgut showed the most remarkable
increase in signal intensities of glycolytic metabolites com-
pared with other gut positions (figure 1). The anterior
hindgut occupies approximately 60% of the total gut
volume (i.e. 16.9 pl of 27.6 pl), suggesting that glycolysis in
the termite digestive system takes place primarily in this
region. The anterior hindgut is also the most anoxic region
of the gut in termites, although the periphery of this region
is oxygenated [51]. The temporal dynamics of intermediate
metabolites related to either bacterial fermentation (i.e. CiA,
OGA and SuA) or protistan hydrogenosome metabolism
(i.e. SuA) in the hindgut were synchronized with cellulose
hydrolysate dynamics. This study demonstrated that SuA is
an important intermediate in the cellulose metabolism of
the anterior hindgut. The relative abundance of SuA was
also reported from Z. nevadensis [52], suggesting that this
compound may be abundant in termite hindguts, at least
those in the family Termopsidae. It is currently not clear
whether the strong intensity of SuA in this area of the gut
was principally from protistan hydrogenosome metabolism
[25] alone, or from a combination of protists and fermentation
by anaerobic and aerotolerant bacteria such as Bacteroidales,
lactococci and enterococci (some of which are localized in the
periphery [39,40]; Bacteroidales are often present as ecto- and
endosymbiotic associates of the protists [41]), but the syn-
chronized synthesis of propionate suggests that SuA might
be converted to propionate via the succinate—propionate
pathway [53].

The posterior hindgut is likely to be less anaerobic than
the anterior hindgut [51,54]. A previous study using another
lower termite species showed that the number and density of
anaerobic flagellates decreased from the anterior to the pos-
terior hindgut. Most parabasalid flagellates were observed
only in the anterior hindgut, though some oxymonadids
were present in the posterior hindgut [55]. Metabolic pro-
cesses occurring in the posterior hindgut are therefore more
likely to be representative of oxymonadids and bacteria
than parabasalids. This hypothesis is partially supported by

dissimilarities in signals from metabolites such as CiA,
OGA and SuA between the anterior and the posterior hind-
guts. Further studies, especially of the axial profiles of
oxygen and the microbial community, are required to eluci-
date which microorganisms play a major metabolic role in
the posterior hindgut.

(c) Temporal dynamics of GIc1P shed light on the
previously neglected contribution to lower termite

cellulose metabolism by hindgut bacteria

The temporal dynamics of GlclP in both regions of the
hindgut were strongly synchronized with metabolites associ-
ated with cellulose hydrolysates. This indicates that Glc1P is
produced as a result of phosphorolysis of cellodextrins or
cellobiose as opposed to glycogenesis. As production of
Glc1P during such phosphorolysis is not known in eukaryotic
organisms (with the exception of some fungi), anaerobic bac-
teria are likely to be responsible [56]. Indeed, a large number
of genes encoding cellodextrin or cellobiose phosphorylases
have been found in metagenomic analyses of gut bacteria
of higher termites, and several genes were identified in spiro-
chaetes, notably Treponema spp. from the luminal fluid of the
hindgut [10]. A major role for such bacterial enzymes in
wood polysaccharide hydrolysis in higher termites was
previously proposed [10]. Cellodextrin or cellobiose phos-
phorylases are thought to play an important role in catalysing
oligosaccharides into simple sugars in the bacterial cytoplasm
in the higher termites, but the role of bacteria in cellulose diges-
tion in lower termites has been overshadowed by the presumed
dominance of protists. Recent genome sequencing of the spiro-
chaete T. pirimitia ZAS-2, from Z. angusticollis (a close relative of
H. sjostedti), has demonstrated the presence of genes encoding
both cellulase and cellobiose phosphorylase (NCBI reference
no. NC_015578) [27], supporting earlier demonstrations of
growth of spirochaetes from this species on cellobiose [57].
Moreover, some Treponema species are known as ectosymbionts
of the protists [41]. These bacteria are able to adhere to wood
fragments present in the luminal space of the hindgut. The
demonstration of a strong association between the dynamics
of Glc1P and cellulose hydrolysates provides support for
the role of bacteria in cellulolysis and for cellobiose and cello-
dextrins being major organic substrates metabolized by gut
bacteria in lower termites. Thus, the present results conflict
with traditional views on the role of bacteria in cellulose fer-
mentation in lower termites, and the pathways related to the
cellulose-derived carbon involving bacterial hemoacetic fer-
mentation. The recently proposed participation of Treponema
in cellulolysis based on the metagenomic analysis of a higher
termite [10] may also be applicable to H. sjostedti, and the
relative roles of bacteria versus protists in polysaccharide fer-
mentation in lower termites may need to be re-evaluated. The
evolutionary shift from the protistan-dominant to the proti-
stan-free gut systems of higher termites might have occurred
with stepwise changes to the gut community and a reassort-
ment of relative roles. This is more plausible than a ‘loss and
replacement mechanism’.

(d) Amino acid synthesis and acquisition

Hindgut bacteria in some termites are known to fix atmos-
pheric nitrogen, and some species whose genomes have been
sequenced contain the pathways for synthesizing essential
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amino acids using fixed nitrogen [15]. It is not known how
much atmospheric nitrogen is fixed by the bacterial commu-
nity in H. sjostedti; however, only limited amounts of Nj
fixation are known to occur in members of the related genus
Zootermopsis (0.05-0.33 wg of the nitrogen per gram fresh
body weight) [58]. Diverse genes encoding proteins associated
with N, fixation (nifH) are nevertheless found in the guts of
termites including H. sjostedti, Z. angusticollis and Z. nevadensis
[59,60]. In addition, a mutualistic symbiont from the gut
microbial community of Z. nevadensis has been demonstrated
to be a N»-fixing diazotroph in vitro [59]. The route by which
microbe-derived nitrogen is transferred to termite tissues has
not been determined.

The present analyses showed that the midgut of H. sjostedti
has higher normalized intensities of free essential amino acids
than other gut regions, implying higher concentrations relative
to the rest of the alimentary canal (figure 1). These results are in
agreement with a previous study of a lower termite [61]. These
amino acids appear to be derived from the digestion of micro-
organisms that are present in the proctodeal fluid that is
transferred via nest-mates through trophallaxis [62,63].
Within 24 h, levels of '3C-derived essential amino acids in the
midgut had increased markedly, ranging from a 9.5% increase
in phenylalanine to a 90.3% increase in tryptophan (figure 1).
Given that the termites had been fed exclusively on '>C-derived
cellulose, this increase in the midgut can be attributed to the
incorporation of *C into essential amino acids by microbes
in the hindgut, followed by transfer of these microbes to nest-
mates by proctodeal trophallaxis and their eventual digestion.
The digestion of these microbes could be mediated through
salivary B-glucosidases, which attack B-1,3-glucans present
in microbial cell walls [64,65], and proteinases, lysozymes
and chitinases that are known to be produced in the midgut
of H. sjostedti [66].

The present results show that cellulose hydrolysis starts in
the posterior hindgut after 12 h (figure 2). This was not matched
by an increase in essential amino acid signal intensity in the
hindgut (figure 2), and even after 24 h, signals for essential
amino acids in the hindgut were very low (figure 1). However,
given the increase in '°C in essential amino acids in the midgut
after 24 h (via proctodeal trophallaxis; see above), we can con-
clude that *C must have been incorporated into essential
amino acids by microbes in the hindgut. The low signals of
hindgut essential amino acids seen in figures 1 and 2 may
be explained by the rapid use of these compounds in protein
synthesis by the microbes that are synthesizing them. The
apparent lack of synchronization between cellulolysis and
essential amino acid production in the hindgut is also unex-
pected (table 1; electronic supplementary material, figure S5).
We hypothesize that the relatively low signal intensities for
essential amino acids recovered in the hindgut (figure 1) may
prevent accurate resolution of their relationship to '*C-cellulose
hydrolysis using NMDS (electronic supplementary material,
figure S5), leading to this anomalous result.

References

1. Prins RA, Kreulen DA. 1991 Comparative aspects of 2.
plant cell wall digestion in insects. Anim. Feed Si.
Technol. 32, 101-118. (doi:10.1016/0377-8401(91)
90013-I)

Breznak JA, Brune A. 1994 Role of microorganisms 3.
in the digestion of lignocellulose by termites. Annu.

Rev. Entomol. 39, 453—487. (doi:10.1146/annurev.
€n.39.010194.002321)

In contrast to the case of essential amino acids, most sig-
nals from non-essential amino acids (except Asn and Tyr)
were grouped with the metabolites of cellulose catabolism
in the midgut and hindgut in NMDS analyses, suggest-
ing both the termites and hindgut microbiota probably
contribute to the direct (in terms of time) production of
using "*C-cellulose-derived
carbon. Most non-essential amino acids observed in the
midgut were probably derived from intermediates of glycoly-
sis and the TCA cycle of the host termites [37], though a small
contribution by residential bacteria and/or digested microor-
ganisms cannot be ruled out. The apparent non-synchronous
production of Tyr with cellulose hydrolysis may be because
the synthesis of this amino acid was affected by the low avail-
ability of its precursor Phe, an essential amino acid. Amino

non-essential amino acids

acids associated with the serine family (i.e. Ser and Gly)
and the pyruvate family (Ala) were probably derived from
intermediates of the glycolytic pathway [37]. On the other
hand, microorganisms assimilate ammonia in order to under-
take biosynthesis of Glu and GIn. This pathway is called the
GOGAT (GS/GOGAT) cycle, where OGA and ammonia are
converted by glutamine synthase and glutamate synthase
into Glu, from which approximately 88% of cellular nitrogen
is derived and used in a variety of biosynthetic reactions [67].
This pathway is commonly found in bacteria and is also
reported in some insects [68,69]. Non-synchronized signalling
of OGA may indicate that the production and consumption of
this substrate were affected by availability of ammonium, but
syntheses of other non-essential amino acids might have been
more strongly affected by the availability of residual carbon.

5. Conclusion

To the best of our knowledge, this study is the first metabo-
lomic investigation of digestive processes in an arthropod,
using the dampwood-feeding lower termite H. sjostedti as
model. The analysis of 'C metabolites provides insights
into the process of cellulose digestion and nitrogen metab-
olism, and is suitable for wider applications to other
termite and insect species. This study has unveiled both a
sequence and combination of processes converting cellulose
to energy and essential anabolic nutrients, and proposes a
model of efficient bioconversion that may be relevant for
the industrial production of biofuels [3].

Acknowledgements. The authors wish to thank Kenji Sakata and Taiga
Asakura (Yokohama City University) for collection of termite
samples, and Masahiro Yuki (Yokohama City University) for the
initial stage of '°C feeding and gene expression experiments for
termites.

Funding statement. This research was supported in part by Grants-in-Aid
for Scientific Research nos 22658018 (G.T., S.M. and ].K.), 26292177
(G.T. and J.K\) and 26117722 (G.T.) from Japan Society for the Pro-
motion of Science. N.L. was supported by the Australian Research
Council. The authors declare no competing financial interests.

Ni J, Tokuda G. 2013 Lignocellulose-degrading
enzymes from termites and their symbiotic
microbiota. Biotechnol. Adv. 31, 838-850.
(doi:10.1016/j.biotechadv.2013.04.005)

06607107 1187 § 205y 20l bioBusyqndfieposielorgds: g


http://dx.doi.org/10.1016/0377-8401(91)90013-I
http://dx.doi.org/10.1016/0377-8401(91)90013-I
http://dx.doi.org/10.1146/annurev.en.39.010194.002321
http://dx.doi.org/10.1146/annurev.en.39.010194.002321
http://dx.doi.org/10.1016/j.biotechadv.2013.04.005

Hungate RE. 1955 Mutualistic intestinal protozoa. In
Biochemistry and physiology of protozoa (eds

SH Hunter, A Lwoff), pp. 159—-199. New York, NY:
Academic Press.

Breznak JA, Switzer JM. 1986 Acetate synthesis from
H, plus €0, by termite gut microbes. Appl. Environ.
Microbiol. 52, 623—630.

Brauman A, Kane MD, Labat M, Breznak JA. 1992
Genesis of acetate and methane by gut bacteria
of nutritionally diverse termites. Science 257,
1384—1387. (doi:10.1126/science.257.5075.1384)
Breznak JA, Brill W), Mertins JW, Coppel HC.

1973 Nitrogen fixation in termites. Nature 244,
577-580. (doi:10.1038/244577a0)

Potrikus CJ, Breznak JA. 1981 Gut bacteria recycle
uric acid nitrogen in termites: a strategy for nutrient
conservation. Proc. Nat/ Acad. Sci. USA 78,
4601-4605. (doi:10.1073/pnas.78.7.4601)
Watanabe H, Tokuda G. 2010 Cellulolytic systems in
insects. Annu. Rev. Entomol. 55, 609—632. (doi:10.
1146/annurev-ento-112408-085319)

Warnecke F et al. 2007 Metagenomic and functional
analysis of hindgut microbiota of a wood-feeding
higher termite. Nature 450, 560—565. (doi:10.
1038/nature06269)

. Scharf ME, Karl ZJ, Sethi A, Boucias DG. 2011

Multiple levels of synergistic collaboration in termite
lignocellulose digestion. PLoS ONE 6, €21709.
(doi:10.1371/journal.pone.0021709)

Bignell DE. 2011 Morphology, physiology,
biochemistry and functional design of the termite
gut: an evolutionary wonderland. In Biology of
termites: a modern synthesis (eds DE Bignell,

Y Roisin, N Lo), pp. 375—412. Dordrecht,

The Netherlands: Springer. (doi:10.1007/978-90-
481-3977-4_14)

Brune A. 2014 Symbiotic digestion of lignocellulose
in termite quts. Nat. Rev. Microbiol. 12, 168—180.
(doi:10.1038/nrmicro3182)

Cornwell WK et al. 2009 Plant traits and wood fates
across the globe: rotted, burned, or consumed?
Glob. Change Biol. 15, 2431-2449. (doi:10.1111/j.
1365-2486.2009.01916.x)

Hongoh Y. 2011 Toward the functional analysis of
uncultivable, symbiotic microorganisms in the
termite qut. Cell Mol. Life Sci. 68, 1311—1325.
(doi:10.1007/500018-011-0648-z)

Fukuda S, Nakanishi Y, Chikayama E, Ohno H, Hino
T, Kikuchi J. 2009 Evaluation and characterization of
bacterial metabolic dynamics with a novel profiling
technique, real-time metabolotyping. PLoS ONE 4,
€4893. (doi:10.1371/journal.pone.0004893)
Nakanishi Y, Fukuda S, Chikayama E, Kimura Y, Ohno H,
Kikuchi J. 2011 Dynamic omics approach identifies
nutrition-mediated microbial interactions. J. Proteome
Res. 10, 824—836. (doi:10.1021/pr100989c)
Chikayama E, Suto M, Nishihara T, Shinozaki K, Kikuchi J.
2008 Systematic NMR analysis of stable isotope labeled
metabolite mixtures in plant and animal systems:
coarse grained views of metabolic pathways. PLoS ONE
3, €3805. (doi:10.1371/journal.pone.0003805)

Fukuda S et al. 2011 Bifidobacteria can protect from
enteropathogenic infection through production of

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

acetate. Nature 469, 543—547. (doi:10.1038/
nature09646)

Kikuchi J, Shinozaki K, Hirayama T. 2004

Stable isotope labeling of Arabidopsis thaliana

for an NMR-based metabolomics approach.

Plant Cell Physiol. 45, 1099—1104. (doi:10.1093/
pep/pch117)

Chikayama E, Sekiyama Y, Okamoto M, Nakanishi Y,
Tsuboi Y, Akiyama K, Saito K, Shinozaki K, Kikuchi J.
2010 Statistical indices for simultaneous large-scale
metabolite detections for a single NMR spectrum.
Anal. Chem. 82, 1653—1658. (d0i:10.1021/
ac9022023)

Sekiyama Y, Chikayama E, Kikuchi J. 2011 Evaluation
of a semipolar solvent system as a step toward
heteronuclear multidimensional NMR-based
metabolomics for C-labeled bacteria, plants, and
animals. Anal. Chem. 83, 719-726. (d0i:10.1021/
ac102097u)

McCune B, Grace JB. 2002 Analysis of ecological
communities. Gleneden Beach, OR: MjM Software
Design.

Beauprez JJ, Mey MD, Soetaert WK. 2010 Microbial
succinic acid production: natural versus metabolic
engineered producers. Process Biochem. 45,
1103-1114. (doi:10.1016/j.prochio.2010.03.035)
Carlton JM et al. 2007 Draft genome sequence of
the sexually transmitted pathogen Trichomonas
vaginalis. Science 315, 207 -212. (doi:10.1126/
science.1132894)

Suen G et al. 2011 The complete genome sequence
of Fibrobacter succinogenes S85 reveals a cellulolytic
and metabolic specialist. PLoS ONE 6, e18814.
(doi:10.1371/journal.pone.0018814)

Ballor NR, Paulsen |, Leadbetter JR. 2012 Genomic
analysis reveals multiple [FeFe] hydrogenases and
hydrogen sensors encoded by Treponemes from the
Hy-rich termite gut. Microb. Ecol. 63, 282—294.
(doi:10.1007/500248-011-9922-8)

Hongoh Y et al. 2008 Complete genome of the
uncultured Termite Group 1 bacteria in a single host
protist cel. Proc. Natl Acad. Sci. USA 105,
5555—5560. (doi:10.1073/pnas.0801389105)
Chawla PR, Bajaj IB, Survase SA, Singhal RS. 2009
Microbial cellulose: fermentative production and
applications. Food Technol. Biotechnol. 47,
107-124.

Tokuda G, Lo N, Watanabe H, Arakawa G,
Matsumoto T, Noda H. 2004 Major alteration of the
expression site of endogenous cellulases in
members of an apical termite lineage. Mol. Ecol.
13, 3219-3228. (doi:10.1111/j.1365-294X.2004.
02276.x)

Hogan ME, Schulz MW, Slaytor M, Czolij RT, 0'Brien
RW. 1988 Components of termite and protozoal
cellulases from the lower termite, Coptotermes
lacteus Froggatt. Insect Biochem. 18, 45-51.
(doi:10.1016/0020-1790(88)90035-2)

Nakashima K, Watanabe H, Saitoh H, Tokuda G,
Azuma J-I. 2002 Dual cellulose-digesting system of
the wood-feeding termite, Coptotermes formosanus
Shiraki. Insect Biochem. Mol. Biol. 32, 777-784.
(doi:10.1016/50965-1748(01)00160-6)

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44.

45.

46.

Watanabe H, Takase A, Tokuda G, Yamada A, Lo N. n

2006 Symbiotic ‘Archaezoa’ of the primitive termite
Mastotermes darwiniensis still play a role in
cellulase production. Eukaryot. Cell 5, 1571-1576.
(doi:10.1128/EC.00100-06)

Fujita A, Hojo M, Aoyagi T, Hayashi Y, Arakawa G,
Tokuda G, Watanabe H. 2010 Details of the
digestive system in the midgut of Coptotermes
formosanus Shiraki. J. Wood Sci. 56, 222—-226.
(doi:10.1007/510086-009-1088-3)

Noirot C, Noirot-Timothée C. 1969 The digestive
system. In Biology of termites (eds K Krishna,

FM Weesner), pp. 49—88. New York, NY: Academic
Press.

Owen OE, Kalhan SC, Hanson RW. 2002 The key role
of anaplerosis and cataplerosis for citric acid cycle
function. J. Biol. Chem. 277, 30 40930 412.
(doi:10.1074/jbc.R200006200)

Umbarger HE. 1978 Amino acid biosynthesis and its
regulation. Annu. Rev. Biochem. 47, 533 —606.
(doi:10.1146/annurev.bi.47.070178.002533)

Kitade O, Hayashi Y, Takatsuto K, Matsumoto T.
2012 Variation and diversity of symbiotic protist
composition in the damp-wood termite
Hodotermopsis sjoestedti. Jpn. J. Protozool. 45,
29-36.

Nakajima H, Hongoh Y, Noda S, Yoshida Y, Usami R,
Kudo T, Ohkuma M. 2006 Phylogenetic and
morphological diversity of Bacteroidales members
associated with the gut wall of termites. Biosci.
Biotechnol. Biochem. 70, 211-218. (doi:10.1271/
bbb.70.211)

Dietrich C, Kohler T, Brune A. 2014 The cockroach
origin of the termite gut microbiota: patterns in
bacterial community structure reflect major
evolutionary events. Appl. Environ. Microbiol. 80,
2261-2269. (doi:10.1128/AEM.04206-13)

Ohkuma M, Brune A. 2011 Diversity, structure, and
evolution of the termite gut microbial community.
In Biology of termites: a modern synthesis (eds

DE Bignell, Y Roisin, N Lo), pp. 413—-438.
Dordrecht, The Netherlands: Springer. (doi:10.1007/
978-90-481-3977-4_15)

Tsukagoshi H et al. 2014 Structural and biochemical
analyses of glycoside hydrolase family 26
[3-mannanase from a symbiotic protist of the
termite Reticulitermes speratus. J. Biol. Chem. 289,
10 84310 852. (doi:10.1074/jbc.M114.555383)
Odelson DA, Breznak JA. 1983 Volatile fatty acid
production by the hindgut microbiota of
xylophagous termites. Appl. Environ. Microbiol. 45,
1602-1613.

Odelson DA, Breznak JA. 1985 Nutrition and growth
characteristics of Trichomitopsis termopsidis, a
cellulolytic protozoan from termites. Appl. Environ.
Microbiol. 49, 614—621.

Hrdy 1, Hirt RP, Dolezal P, Bardonova L, Foster PG,
Tachezy J, Embley TM. 2004 Trichomonas
hydrogenosomes contain the NADH dehydrogenase
module of mitochondrial complex I. Nature 432,
618—622. (doi:10.1038/nature03149)

Inoue J-I, Saita K, Kudo T, Ui S, Ohkuma M. 2007
Hydrogen production by termite gut protists:

066017L0Z Lszg ;)of H 'JbJJ “ ‘616'Su!q5!|dhdﬂiajnoﬂé/(bkqdéj


http://dx.doi.org/10.1126/science.257.5075.1384
http://dx.doi.org/10.1038/244577a0
http://dx.doi.org/10.1073/pnas.78.7.4601
http://dx.doi.org/10.1146/annurev-ento-112408-085319
http://dx.doi.org/10.1146/annurev-ento-112408-085319
http://dx.doi.org/10.1038/nature06269
http://dx.doi.org/10.1038/nature06269
http://dx.doi.org/10.1371/journal.pone.0021709
http://dx.doi.org/10.1007/978-90-481-3977-4_14
http://dx.doi.org/10.1007/978-90-481-3977-4_14
http://dx.doi.org/10.1038/nrmicro3182
http://dx.doi.org/10.1111/j.1365-2486.2009.01916.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01916.x
http://dx.doi.org/10.1007/s00018-011-0648-z
http://dx.doi.org/10.1371/journal.pone.0004893
http://dx.doi.org/10.1021/pr100989c
http://dx.doi.org/10.1371/journal.pone.0003805
http://dx.doi.org/10.1038/nature09646
http://dx.doi.org/10.1038/nature09646
http://dx.doi.org/10.1093/pcp/pch117
http://dx.doi.org/10.1093/pcp/pch117
http://dx.doi.org/10.1021/ac9022023
http://dx.doi.org/10.1021/ac9022023
http://dx.doi.org/10.1021/ac102097u
http://dx.doi.org/10.1021/ac102097u
http://dx.doi.org/10.1016/j.procbio.2010.03.035
http://dx.doi.org/10.1126/science.1132894
http://dx.doi.org/10.1126/science.1132894
http://dx.doi.org/10.1371/journal.pone.0018814
http://dx.doi.org/10.1007/s00248-011-9922-8
http://dx.doi.org/10.1073/pnas.0801389105
http://dx.doi.org/10.1111/j.1365-294X.2004.02276.x
http://dx.doi.org/10.1111/j.1365-294X.2004.02276.x
http://dx.doi.org/10.1016/0020-1790(88)90035-2
http://dx.doi.org/10.1016/S0965-1748(01)00160-6
http://dx.doi.org/10.1128/EC.00100-06
http://dx.doi.org/10.1007/s10086-009-1088-3
http://dx.doi.org/10.1074/jbc.R200006200
http://dx.doi.org/10.1146/annurev.bi.47.070178.002533
http://dx.doi.org/10.1271/bbb.70.211
http://dx.doi.org/10.1271/bbb.70.211
http://dx.doi.org/10.1128/AEM.04206-13
http://dx.doi.org/10.1007/978-90-481-3977-4_15
http://dx.doi.org/10.1007/978-90-481-3977-4_15
http://dx.doi.org/10.1074/jbc.M114.555383
http://dx.doi.org/10.1038/nature03149

47.

48.

49.

50.

51.

52.

53.

54.

characterization of iron hydrogenases of
parabasalian symbionts of the termite Coptotermes
formosanus. Eukaryot. Cell 6, 1925—1932. (doi:10.
1128/EC.00251-07)

Yamin MA. 1980 Cellulose metabolism by the
termite flagellate Trichomitopsis termapsidis. Appl.
Environ. Microbiol. 39, 859-863.

Yamin MA. 1981 Cellulose metabolism by the
flagellate Trichonympha from a termite is
independent of endosymbiotic bacteria.

Science 211, 58—59. (doi:10.1126/science.211.
4477.58)

Hampl V, Silberman JD, Stechmann A, Diaz-Trivifio
S, Johnson PJ, Roger AJ. 2008 Genetic evidence for
a mitochondriate ancestry in the ‘Amitochondriate’
flagellate Trimastix pyriformis. PLoS ONE 3, e1383.
(doi:10.1371/journal.pone.0001383)

Graber JR, Breznak JA. 2004 Physiology and
nutrition of Treponema primita, an H,/C0,-
acetogenic spirochete from termite hindguts. Appl.
Environ. Microbiol. 70, 1307 -1314. (doi:10.1128/
AEM.70.3.1307-1314.2004)

Brune A, Emerson D, Breznak JA. 1995 The termite
gut microflora as an oxygen sink: microelectrode
determination of oxygen and pH gradients in guts
of lower and higher termites. Appl. Environ.
Microbiol. 61, 2681—2687.

Pester M, Brune A. 2007 Hydrogen is the central
free intermediate during lignocellulose degradation
by termite gut symbionts. /SME J. 1, 551-565.
(doi:10.1038/ismej.2007.62)

Haller T, Buckel T, Rétey J, Gerlt JA. 2000
Discovering new enzymes and metabolic pathways:
conversion of succinate to propionate by Escherichia
colii. Biochemistry (Wash) 39, 4622—4629. (doi:10.
1021/hi992888d)

Bignell DE. 1984 Direct potentiometric
determination of redox potentials of the gut
contents in the termites Zootermopsis nevadaensis
and Cubitermes severus and in three other

55.

56.

57.

58.

59.

60.

61.

arthropods. J. Insect Physiol. 30, 169—174. (doi:10.
1016/0022-1910(84)90122-7)

Yamaoka |, Ideoka H, Sasabe K, Nagatani Y. 1983
Distribution of the intestinal flagellates in the
hindgut of the termite, Reticulitermes speratus
(Kolbe). Ann. Entomol. 1, 45-50.

Ha S-J, Galazka JM, Oh EJ, Kordic V, Kim H,

Jin Y-S, Cate JHD. 2013 Energetic benefits and
rapid cellobiose fermentation by Saccharomyces
cerevisiae expressing cellobiose phosphorylase

and mutant cellodextrin transporters. Metab.

Eng. 15, 134-143. (d0i:10.1016/j.ymben.2012.
11.005)

Graber JR, Leadbetter JR, Breznak JA. 2004
Description of Treponema azotonutricium sp. nov.
and Treponema primitia sp. nov., the first
spirochetes isolated from termite guts. Appl.
Environ. Microbiol. 70, 1315-1320. (doi:10.1128/
AEM.70.3.1315-1320.2004)

Breznak JA. 2000 Ecology of prokaryotic microbes in
the guts of wood- and litter-feeding termites. In
Termites: evolution, sociality, symbioses, ecology (eds
T Abe, DE Bignell, M Higashi), pp. 209—231.
Dordrecht, The Netherlands: Kluwer Academic
Publisher.

Lilburn TG, Kim KS, Ostrom NE, Byzek KR,
Leadbetter JR, Breznak JA. 2001 Nitrogen

fixation by symbiotic and free-living spirochetes.
Science 292, 2945—2948. (doi:10.1126/science.
1060281)

Yamada A, Inoue T, Noda S, Hongoh Y, Ohkuma M.
2007 Evolutionary trend of phylogenetic diversity of
nitrogen fixation genes in the gut community of
wood-feeding termites. Mol. Ecol. 16, 3768—3777.
(doi:10.1111/j.1365-294X.2007.03326.x)

Fujita A, Shimizu I, Abe T. 2001 Distribution of
lysozyme and protease, and amino acid
concentration in the guts of a wood-feeding
termite, Reticulitermes speratus (Kolbe): possible
digestion of symbiont bacteria transferred by

62.

63.

64.

65.

66.

67.

68.

69.

trophallaxis. Physiol. Entomol. 26, 116—123.
(doi:10.1046/j.1365-3032.2001.00224.x)

Brune A, Ohkuma M. 2011 Role of the termite gut
microbiota in symbiotic digestion. In Biology of
termites: a modern synthesis (eds DE Bignell,

Y Roisin, N Lo), pp. 439—475. Dordrecht,

The Netherlands: Springer. (doi:10.1007/978-90-
481-3977-4_16)

Machida M, Kitade O, Miura T, Matsumoto T. 2001
Nitrogen recycling through proctodeal trophallaxis
in the Japanese damp-wood termite Hodotermopsis
japonica (Isoptera, Termopsidae). Insectes Soc. 48,
52-56. (doi:10.1007/PL00001745)

Uchima (A, Tokuda G, Watanabe H, Kitamoto K, Arioka
M. 2011 Heterologous expression and characterization
of a glucose-stimulated 3-glucosidase from the
termite Neotermes koshunensis in Aspergillus oryzae.
Appl. Microbiol. Biotechnol. 89, 1761—-1771. (doi:10.
1007/500253-010-2963-y)

Uchima (A, Tokuda G, Watanabe H, Kitamoto K,
Arioka M. 2013 A novel glucose-tolerant
[B-glucosidase from the salivary gland of the
termite Nasutitermes takasagoensis. J. Gen. Appl.
Microbiol. 59, 141—145. (doi:10.2323/jgam.59.141)
Yuki M, Moriya S, Inoue T, Kudo T. 2008
Transcriptome analysis of the digestive organs of
Hodotermapsis sjoestedti, a lower termite that hosts
mutualistic microorganisms in its hindgut. Zool. Sci.
25, 401-406. (doi:10.2108/zs).25.401)

Yan D. 2007 Protection of the glutamate pool
concentration in enteric bacteria. Proc. Nat/ Acad. Sci.
USA 104, 9475—9480. (doi:10.1073/pnas.0703360104)
Hansen AK, Moran NA. 2011 Aphid genome expression
reveals host —symbiont cooperation in the production of
amino acids. Proc. Nat! Acad. Sci. USA 108, 2849—2854.
(doi:10.1073/pnas.1013465108)

Hirayama C, Nakamura M. 2002 Regulation of
glutamine metabolism during the development of
Bombyx mori larvae. Biochim. Biophys. Acta 1571,
131-137. (doi:10.1016/50304-4165(02)00207-6)

066017L0Z Lszg ;)of ;y“'JbJJ “ ‘616'Eu[Qéudhd/(lla‘poqé./(‘di'qd.sj


http://dx.doi.org/10.1128/EC.00251-07
http://dx.doi.org/10.1128/EC.00251-07
http://dx.doi.org/10.1126/science.211.4477.58
http://dx.doi.org/10.1126/science.211.4477.58
http://dx.doi.org/10.1371/journal.pone.0001383
http://dx.doi.org/10.1128/AEM.70.3.1307-1314.2004
http://dx.doi.org/10.1128/AEM.70.3.1307-1314.2004
http://dx.doi.org/10.1038/ismej.2007.62
http://dx.doi.org/10.1021/bi992888d
http://dx.doi.org/10.1021/bi992888d
http://dx.doi.org/10.1016/0022-1910(84)90122-7
http://dx.doi.org/10.1016/0022-1910(84)90122-7
http://dx.doi.org/10.1016/j.ymben.2012.11.005
http://dx.doi.org/10.1016/j.ymben.2012.11.005
http://dx.doi.org/10.1128/AEM.70.3.1315-1320.2004
http://dx.doi.org/10.1128/AEM.70.3.1315-1320.2004
http://dx.doi.org/10.1126/science.1060281
http://dx.doi.org/10.1126/science.1060281
http://dx.doi.org/10.1111/j.1365-294X.2007.03326.x
http://dx.doi.org/10.1046/j.1365-3032.2001.00224.x
http://dx.doi.org/10.1007/978-90-481-3977-4_16
http://dx.doi.org/10.1007/978-90-481-3977-4_16
http://dx.doi.org/10.1007/PL00001745
http://dx.doi.org/10.1007/s00253-010-2963-y
http://dx.doi.org/10.1007/s00253-010-2963-y
http://dx.doi.org/10.2323/jgam.59.141
http://dx.doi.org/10.2108/zsj.25.401
http://dx.doi.org/10.1073/pnas.0703360104
http://dx.doi.org/10.1073/pnas.1013465108
http://dx.doi.org/10.1016/S0304-4165(02)00207-6

	Metabolomic profiling of 13C-labelled cellulose digestion in a lower termite: insights into gut symbiont function
	Introduction
	Material and methods
	Results
	Profiles of metabolites derived from 13C-cellulose in the digestive system of Hodotermopsis sjostedti
	Time series of intestinal 13C-cellulose metabolism

	Discussion
	Cellulose hydrolysis and carbon metabolism in the foregut and midgut
	Cellulose hydrolysis and carbon metabolism in the hindgut
	Temporal dynamics of Glc1P shed light on the previously neglected contribution to lower termite cellulose metabolism by hindgut bacteria
	Amino acid synthesis and acquisition

	Conclusion
	Acknowledgements
	Funding statement
	References


