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Molecular insights into the evolution of woody plant 
decay in the gut of termites 
Hongjie Li1*, Xue Kang2*, Mengyi Yang3, Boris Dodji Kasseney4, Xuguo Zhou5, Shiyou Liang6, 
Xiaojie Zhang7, Jia-Long Wen8, Baoting Yu9, Ning Liu10, Yufen Zhao2, Jianchu Mo11, 
Cameron R. Currie12,13,14, John Ralph12,15, Daniel J. Yelle16* 

Plant cell walls represent the most abundant pool of organic carbon in terrestrial ecosystems but are highly 
recalcitrant to utilization by microbes and herbivores owing to the physical and chemical barrier provided by 
lignin biopolymers. Termites are a paradigmatic example of an organism’s having evolved the ability to sub-
stantially degrade lignified woody plants, yet atomic-scale characterization of lignin depolymerization by ter-
mites remains elusive. We report that the phylogenetically derived termite Nasutitermes sp. efficiently degrades 
lignin via substantial depletion of major interunit linkages and methoxyls by combining isotope-labeled 
feeding experiments and solution-state and solid-state nuclear magnetic resonance spectroscopy. Exploring 
the evolutionary origin of lignin depolymerization in termites, we reveal that the early-diverging woodroach 
Cryptocercus darwini has limited capability in degrading lignocellulose, leaving most polysaccharides intact. 
Conversely, the phylogenetically basal lineages of “lower”  termites are able to disrupt the lignin-polysaccharide 
inter- and intramolecular bonding while leaving lignin largely intact. These findings advance knowledge on the 
elusive but efficient delignification in natural systems with implications for next-generation ligninolytic agents. 
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INTRODUCTION 
Lignin was a critical innovation in early land plants, resulting in the 
radiation and subsequent terrestrial dominance of tracheophytes (1, 
2). Early tracheophytes evolving the ability to deposit lignin poly-
mers in their secondary cell walls provided the structural support 
essential for vertical growth and increased body size (1). The result-
ing increase in net primary production within early terrestrial eco-
systems facilitated the emergence of other early life forms on land 
(3). Concomitant with its critical role in the evolution of more 
complex plants, lignin became essential in helping defend plants 
from coevolving herbivores and pathogens (4, 5). The complex set 
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of polymerized phenylpropanoids associated with lignin makes it 
one of the hardest biopolymers to degrade, rendering it essentially 
recalcitrant to almost all animals and microbes. Among microbes, 
basidiomycetes, like white-rot fungi, can degrade lignin using a 
diverse suite of ligninolytic enzymes (6), and brown-rot fungi can 
truncate lignin via electrophilic reactive oxygen species (7). The 
ability of a metazoan to substantially alter lignin subunits in plant 
cell walls is unknown (8, 9). The ecologically dominant role termites 
have as wood decomposers (10) suggests that lignin degradation 
evolving in a metazoan is most likely to have originated within ter-
mites (1, 2, 11–14). 

Lignocellulose is a supramolecular network formed mainly by 
the complex polymers cellulose, hemicelluloses, and lignin. 
Among them, lignin is a ubiquitous and heterogeneous plant cell 
wall polymer derived mainly from hydroxycinnamyl alcohols via 
combinatorial radical coupling reactions. These aromatic polymers 
comprise 15 to 30% (w/w) of lignocellulosic biomass (15) in grassy 
and/or woody plants and provide land plants with structural integ-
rity that makes the plant cell walls resistant to degradation by her-
bivores or pathogens (16). Unlike cellulose and hemicelluloses, 
lignin is an aromatic polymer that contains a variety of ether and 
carbon-carbon linkages between monomer-derived units (17, 18). 
These properties render the cell wall recalcitrant to chemical depo-
lymerization that is an essential but challenging starting point for 
entire lignocellulosic industries. Cellulose microfibrils are proposed 
to be embedded in a network of xylan-lignin complexes, involving 
extensive covalent and noncovalent interactions (19–22). All these 
architectural features arise from nanoscale assembly of lignocellu-
losic components in plant biomass, in which cross-linking of this 
network leads to the formation of hydrophobic lignocellulosic com-
posites, with considerable variations across grasses, softwoods, and 
hardwoods, resulting in recalcitrance to enzymatic hydrolysis (22). 
Biotechnological efforts to unravel and use these carbon-neutral 
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materials for bioenergy and bioproducts require expensive chemi-
cal, physical, or biological processes (23–25). 

Termites are a clade of eusocial cockroaches (order Blattodea; 
formerly Isoptera) with approximately 3000 described species. 
They are one of the few animal groups that have the capacity to 
digest wood and other lignocellulosic substrates (10, 26). They 
have an enormous impact on terrestrial ecosystems by enhancing 
global carbon cycling. Within hours, they digest 74 to 99% of cellu-
lose and 65 to 87% of hemicelluloses via their digestive symbiotic 
gut microbiota (27, 28). Termites emerged ~150 million years ago 
in the late Jurassic. All descend from a wood-feeding ancestor of 
modern termites and an extant sister lineage woodroach Cryptocer-
cus (Cryptocercidae) (29). In the evolutionary basal groups, wood- 
feeding roaches Cryptocercus and phylogenetically basal termites, 
woody plant digestion is accomplished by a dual cellulolytic 
system, which combines enzymes from the host and its gut symbi-
onts including cellulolytic flagellates and bacteria (30, 31). 

About 150 million years ago, phylogenetically basal termites 
gained the ability to digest wood through the acquisition of cellulo-
lytic flagellates that ingest wood particles. Comprising approximate-
ly 70% of all described termite species, the phylogenetically derived 
“higher” termites (family Termitidae) completely lost all gut flagel-
lates and transitioned to just a gut community composed of micro-
biota. The emergence and rise of the family Termitidae marked by a 
variety of innovative traits, including specialized gut anatomy, the 
involvement of a community of microbiota, and ability to thrive on 
diverse diets (28, 32–36). Dietary disparity allowed these termites to 
use untapped niches, such as decayed plant matter in advanced 
stages of decomposition (i.e., humus and other soil organic 
matter). From here, Termitidae radiated and became ecologically 
dominant (10). 

Chemical composition and structure of lignocellulosic diets are 
thought to be strongly correlated to decomposition rates by termites 
(37). The evolutionary transition from woodroaches to lower ter-
mites and then lastly to higher termites created a dietary shift 
from fresh wood to wood that had been heavily decayed by fungi 
or even to organic soil that is enriched in lignin, tannins, and 
other aromatic polymers but relatively scarce in polysaccharides 
such as cellulose. These dietary differences, together with the re-
markable diversity of digestive anatomy (38, 39) and microbiota 
communities (35), have led to the longstanding notion that 
diverse mechanisms for lignocellulose deconstruction are likely pre-
served in termites. Lignocellulose degradation mechanisms, in the 
context of the modification of molecular arrangements and interac-
tions of lignin and polysaccharides in plant secondary cell walls, are 
generally poorly understood because of the complexity of the bio-
polymer matrix. Solution-state two-dimensional nuclear magnetic 
resonance (2D-NMR) and state-of-the-art solid-state NMR 
(ssNMR) spectroscopy on the whole plant cell wall material are 
well-developed analytical approaches that allow us to analyze 
these complex biopolymers without requiring prior fractionation 
or separation and are now widely used to provide evidence for bio-
logical/chemical lignin cleavage processes (40, 41). 

Here, we describe in detail lignocellulose decay across diverse 
termites and their sister group, the subsocial woodroach Cryptocer-
cus, by chemically and biophysically tracking the fate of the molec-
ular architecture of the plant cell walls before and after gut passage. 
High-performance anion-exchange chromatography (HPAEC) and 
Klason lignin (KL) analysis quantify the monosaccharides and 

lignin content in each sample to provide an overall view of how lig-
nocellulose is transformed in the insect digestive tract. Heteronu-
clear single-quantum coherence (HSQC) solution-state NMR 
experiments, in conjunction with methoxy group analysis on 
whole plant cell wall material, qualitatively and semiquantitatively 
determine where and to what extent bond depletion has occurred 
after passage through the termite or woodroach gut. Given that 
the native spatial arrangement of cell wall polymers is disrupted 
during the ball-milling of the samples for solution-state NMR, 
magic angle spinning (MAS) ssNMR spectroscopy of sound 
termite-digested wood was used to visualize the native physical in-
teractions between lignin and polysaccharides. A lower drywood-
feeding termite Cryptotermes sp. and a higher termite Nasutitermes 
sp. were fed 90 to 96 atom% 13C-labeled stems from woody plants 
[Monterey pine (Pinus radiata) and Canadian poplar (Populus × 
canadensis)], which enhances the sensitivity of the ssNMR spectra 
and avoids the previously problematic gut content contamination. 
Scanning electron microscopy (SEM) confirms a distinct lignin de-
polymerization and degradation pattern. 

RESULTS AND DISCUSSION 
ssNMR reveals the carbon-carbon–bonded lignin depletion 
in a phylogenetically derived termite lineage 
To characterize lignin degradation in the phylogenetically derived 
higher termites, we performed 13C-labeled substrate feeding exper-
iments with Nasutitermes sp. and conducted ssNMR analyses. 
Through provisioning termites with 13C-labeled Populus × cana-
densis stem material, we could measure the 2D 13C─13C radio fre-
quency–driven recoupling (RFDR) spectra with adequate sensitivity 
to measure through-bond (i.e., covalently bound) cross peaks and 
reveal the presence of the Cα─C1 bond within lignin substructures 
(Fig. 1). Relative to woody material not undergoing gut transit, we 
observed substantial depletion of the β-aryl ethers (structure A) and 
lignin methoxyls (yellow) after Nasutitermes sp. gut transit. Further, 
the phenylcoumarans (structure B), resinols (structure C), and di-
benzodioxocins (structure D), as well as the cinnamyl alcohol 
endgroups (structure I), all essentially disappear after the passage 
of the plant stem woody substrate through the gut of Nasutitermes 
sp. 

To further validate our findings of substantial lignin degradation 
in higher termites, we performed 2D 13C─13C correlation spectro-
scopy of proton-driven spin diffusion (PDSD) experiments using 
ssNMR with long mixing times (1.5 s) and short mixing times 
(0.1 s). This approach provides exquisite details on the spatial prox-
imities of native cell wall polymers, as each cross peak represents a 
unique subnanometer contact between two distinct atoms in adja-
cent molecules through space (i.e., noncovalently bound) (Fig. 2) 
(22). As the mixing time increases, the magnetization can transfer 
through space between nuclei that are further apart, up to a maximal 
detectable distance of ~5 to 10 Å. For both hardwood and softwood 
samples, the cell wall component interactions are well-resolved in 
the ssNMR spectra and are classified into four major categories de-
pending on the interaction site and the structural motif that reflect 
the spatial contacts of the molecules (Fig. 2, A and B, and table S1). 

Our ssNMR analyses of Populus × canadensis 13C-labeled plant 
stems, having undergone gut passage through Nasutitermes ter-
mites, revealed distinct modifications in the physical packing of 
the plant cell wall as compared to the diet samples (Fig. 2, A and  
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Fig. 1. Depletion of carbon-carbon linkages of native lignin in wood by the higher termite Nasutitermes sp. (A and B) 2D 13C─13C RFDR ssNMR spectra of the 
woody diet (left) and feces (right) of Nasutitermes sp. (top) and C. declivis (bottom) showing detection of one-bond cross peak cleavage after termite gut transit. (C) Color- 
coded chemical structures found in the woody diet and feces that correspond to the colored contours in (A) and (B), including β-aryl ethers (structure A), phenylcou-
marans (structure B), resinols (structure C), dibenzodioxocins (structure D), cinnamyl alcohol endgroups (structure I), and lignin methoxyls (yellow).  

C). This is evidenced by the intermolecular changes before and after 
termite gut passage, which are characterized by the relative intensi-
ties of these cross peaks from the interacting molecules (Fig. 2E). 
The digested samples obtained from Nasutitermes termites exhibit-
ed distinctly different polysaccharide-polysaccharide cross peaks, 
with disappearance of the intermolecular cross peaks between the 
xylan acetate methyl group and cellulose carbon sites (i, internal; 
s, surface), evidenced by the absence of cross peaks between AcMe 

[21.4 parts per million (ppm)] and i4 (89.0 ppm), s4 (84.4 ppm), 
and s6 (62.6 ppm) (Fig. 2C). In addition, the substantial decrease 
in intensity of cross peaks between AcMe (21.4 ppm) to aromatic 
lignin carbons S3/5b (153.0 ppm) and S1/4a (137 ppm) indicates 
that xylan acetyl groups and lignin have few direct interactions in 
the digested samples, further supported by the scarcity of cross 
peaks in experiments with only a long mixing period. However, 
the lignin correlations with the ring carbons of carbohydrates are 
similar, both for cellulose and xylan, as evidenced by a clear cross 
peak between the lignin methoxy group and polysaccharide carbons 
at 56.5 ppm in the digested samples. At short mixing times, inter-
molecular cross peaks occur between spatially close carbons (i.e., 
short-range interactions), such as those within the same lignin 
residue. For the interactions between spatially distant carbons 
(i.e., long range), such as those between different lignin-lignin 
units, the 1.5-s spectrum from Nasutitermes feces (Fig. 2C) still 
shows long-range intermolecular cross peaks, although relatively 
fewer compared to the Nasutitermes diet (Fig. 2A). This suggests 
that the residual lignin after gut transit remains in its native state. 

An early-diverging basal termite lineage gets access to 
polysaccharides by disrupting the physical nature of wood 
cell wall architecture 
Having characterized lignin degradation in the higher termite Na-
sutitermes, we next conducted feeding experiments with 13C-labeled 
plant material in the phylogenetically basal “lower” termite Crypto-
termes declivis. Termites were reared on isotope-labeled plant stems 
of Monterey pine and we measured the 2D 13C─13C RFDR spectra 
(i.e., through-bond correlations) of the pre- and postdigested wood 
substrate (Fig. 1, A and B). In contrast to Nasutitermes, our ssNMR 
analyses revealed that cross peaks obtained from the Cryptotermes 
feces had fewer changes in the RFDR spectrum as compared to the 
Cryptotermes diet, suggesting a substantially different lignin degra-
dation mechanism between the higher and lower termites. Relative 
to the Cryptotermes diet material that did not undergo gut transit, 
we observed little or no detectable impact on the β-aryl ethers 
(structure A), phenylcoumarans (structure B), resinols (structure 
C), or dibenzodioxocins (structure D) after Cryptotermes gut 
transit. Further, a slight decrease of lignin methoxyls (yellow) and 
the cinnamyl alcohol endgroups (structure I) occurred after the 
passage of the plant stem woody substrate through the gut of 
Cryptotermes. 

To further characterize plant biomass degradation in the phylo-
genetically basal termite Cryptotermes, we performed a 2D 13C─13C 
correlation spectrum using ssNMR with long mixing times (1.5 s) 
and short mixing times (0.1 s). Cryptotermes termites exhibited dis-
tinctive modifications to the physical packing of the plant cell wall 
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Fig. 2. Electrostatic interactions between lignin and polysaccharides in the termite woody diets and after gut transit reveal the spatial proximities of cell wall 
polymers. Representative 2D 13C─13C MAS ssNMR spectra measured with short (0.1 s, blue contours) and long (1.5 s, black contours) mixing times of the woody diet for 
higher termite Nasutitermes sp. (A) and lower termite C. declivis (B). Only intermolecular cross peaks are labeled. Xylose, twofold xylan (Xn2f, purple); xylose, threefold 
xylan (Xn3f, blue); interior cellulose (i, red); surface cellulose (s, red); mannosyl group (M, yellow). Representative 2D 13C─13C MAS ssNMR spectra measured with short and 
long mixing times of the digested woody sample after substrate gut transit for Nasutitermes sp. (C) and C. declivis (D). (E) Bar chart indicating the frequency of electrostatic 
interactions (cross peaks) found within fve categories of woody biomass for the higher termite Nasutitermes woody diet (purple) and after their gut transit (blue). For each 
category, the cross peaks are grouped by their strength. (F) Bar chart indicating the frequency of electrostatic interactions (cross peaks) found within fve categories of 
woody biomass for the lower termite Cryptotermes woody diet (brown) and after their gut transit (cyan). For each category, the cross peaks are grouped by their strength.  
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(Fig. 2, B and D), as evidenced by all the intermolecular correlation 
changes before and after termite gut passage that are categorized by 
the interacting molecules and the relative intensities of their cross 
peaks (Fig. 2F). We further investigated the intermolecular cross 
peaks, which were substantially decreased, from NMR spectra of di-
gested samples of Cryptotermes termites. As in the case of cross 
peaks between hemicellulose to cellulose and to lignin, the cross 
peaks to the acetate methyl group at 21.4 ppm (AcMe) are almost 
undetectable in the digested sample spectra at both mixing times. 
Similar changes have been found for the correlations between 
lignin and cellulose as well as xylan, supported by the disappearance 
of cross peaks between G1a,c,d, G3a, and G4c and cellulose carbon 
sites (s, surface), such as s1, s4, and s6, and a cross peak between 
G1a,c,d (135.6 ppm) and twofold screw conformation of xylan 
(Xn42f, 82.3 ppm) (42). Nevertheless, there are generally similar in-
termolecular cross peaks between two different lignin units both in 
0.1-s short and 1.5-s long mixing time spectra (Fig. 2D), indicating 
that lignin-lignin interactions in digested samples of Cryptotermes 
termites likely have lost supramolecular architecture that is native to 
the plant cell wall. 

Overall, the substantial reduction of lignin-lignin interactions in 
Nasutitermes termites, along with the scarcity of lignin-polysaccha-
ride and polysaccharide-polysaccharide cross peaks in the fecal 
samples of Cryptotermes termites (Fig. 2, E and F), reveals distinctly 
different mechanisms between the higher and lower termites in how 
they modify the physical nature of lignin-polysaccharides interac-
tions in plant cell walls. Together, these MAS-ssNMR experiments 
with isotopically labeled woody samples along with SEM suggest 
that the native spatial proximity between lignin and other cell wall 
components have been extensively altered by termite digestions (fig. 
S1). The residual lignin in the lower termites displayed a more dis-
rupted spatial architecture, whereas in the higher termites, the re-
sidual lignin remains in a more native spatial architecture. 

The evolutionary trajectory of diverse lignocellulose 
digestion mechanisms in termites as shown by solution- 
state NMR and methoxy analysis 
We next characterized the plant delignification capacity across ter-
mites and their sister group, the subsocial woodroach Cryptocercus 
darwini (Fig. 3, A and B). By focusing on eight termite species, 
spanning the phylogenetic diversity of the infraorder Isoptera, 
and C. darwini, representing the sister lineage to termites, we 
reveal several broad evolutionary patterns (Fig. 3). Chemical com-
positional analysis of the hydrolyzed plant biomass (Fig. 3A and 
table S2) shows substantial differences in lignin content in insect 
feces from the basal to more derived termite and woodroach taxa. 
Specifically, the KL content of the termite feces samples, as a pro-
portion of biomass compared to their predigested diet, showed in-
creases of 27.6, 33.5, and 37.7% in the three lower termites, 
Zootermopsis angusticolis, Incisitermes minor, and Cryptotermes 
sp., respectively, and an increase of 7.3% in the woodroach (Crypto-
cercus sp.). In contrast to this enrichment of lignin in lower termites, 
the lignin content in the digested samples of higher termites indi-
cates substantial depolymerization. Specifically, lignin content in 
the feces of Odontotermes formosanus and Macrotermes barneyi 
showed slight decreases of 0.1 and 2.3%, respectively, whereas in 
Trinervitermes geminatus, it was slightly increased (4.3%) and Na-
sutitermes sp. decreased by 6.1%. Polysaccharide compositional 
analysis of the digested samples revealed minor digestion of 

cellulose and hemicelluloses in Cryptocercus sp., but note that the 
diet of Cryptocercus sp. was brown-rotted wood in which most cel-
lulose and hemicelluloses had already succumbed to fungal decay. 
On the other hand, polysaccharide utilization was notable for all 
lower and higher termites. 

To further examine the pattern of delignification across termites, 
we used solution-state 1H─13C HSQC NMR spectroscopy in con-
junction with methoxy analysis on the nonderivatized whole 
plant cell wall material, allowing us to quantitatively visualize the 
structural changes in the lignin and polysaccharides before and 
after gut transit (Fig. 3C). The HSQC spectra were well-resolved 
into an aliphatic region of lignin sidechains and polysaccharides, 
a polysaccharide anomerics region, and a lignin aromatics region. 
A visual comparison of the HSQC spectra of plant diet and feces 
samples of all the termites showed marked depletions of plant poly-
saccharides as well as in various lignin units (i.e., β-aryl ethers A, 
phenylcoumarans B, and resinols C). To quantify the losses in 
lignin units, each of the samples was analyzed for methoxy 
content (table S3), allowing all peak integrations to be normalized 
to the lignin methoxy group. Using the normalized data to compare 
the termite diet with its feces, most higher termites exhibited a de-
pletion of β-aryl ethers greater than 50% as well as removal of all 
phenylcoumarans and most of the resinols (Fig. 3C and table S3). 
Trinvervitermes displayed the most notable depletion in β-aryl 
ethers compared to Nasutitermes, Macrotermes, and Odontotermes. 
Along with the depletion in characteristic lignin units, the higher 
termites displayed large losses in methoxy content, indicating that 
these termites have the capability of cleaving all types of ethers as 
well as carbon-carbon bonds in lignin. In contrast, the three 
lower termites exhibited notably lower depletion in β-aryl ethers, 
phenylcoumarans, and resinols when compared to the higher ter-
mites, with Incisitermes and Cryptotermes displaying the most 
severe impacts. Analysis of the methoxy content for the lower ter-
mites indicated that methoxyl depletion was notably less in compar-
ison to that for the higher termites. Together with the previous 
reports of aromatic ring modifications and/or side-chain oxidations 
in the lower wood-feeding termites (13, 43, 44), these HSQC spectra 
confirm the substantially different lignin degradation mechanisms 
between the higher and lower termites as seen with the 
ssNMR spectra. 

The molecular-level evidence of structural and chemical founda-
tions in the spatial cell wall architecture of pre- and postdigested 
wood substrates indicates that the higher termite Nasutitermes 
achieves substantial cell wall polysaccharide digestion via extensive 
C─C bond depletion between lignin units without completely re-
moving or redistributing the native lignin domains. The fact that 
detectable distances between individual lignin domains still exist 
in the fecal samples reveals that the efficient cell wall digestion in 
higher Nasutitermes termites is not simply related to mechanical di-
gestion processes such as milling via mandibles and gizzard 
grinding. 

The ability to deconstruct lignocellulose has been demonstrated 
as having multiple origins and has continued to evolve in diverse 
smaller branches, although sparsely dispersed. Throughout the 
termite evolutionary history that commits them to the wood-
feeding lifestyle, there are initial symbiotic associations with cellu-
lolytic gut protists in the closest woodroach sisters and basal ter-
mites, and the digestive associations are subsequently replaced by 
intestinal bacteria in more derived Termitidae. Our results strongly  
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Fig. 3. Evolution of plant delignifcation across eight termite species and their extant sister lineage woodroach Cryptocercus. (A) Cladogram representing the 
phylogenetic relationships for the seven termite species examined and their extant sister the woodroach Cryptocercus (left) with heatmap showing the relative digest-
ibility of each species to degrade the three major cell wall components, lignin, cellulose, and hemicellulose (right) based on chemical compositional analysis of the 
hydrolyzed plant biomass. Line drawings depicting the origin and subsequent loss of cellulolytic protist gut symbionts (i.e., hypermastigids) and the evolutionary tran-
sition to cultivation of fungus gardens (mushroom). (B) Micrograph images illustrating the feeding behavior of the woodroach (top left), lower termites (top right), and 
higher termites (bottom left and right) in their native habitats. (C) 1H─13C 2D HSQC solution-state NMR spectra of each termite plant diet before (left) and after (right) 
insect gut transit. Correlations from the major lignin interunit linkage types are well dispersed and color-coded by their indicated chemical structures at the bottom of 
the fgure.  
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suggest that there are different lignocellulolytic mechanisms across 
termite phylogeny for plant cell wall deconstruction. Hence, the 
early-diverging woodroach lineage has a limited capacity to 
degrade lignocellulose, leaving most of the polysaccharides and 
lignin intact. In contrast, the more derived Termitidae termites sub-
stantially degraded lignins, decreasing the levels of β-ether, resinol, 
and phenylcoumaran units, as well as the methoxy groups in the 
lignin. Carbon-carbon–linked lignin units become particularly de-
pleted in Termitidae termites, whereas protist-mediated basal ter-
mites efficiently disrupt the lignin-polysaccharide interactions 
while removing little of the lignin. 

Despite the vast store of carbon in plant biomass, ligninolytic 
capability on the planet has until now only been understood from 
a much more limited range of organisms, including bacteria, yeasts, 
and microbial consortia (45–47), often through multiple strategies 
such as enzymatic and nonenzymatic deconstructions (11, 48). 
Among the most successful organisms, white-rot and brown-rot 
fungi (i.e., Basidiomycetes) have been viewed as the paradigm for 
lignocellulose degradation, which use oxidative enzymes and 
small-molecule reactive species to depolymerize lignin, respectively. 
The evolution of biomass deconstruction in insect-microbial 
systems has created an intriguing parallel to those of wood decay 
fungi. The lower termites do have the capability to degrade lignin 
to a certain degree, as is also seen in brown-rot fungi; this approach 
uses wood polysaccharides efficiently while leaving most of the 
lignin polymer intact (49) although they are able to cleave ether 
linkages in lignin (7, 50–52) to gain access to the polysaccharides. 

As the genome of brown-rot fungi, like Rhodonia placenta (pre-
viously Postia placenta), encodes no ligninolytic peroxidases, yet 
they are able to truncate the lignin polymer, the question remains: 
Do lower termites use ligninolytic peroxidases or a Fenton system 
(H2O2 + Fe2+ + H+ → H2O + Fe3+ + •OH) (53) in which electrophil-
ic reactive oxygen species like hydroxyl radicals can cleave lignin 
(54–56)? Recently, an endogenous Cu/Zn superoxide dismutase 
was found for the generation of reactive oxygen species that subse-
quently cleave the polysaccharides in the lower termites Copto-
termes gestroi, adding to the growing body of research that 
highlights the importance of nonenzymatic deconstruction in the 
lower termites (55). The woodroach, Cryptocercus spp., displayed 
similar losses in lignin units when compared to those seen in the 
lower termites. In contrast, the extensive amount of lignin degrada-
tion in the more-derived Termitidae termites is reminiscent of ox-
idative attack on the lignin polymer by the white-rot fungi, which 
produced the first ligninolytic peroxidases to gain stored carbon. 
These efficient and diverse plant biomass deconstruction strategies 
in termites all have the potential to inform industrial saccharifica-
tion and other biotechnological applications (57). 

MATERIALS AND METHODS 
Isotope labeling and preparation of woody plant materials 
The uniformly 13C-enriched plant stems of Monterey pine P. 
radiata (90 to 95 atom% 13C) and Canadian poplar Populus × can-
adensis (96 atom% 13C) were produced under identical growth con-
ditions in custom-designed chambers and purchased from IsoLife 
(Wageniengen, The Netherlands). 

Insect sampling and maintenance 
The termites and woodroach collection and colony maintenance 
details are as follows. Nasutitermes sp. was collected in Gutianshan 
National Nature Reserve, Quzhou, Zhejiang Province, China (29° 
10′01″N, 118°13′59″E) and maintained on native partially rotted 
hardwood. T. geminatus was sampled inside the campus of the Uni-
versity of Lomé, Togo (06°10′28.9″N, 001°12′46.4″E) and main-
tained on a native diet of sound Heteropogon contortus grass. One 
colony of M. barneyi harboring the king and queen were collected in 
March 2011 from Zhuji City, Zhejiang Province, China (29°54′ 
37.5″N, 120°19′55.8″E). The entire colony including fungus 
combs was wrapped in plastic film and transported to the laboratory 
within 6 hours after excavation and then maintained on sound air- 
dry Castanea mollissima leaves. One colony of O. formosanus har-
boring the king and queen was collected in March 2011 from a forest 
area near Xiangshan (30°07′38″N, 120°12′43″E) located at the 
Xianghu Tourist Holiday Resort, Hangzhou City, Zhejiang Prov-
ince, China. The entire colony including fungus combs was 
wrapped in plastic film and transported to the laboratory and 
then maintained on sound poplar wood (Populus tomentosa 
Carr.) C. declivis was collected in Shenzhen, Guangdong, China 
(22°34′17.5″N, 114°15′41.6″E) and maintained on sound pine 
wood (Pinus massoniana). Incisitermes sp. was collected in 
Ningbo, Zhejiang (29°14′59.7″N, 121°42′48.3″E) and maintained 
on sound P. massoniana wood. Zootermopsis angusticollis was col-
lected in Los Padres National Forest, CA, USA (34°43′22.6″N 119° 
42′11.1″W) and maintained on sound Pinus ponderosa wood. All 
the termite colonies above were maintained in complete darkness 
at 28°C and 80 to 92% relative humidity (RH). C. darwini was col-
lected at Red River Gorge within the Daniel Boone National Forest, 
KY, USA (37°47′38″N, 83°35′55″W) and maintained on the fallen 
rotten hardwood trunks. C. darwini colonies were kept at 20°C 
and 89 to 99% RH in a cuboid plastic shoebox. Each fecal sample 
was carefully collected under stereomicroscopes (Nikon Microsco-
py, Japan) and immediately pooled, lyophilized, and stored at 
−20°C until HSQC 2D solution-state NMR analysis. 

Feeding experiments of isotope-labeled woody materials 
One higher termite Nasutitermes sp. colony and one lower termite 
Cryptotemes declivis colony were selected for the isotope-labeled 
wood material feeding experiments. Each colony was randomly 
divided into three groups (30 individuals per group) and subse-
quently each group assigned to the feeding experiment. The 
feeding experiments used a diet of 13C-enriched plant stem (Cana-
dian poplar Populus × canadensis for Nasutitermes sp. and Monte-
rey pine P. radiata for Cryptotemes declivis), only sapwood is used. 
Each fecal sample was carefully collected under stereomicroscopes 
(Nikon Microscopy, Japan) and immediately pooled for ssNMR 
analysis. 

Scanning electron microscopy 
We use SEM to establish the presence or absence of specialized cu-
ticular structures associated with the filamentous bacteria. All 
samples were analyzed at 5.0 torr, 3.0 spot size, and 4°C. For 
SEM, specimens examined were fixed in 2% glutaraldehyde buffer 
for 1 hour, dehydrated through a graded series of ethanol concen-
trations, and subsequently critically point-dried. The specimens 
were then coated with gold-palladium alloy. The samples were 
studied with a Zeiss/LEO DSM-1530 scanning electron microscope.  
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Carbohydrate and KL analyses 
The termite (and woodroach) dietary materials and their feces were 
taken for compositional analyses of total sugars, KL, and acid- 
soluble lignin using two-step acid hydrolysis procedure of National 
Renewable Energy Laboratory (Boulder, CO) (58). HPAEC was 
used to quantify the monosaccharides in the hydrolysate of each 
sample, using a Dionex ICS-3000 HPAEC system (Dionex, Sunny-
vale, CA) equipped with an analytical CarboPacTM PA-20 column 
(4 mm by 250 mm, Dionex) in combination with the CarboPac PA- 
20 guard column (4 mm by 50 mm, Dionex) at the 30°C column 
temperature. The procedure was similar to that described by Sun 
et al. (59) but with modifications. Briefly, the monosaccharides 
and glucuronic acid were separated in 2 mM NaOH for 16 min at 
a flow rate of 0.4 ml/min, followed by a 100 mM NaOH and 50 mM 
NaOAc for 15 min. A 10-min elution with 2 mM NaOH was then 
used to reequilibrate the column before the next injection. The 
sugars including glucose, xylose, glucuronic acid, arabinose, galac-
tose, and mannose were all purchased from Sigma-Aldrich (USA) 
and used as standards. Each sample analysis was biologically repli-
cated (two distinctly pooled samples). 

Solution-state NMR experiments 
Diet and a feces samples were collected for each insect species as 
described above. The diet samples were sound wood (except for 
the woodroach and grass-feeding termite, which were brown-rot 
wood and fresh grass, respectively) that needed to be premilled to 
pass through an 80-mesh sieve. This was accomplished by cutting 
approx. Cubes of 5 mm3 were produced from the sound wood (500 
mg) and, after coarse-grinding, were ball-milled using a Retsch PM- 
400 planetary ball-mill (Newtown, PA) with a 50-ml ZrO2 jar with 
three 20-mm ZrO2 balls and milled at 200 rpm for 10 hours (20-min 
milling, 10-min pause). The premilled diet samples and the feces 
samples were then ball-milled using approximately 200 to 300 mg 
of material into a 50-ml ZrO2 jar with 10 10-mm ZrO2 balls and 
milled at 300 rpm for a total of 10 hours (20-min milling, 10-min 
pause) to give 400-min actual milling time. Afterward, approxi-
mately 30 mg of each milled sample was dissolved directly into a 
5-mm NMR tube (7 in length) using 500 μl of dimethyl sulfox-
ide–d6 (DMSO-d6) and sonicated at 35°C for 1 hour. In some 
cases, the ball-milled samples required 1-methylimidazole–d6 
(NMI-d6) to facilitate dissolution; a solution of 400 μl of DMSO-
d6 with 100 μl of NMI-d6 was added directly to the sample in a 5-
mm NMR tube. The dissolved samples were homogeneous and 
clear solutions. 

NMR spectra were acquired on a Bruker-Biospin (Rheinstetten, 
Germany) AVANCE III HD 500 MHz spectrometer fitted with a 
nitrogen-cooled 5-mm Prodigy TCI gradient cryoprobe with 
inverse geometry. One-bond 1H─13C correlation (HSQC) spectra 
were acquired using adiabatic-pulse experiments, Bruker pulse 
program hsqcetgpsisp2.2, and processed as previously described 
(50) using Bruker TopSpin 3.6.2 software. All integrations were de-
termined only on well-dispersed contours relative to the lignin 
methoxy contour. All methoxyls were normalized using the data 
obtained from the methoxy analysis so that quantitative values 
could be determined for the major lignin substructures (β-aryl 
ethers A, phenylcoumarans B, and resinols C). 

Methoxy analysis 
Research by Goto et al. (60, 61) demonstrated that traditional hydri-
odic acid (HI) (acidic form of iodine) methoxy analyses of lignocel-
lulosic materials may be flawed in that the polysaccharides in the 
material may also release methyl iodide in a similar fashion to 
that of lignin, thus obscuring the true number of lignin methoxyls. 
However, they found that selected monosaccharides produced 
methyl iodide to the level of 5 to 10 μmol/g, whereas selected 
wood species produced 1400 to 1800 μmol/g. Therefore, the contri-
bution of saccharides to methoxy content was found to be less than 
0.7% of the total methoxy content. For example, if wood has 4% 
methoxy content, then the highest contribution from saccharides 
would be 0.03%. 

Methoxy analysis was performed to determine the quantity of 
methoxyls in the lignin of each sample. Each sample was dried in 
a 45°C vacuum oven, accurately weighed, and added to a 20-ml 
crimp-top gas chromatography (GC) headspace vial. To each vial, 
5.0 ml of 57% HI was added via a volumetric pipet and six carbo-
rundum crystals were added to prevent bumping. Vials were purged 
with N2 and then crimp-sealed with a Teflon-lined silicone septum 
crimp top. Vials were then placed into a welled hot plate and slowly 
heated to 140°C (30-min ramp-up). Once the reaction temperature 
reached 140°C, a 30-min timer was started. After 30 min, the vials 
were transferred to an ice bath to cool for 15 min. After cooled, 100 
μl of ethyl iodide (EtI) stock solution was added via a 100-μl syringe 
through the septum to serve as an internal standard so that the EtI 
concentration was 0.888 mg/ml in each vial. Then, 10.0 ml of carbon 
tetrachloride (CCl4; 99.9%) was slowly added via a 10.0-ml syringe 
(with a #20 needle) through the septum (note: pressure built up 
during the addition of CCl4 into a vial, so firm downward pressure 
on the syringe was necessary to prevent backflow). Vials were then 
shaken vigorously using a mistral mixer for 20 to 30 s to facilitate 
extraction of methyl iodide (MeI), produced from the methoxy 
groups, into the CCl4 phase, and then allowed to phase-separate. 
MeI and EtI are assumed to be 100% partitioned into CCl4 phase 
(top phase). An aliquot of the top phase was transferred to a 2-ml 
GC vial for quantitative analysis. 

GC–mass spectrometry (MS) quantitative analyses were per-
formed using a Varian (Agilent Santa Clara, CA) model 3800 gas 
chromatograph interfaced to a Varian model 4000 ion trap mass de-
tector, operated in full scan mode at 70 eV in the range mass/charge 
ratio (m/z) 50 to 250. The transfer line was maintained at 150°C. A 
Restek (Bellfonte, PA) Rxi-1MS column (30 m by 0.25 mm by 0.25 
μm) was temperature-programmed as follows: 35° to 45°C at 2°C/ 
min to 250°C at 50°C/min and helium flow of 1.0 ml/min. A Com-
biPal autosampler (CTC Analytics, Zwingen, Switzerland) 
equipped with a 10-μl liquid syringe was used for 0.5-μl injections. 
The injector was operated in 200:1 split mode at 200°C. Quantita-
tion was performed using Varian MS Workstation software v9 on 
peak areas of quant ion m/z = 142 for MeI and m/z = 156 for EtI. 
The following equation was used in converting milligrams per mil-
liliter of MeI found to methoxyls (OMe): (mg/ml MeI found) × 10.1 
ml × (1 mmol MeI/141.95 mg) × (31.03 g/mmol OMe). Therefore, 
% OMe = (# mg OMe/mg wood) × 100. 

ssNMR experiments 
All the ssNMR spectra were collected on the Bruker Avance Neo 
800-MHz spectrometer equipped with 3.2-mm 1H/13C/15N E-free 
MAS probe at 295 K under MAS frequency of 19 kHz. 13C NMR  
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chemical shifts were externally referenced to the adamantine CH2 
signal at 38.48 ppm on the tetramethylsilane (TMS) scale. Typical 
radio frequency (rf ) strengths were 62.5 to 83.3 kHz for 1H and 50 to 
71.5 kHz for 13C. 

Three types of spectra were measured to obtain the spatial inter-
action information: (i) 2D 13C─13C RFDR experiments with 1.47- 
ms mixing time for the detection of one-bond cross peaks; the 
spectra were normalized to the iC1─iC2 cross peaks at (104.8, 
71.8 ppm) and then plotted. To ensure the visibility of all relevant 
information, the baseline of the plot was set to 20% of the height of 
these cross peaks, with a level increment for multiplication of 1.115 
and 30 contour lines. (ii) 2D 13C─13C dipolar-assisted rotational 
resonance (DARR) experiments with 100-ms mixing time for the 
detection of the intramolecular cross peaks; (iii) 2D 13C─13C stan-
dard version of PDSD experiments with 1500-ms mixing time for 
the detection of the intermolecular cross peaks. This last measure-
ment was used for selectively detecting the cross peaks between 
lignin and polysaccharides. The symmetric dipolar dephasing 
time in the modified version of PDSD is 23 ms. All three types of 
experiments are cross-polarization–based, thus preferentially 
probing the rigid components in the samples. The 1H─13C transfer 
was achieved by using a rectangular shaped rf pulse with 1-ms 
contact time. Two pulse phase modulation (TPPM) decoupling 
was applied during the acquisition period. The acquisition time of 
the t1 dimension was 5.3 ms for the RFDR experiment and 3 ms for 
DARR and PDSD experiments. The sweep width of the t1 dimen-
sion was 35.7 kHz for all the 2D experiments. The recycle delays 
were 2 s in the RFDR experiment and 1.2 to 1.8 s in DARR and 
PDSD experiments. All the spectra were processed using the Gauss-
ian window function with a line broadening of −30 to −45 Hz and 
Gaussian apodization at 0.025 of the acquisition (AQ) for both 
direct and indirect dimensions with Bruker Topspin software. 

Supplementary Materials 
This PDF fle includes: 
Fig. S1 
Tables S1 to S3 
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