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Abstract
Termites are examples of natural biomass utilization systems that have evolved to overcome the recalcitrance of lignin to
degradation. To investigate the application of this to the conversion of technical lignins produced by biorefineries, a higher
wood-feeding termite species, Nasutitermes ephratae, was fed with a commercial grass soda lignin (Protobind 1000, PB1000).
We investigated the fate of PB1000 in termite guts and the changes in gut microbiota that occurred using Pyrolysis - Gas
Chromatography / Mass Spectrometry (Py-GC/MS) and high-throughput sequencing of the 16S rRNA genes. The worker caste
termites fed with PB1000 had only half the survival rate of the controls and increased the PB1000 syringyl/guaiacyl ratio from
1.74 to 2.26. The changes in the syringyl/guaiacyl ratio were consistent with the degradation of the free phenolic monomers
in PB1000 inside the termite gut, and they were associated with the increase in the relative abundance of Firmicutes and
Bacteroidetes. This work showed the ability of the digestive tract of a wood-feeding higher termite species, N. ephratae,
to metabolize the free-volatile phenolic monomers in PB1000. Overall, our results identified bacterial candidates for the
development of a bacterial inoculum in pretreatment processes for the utilization of technical lignin in biorefineries.
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Introduction

The recalcitrance of lignins in pretreatment processes
is an obstacle to the efficient utilization of lignocellulosic
biomass for biofuel production and value-added biochemicals

[1,2]. Consequently, over the past decades, studies have
been directed towards Natural Biomass Utilization Systems
(NBUS), natural systems that can efficiently degrade and
utilize lignocellulosic biomass [3]. Termites consume 3-7
billion tons of lignocellulosic materials annually [4] and
thereby represent one of the most prolific and efficient
NBUS. With their microbial symbionts, which mostly consist
of specific lineages that have co-evolved or converged with
their specific host [5], termites have developed efficient
mechanisms for biomass utilization. These microbial
communities are very dense (up to 1011 cells/mL), diverse
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(6,000 phylotypes/mL or 740 phylotypes by gut), with many
lineages of mostly uncultivated bacteria that exclusively
occur in this habitat [6]. Many putative cellulases, xylanases,
and other glycoside hydrolases, associated with the bacterial
symbiont groups and involved in lignocellulose degradation,
have been found in termite guts [7]. Lignocellulose digestion
in termites is a mutualistic system combining the activities
of both the hosts and their bacterial symbionts [8]. Extensive
work has been devoted to study lignocellulose degradation
by wood-feeding lower termite species. Lower termites
harbor symbiotic flagellate protozoa that are known to be
sources of cellulases and hemicellulases. Evidence has been
brought of the abilities of termite digestive systems and their
associated gut bacteria to metabolize aromatic compounds
and dimeric lignin model compounds [9-11]. Furthermore,
most previous studies devoted to the in-vivo degradation of
aromatic polymeric lignins by insects have also focused on
lower wood-feeding termites. In these studies, modifications
of the lignin in the digestive tract varied from weak [12,13]
to more pronounced [14-17]. These discrepancies may be
accounted for by the structural variability of the lignins used
in these studies (depending on their botanical origin and/or
their isolation procedure) and by the analytical tools used.
Fewer studies have been devoted to lignin degradation
by higher termites, which harbor exclusively prokaryotic
symbionts and have a diverse diet [18,19]. The loss of
flagellates in higher termites suggests that new functions
have been gained by the prokaryotic microorganisms in the
digestive process [19]. Many lignin-degrading candidates
have been reported, but single strains show limited lignin
utilization ability [20]. With the emerging role for bacteria
in lignin degradation [21,22], the exploration of the greater
bacterial biodiversity in higher termite guts for bacterial
catalytic systems could provide a route to the development
of an inoculum for pretreatment processes for the efficient
utilization of technical lignins.
The present study investigates, for the first time,
whether a technical grass soda lignin, Protobind 1000
(PB1000) can be metabolized by the gut microbiota of a
higher termite species. We posed the hypothesis that the
strong axial dynamics of oxygen status and redox potential,
together with the continuous influx of oxygen across the gut
wall [23], create aerobic or microaerobic conditions in the
gut of higher termites. This environment may be especially
attractive as canonical lignin degradation involves peroxideor oxygen-dependent enzymes [24]. A higher wood-feeding
termite species, N. ephratae was fed with PB1000 to test
this hypothesis. The effects of PB1000 on the physiological
activities of N. ephratae were investigated by monitoring (i)
the survival rates of the termites as compared to controls
fed on the usual birch wood diet, (ii) the changes in the
gut bacterial community (iii) and the modifications of the

chemical structure of this technical lignin. A high-throughput,
second-generation sequencing approach was used to assess
the changes in termite-gut bacterial microbiota [25,26].
Analytical pyrolysis, combined with gas chromatography/
mass spectrometry (Py-GC/MS), was selected to compare the
chemical structure of the undigested PB1000 with digested
samples in the termite gut, as it is widely used to investigate
the chemical structure of lignins and biomass [27,28].

Material and Methods

Technical Lignin Source and Composition
A commercial grass soda lignin, PB1000 (Green Value
Entreprises LLC, USA), isolated from mixed wheat straw
and sarkanda bagasse, was used for the termite feeding
experiments. Lignin was determined as Klason lignin (KL) by
gravimetric analysis with a two-step sulfuric acid hydrolysis
of the sample (300 mg) and correction for ash content, as
described previously [29]. Neutral sugars were analyzed
by sequential two-step acidic hydrolysis of the sample (10
mg) using aqueous trifluoroacetic acid (TFA, 2.3 M, 2 h,
110°C), then sulfuric acid (51% w/w H2SO4, 1 h, ambient
temperature, then 5% w/w H2SO4, 2 h, 100°C). The neutral
monosaccharides recovered by TFA and H2SO4 hydrolysis
were assigned to hemicellulose-derived sugars and cellulosederived glucose, determined by high-performance anionexchange chromatography with amperometric detection
using fucose as an internal standard as previously described
by Sipponen et al. [30].
Free phenolics were extracted from 10 mg samples with
0.025 mg o-coumaric acid (internal standard) in 1 mL water
with 0.1% (v/v) HCOOH. The phenolics were extracted for 2
h at room temperature with constant agitation at 350 rpm.
The mixture was then centrifuged at 2,000 x g for 10 min at
room temperature. The supernatant was then purified using
a Sep-Pack tC18 cartridge (Waters, Guyancourt, France) and
analyzed by HPLC-UV, as previously described by Lapierre et
al. [31]. All the analyses were performed in duplicate (error
< 3%). The composition is expressed in mg/g.

Termite Collection and Feeding Experiment

Higher wood-feeding termites, N. ephratae, were obtained
from a laboratory colony at IEES, Bondy (IRD, Institute of
Research for Development – France Nord). The colony was
maintained in a termite rearing room on a 12-h light/dark
cycle at 27°C ± 2°C, 80% relative humidity, and fed with birch
wood. Worker caste termites were used for the experiment.
The experimental method was based on our previous studies
of termite behavior and our experience of handling them. We
used two sets of triplicate crystal polystyrene lab boxes (60
× 43 × 50 mm, W × L × H, Thermo Fisher Scientific, France)
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containing 20 g of sterile Fontainebleau sand mixed with
either 0.25 g powdered PB1000 or 0.25 g birch sawdust
(controls). Two hundred termites were added to each box.
About 0.5 mL of sterile distilled water was added every
three days to each box to humidify the sand. The number
of live workers was recorded every day for six days. At the
end of the experiment, the termite guts were isolated using
fine, sterile forceps, placed into 2-mL Eppendorf tubes and
immediately frozen at -20°C for DNA extraction or frozen at
-20°C and freeze-dried for Py-GC/MS analysis.

DNA Extraction, Amplification, Sequencing and
Sequence Processing

Twenty-five termite-guts were first crushed using a
polypropylene micro pestle in 1.5 mL microtubes containing
1 mL of Ringer solution [32] and centrifuged at 11,000 x g
for 15 min at 4°C. The pellets were suspended in NucleoSpin
Soil Solution C1 buffer. Then the DNA was extracted using
the NucleoSpin Soil isolation kit (Macherey-Nagel, Germany)
following the manufacturer’s instructions. DNA extracts
from the triplicates were pooled, and the concentrations
were quantified using an ND-1000 Spectrophotometer
(Nano Drop products, Wilmington, USA). Aliquots of the DNA
solutions adjusted to the same concentration were sent to
the Research and Testing Laboratory (Lubbock, TX, USA) for
amplification and sequencing. The V1-V2 variable regions
of the 16S rRNA genes were amplified using the bacterial
primers 28F and 338R and sequenced using 2×250 pairedend Illumina MiSeq platform. The raw sequence data have
been deposited in the NCBI Sequence Read Archive under the
BioProject PRJNA550212.

The data were demultiplexed, and pair-end reads were
joined by the GeT platform, using Flash v1.2.6 [33], and the
barcode and primer sequences were removed with cutadapt
[34]. Subsequently, the sequences were aligned to the SILVA
reference database release 128 [35] and preclustered (pre.
cluster, diffs=1). Chimeras were removed using VSEARCH
[36]. Amplicon sequences (12,559) were randomly
subsampled from the dataset to account for differences
in sampling effort. Sequences were then clustered into
operational taxonomic units (OTU) with SWARM [37], which
generates the OTU abundance table with an OTU being
defined at the 97% sequence similarity level. The taxonomic
affiliation for each OTU was determined using DictDb v3, the
reference database dedicated to insect-associated bacteria
[38].

Py-GC/MS Analyses

The initial birch wood sawdust and PB1000 samples,
as well as the freeze-dried guts of termites fed with either
birch or PB1000 samples, were analyzed using Py-GC/MS

as recently described by Voxeur et al. [39]. Analyses were
carried out using a CDS model 5250 pyroprobe autosampler
interfaced to an Agilent 6890/5973 GC/MS. The samples
(400 µg) were pyrolyzed in a quartz tube at 500°C for
15 s. The volatile pyrolysis products were separated on GC
capillary column (5% phenyl methyl siloxane, 30 m, 250 μm
i.d., and 0.25 μm film thickness) using helium as the carrier
gas with a flow rate of 1 mL/min. The pyrolysis and GC/MS
interfaces were kept at 290°C and the GC was temperatureprogrammed from 40°C (1 min) to 130°C at +6°C min-1, then
from 130 to 250°C at +12°C min-1 and finally from 250°C to
300°C at +30°C min-1 (3 min at 300°C). The MS was operated
in the electron impact mode (70 eV) for m/z from 40 to 450.
The various phenolic pyrolysis compounds were identified
by comparison with the spectra of authentic compounds or
published spectra [40]. The peak areas of the main pyrolysisderived phenolics were identified and evaluated using the
Automatic Mass Spectral Deconvolution and Identification
System (AMDIS version 2.69).

In addition to the one-step pyrolysis method performed
as described above, the initial PB1000 sample was analyzed
using a two-step thermal treatment. The first treatment
at 200°C for 20 s was performed to simply volatilize low
molecular weight aromatics, if any, followed by the pyrolysis
step at 500°C for 15 s, to degrade the non-volatile compounds
into a mixture of volatile pyrolysis adducts.

Statistical Analysis

Before the various analyses were performed to test for
significant differences between the treatments, the normality
of the data matrices was tested using the Kolmogorove
Smirnov test implemented in R-3.6.1 software (France).
Differences between the termite survival rates and the
digested and undigested substrates were analyzed by oneway ANOVA (Fisher’s Post Hoc Test) with a 95% confidence
interval.

Results

Chemical Composition of PB1000 and its Effect
on Survival Rates of Termites
KL was the principal constituent of the PB1000 sample
(Table 1). Neutral sugars accounted for 1.9% and were mainly
xylose (67% of total carbohydrates). Monomeric phenolics
accounted for about 1.4%, primarily acetosyringone,
syringaldehyde, vanillin, p-coumaric acid, and ferulic acid in
decreasing order of abundance. Figure 1 show the survival
rates of termites fed on PB1000 and the controls fed on birch
sawdust. The survival rates of the PB1000-fed termites and
the controls were similar on the first day of the experiment.
From the second day, the survival rates were lower for
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PB1000-fed termites than for the controls. The differences in
survival rates were statistically significant (P <0.05, Fischer’s

PLSD-test) from the second day until the end of experiments
(6 days).

Figure 1: Effect of diet on the survival rate of the termites. The differences between the PB1000-fed termites and the controls
were significant from day 2 (*p<0.05, Fischer’s PLSD post-doc test).
Component

Amount (mg/g)

Klason lignin a

881.1 (4.6)

Total carbohydrates b
including

18.51 (0.83)

xylose

12.31 (0.14)

galactose

1.39 (0.21)

arabinose
glucose

Total phenolic monomers
including

2.67 (0.02)
2.14 (0.49)
13.7 (4.6)

acetosyringone

4.76 (0.08)

p-Coumaric acid

1.13 (0.01)

syringaldehyde
vanillin

ferulic acid
Ash

2.27 (0.04)
1.99 (0.04)
1.09 (0.03)
14.4 (1.99)

Table 1: Composition of the PB1000 sample.
Data are mean values (n=3) with the standard deviations in
parentheses.
a
Acid-insoluble lignin corrected for ash content after twostep acid hydrolysis.
b
Neutral monosaccharides determined after TFA hydrolysis
(no cellulose-derived glucose was detected after H2SO4
hydrolysis).

Changes in the Structure of the Gut Bacterial
Microbiota of N. Ephratae Workers Fed with
PB1000
The gut bacterial microbiota of the worker caste termites
directly after collection from the nest was dominated by
the Spirochaetes (67%), followed by Fibrobacteres (18%)
(Figure 2). The relative abundance of the Spirochaetes
decreased when the termites were fed with either PB1000
or birch wood, although this decrease was higher for the
PB1000-fed termites than for the controls. For the PB1000fed termites, there was also a dramatic reduction in the
relative abundance of Fibrobacteres with a corresponding
increase in the relative abundances of Bacteroidetes and
Firmicutes. For the controls, there were no noticeable
changes in the structure of the bacterial community
between 3 and 6 days. In particular, the relative abundance
of Fibrobacteres was similar to that for termites collected
directly from the nest. Spirochaetes were mainly represented
by phylotypes assigned to Spirochaetaceae_Treponema
across all samples (Figure 3). Feeding termites with PB1000
drastically reduced the relative abundance of bacteria
assigned to Termite_cluster_I (Fibrobacteres) and, to a lesser
extent, those assigned to Rhodospirillaceae (Proteobacteria)
while increasing the relative abundance those assigned
to
Porphyromonadaceae_3,
Porphyromonadaceae_Gut_
group, Rikenellaceae (Bacteroidetes); Desulfovibrionaceae
(Proteobacteria); Insect_cluster, Family_XIII_Incertae_Sedis,
Ruminococcaceae, and Peptococcaceae_1 (Firmicutes).
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Figure 2: Changes in the relative abundance of the major phyla in the termite guts: A) directly collected from their nest, B) fed
with birch and C) fed with PB1000.

Figure 3: Heatmap of the relative abundance of the major bacterial taxa in the guts of termites fed with birch wood (NEB), fed
with PB1000 (NEP), and directly collected from their nest (NEN). Classification is shown down to the family level.
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Py-GC/MS analyses of PB1000 and birch wood
before and after digestion in the gut of N.
ephratae
Figure 4 shows the Py-GC/MS pyrograms of the major
volatile compounds for the initial PB1000 and birch wood
samples and treatments applied. The main phenolics
identified were representatives of guaiacyl (G) compounds
(peaks 3, 4, 6, 7, 9, 11, 12, and 14) and syringyl (S) compounds
(peaks 8, 10, 13, 15, 16, 17, 18 and 19). Vinylphenol (peak
5) was found only in the pyrograms from PB1000-fed

termites. The total G compounds were calculated excluding
vinylguaiacol (peak 7) as this product may originate from G
lignin units as well as from ferulate units that occur in grass
samples [34]. The pyrograms for the guts of both PB1000-fed
termites and the controls (Figures 4B and 4D) show peaks
(P1, P2, P3) that are not visible for the initial PB1000 and
birch samples. These could be assigned to protein-derived
pyrolysis products.The relative abundances of the main
phenolics released by the pyrolysis of PB1000 and birch
wood, before and after digestion by N. ephratae gut are given
in Table 2.

Figure 4: Partial pyrograms (total ion chromatograms) of A) Initial PB1000 sample, B) termite guts containing digested
PB1000, C) birch wood sample, and D) termite guts containing digested birch wood.
Peak numbers correspond to the following compounds. 1: 4-hydroxy-5,6-dihydropyran-2-one; 2: 4-methylphenol; 3: guaiacol;
4: 4-methylguaiacol; 5: 4-vinylphenol; 6: 4-ethylguaiacol; 7: 4-vinylguaiacol; 8: syringol; 9: vanillin; 10: 4-methylsyringol; 11:
4-allylguaiacaol; 12: acetoguaiacone; 13: 4-ethylsyringol; 14: guaiacylacetone; 15: 4-vinylsyringol; 16: syringaldehyde; 17:
4-allylsyringol; 18: acetosyringone; 19: syringylacetone. P1, P2, and P3 are peaks specific to termite gut samples and indicate
proteins corresponding to phenylacetonitrile (P1), indole (P2), and methylindole (P3). Peak 2 could also originate from protein
tyrosine residues.
Pyrolysis compounds
(peak numbers shown in Figure 4)

Vinylphenol (VP) (peak 5)
Vinylguaiacol (VG) (Peak 7)
G compounds (sum of peaks 3, 4, 6, 9, 11, 12, 14)
S compounds (sum of peaks 8, 10, 13, 15 to 19)
S/G ratio
Vanillin (peak 9)
Syringaldehyde (peak 16)
Acetosyringone (peak 18)

Birchwood
Initial sample In termite guts
Traces
Traces
8.97 (0.50)a
13.31 (0.26)b
22.68 (1.24)a
25.22 (0.76)b
68.34 (1.66)d
61.48 (0.87)c
3.03 (0.23)c
2.44 (0.11)b
2.35 (0.14)b
Traces
4.38 (0.32)b
Traces
3.86 (0.48)b
1.72 (0.06)a

PB1000
Initial sample In termite guts
3.97 (0.17)b
3.35 (0.18)a
13.68 (0.85)b
13.25 (1.61)b
30.08 (0.22)c
25.61 (0.28)b
52.28 (1.12)a
57.80 (2.07)b
1.74 (0.05)a
2.26 (0.10)b
1.42 (0.03)a
Traces
2.19 (0.08)a
Traces
7.15 (0.30)c
1.81 (0.07)a

Table 2: Relative abundance of the major low molecular weight phenolics released by pyrolysis of PB1000 and birch wood
before and after a 6-day digestion in N. ephratae gut (expressed in % of the total area). S: syringyl-type phenolic compounds; G:
guaïacyl-type phenolic compounds.
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Data are mean values (n=3) with the standard deviations
in parentheses. Differences were tested using ANOVA and
Fisher’s PLSD post-hoc tests and values followed by different
letters are significantly different (P < 0.05).

Digestion by the termites increased the pyrolysis
S/G ratio of PB1000 and decreased the S/G ratio of birch
wood. The results were significantly different (P < 0.05,
Fisher’s PLSD post-hoc tests). Digestion reduced the relative
abundances of vanillin (G-CHO, peak 9), syringaldehyde
(S-CHO, peak 16), and acetosyringone (S-CO-CH3, peak 18)
for both PB1000 and birch wood (P < 0.05, Fisher’s PLSD

post-hoc tests). As acetosyringone, syringaldehyde, and
vanillin were the main low molecular weight phenolics
in the PB1000 sample (Table 1). The source of these free
phenolics to the pyrolysis trace was evaluated by subjecting
PB1000 to an initial thermal treatment at 200°C, followed
by the pyrolysis step at 500°C. This aimed at volatilizing
low molecular weight compounds and showed that these
phenolics in the pyrogram for the initial PB1000 sample
partially originate from free acetosyringone, syringaldehyde,
and vanillin. These compounds were almost absent from the
pyrogram for the PB1000-fed termite guts (See additional
file Figure 5).

Figure 5: GC/MS analyses (total ion chromatograms) of the low molecular weight phenolics released by two successive thermal
treatments of PB1000 sample A) 200°C (with simple volatilization of soluble phenolics) and B) 500°C (genuine pyrolysis).
Peak numbers correspond to the following compounds. 3: guaiacol; 4: 4-methylguaiacol; 5: 4-vinylphenol; 6: 4-ethylguaiacol;
7: 4-vinylguaiacol; 8: syringol; 9: vanillin; 10: 4-methylsyringol; 11: 4-allylguaiacol; 12: acetoguaiacone; 13: 4-ethylsyringol;
14: guaiacylacetone; 15: 4-vinylsyringol; 16: syringaldehyde; 17: 4-allylsyringol; 18: acetosyringone; 19: syringylacetone.

Discussion

There is still little information in the literature on the
ability of bacterial gut microbiota of higher termites to
degrade technical lignin since most studies have focused
on lower termites and natural lignins. This is the first study
of the fate of a technical grass soda lignin, PB1000, in the
digestive system of a higher wood-feeding termite species,
N. ephratae. It also describes the effect of the ingestion
of PB1000 on survival rates and the structure of the gut
microbiota community. The substrate PB1000 was selected
for its commercial availability and its frequent use in research
and development projects [41].

The results of the present study showed that feeding
termites with PB1000 reduced the survival rate. Both the
low carbohydrate content (mainly hemicelluloses) and the
presence of low molecular weight phenolics in PB1000
(such as syringaldehyde, acetosyringone) are likely to alter
the physiology of the termites and jeopardize their survival.
The reduction in termite survival rates caused by PB1000

was probably due to the low molecular weight phenolics
as these compounds are among the mainly low molecular
weight. These extractives are known to inhibit the biological
activities of termites [42]. The repulsive effect of PB1000
could also explain the lower termite survival rates observed
that kept the termites away from the substrate. This probably
caused the termites to die by starvation. Unfortunately, there
was no non-fed control, which made it impossible to draw
any conclusions on this point.
However, the differences in the gut bacterial community
of PB1000-fed termites compared to the controls fed on the
usual birch wood-diet established that both substrates were
ingested by the termites. The bacterial gut community in
controls fed on birch wood was dominated by Spirochetes
and Fibrobacteres. These results are consistent with studies
of other Nasutitermes spp. [7, 25, 43]. However, the ingestion
of PB1000 decreased the relative abundance of these phyla
and increased Firmicutes and Bacteroidetes. Changes in the
structure of the gut bacterial community were expected, as
it has been well documented that dietary habits affect the
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structure of the termite gut microbiota [44-46]. Of particular
importance in the present study is the determination of the
bacterial groups which are predominant in the microbiota of
PB1000-fed termites. We used next-generation sequencing
(NGS) to characterize the structure of the bacterial
community. To overcome the limits of the taxonomic depth
and resolution of the short sequence reads [47], we used
DictDb, “a curated reference database for accurate taxonomic
analysis of the bacterial gut microbiota of dictyopteran
insects” [38].

Interestingly, we found that the predominant lineages
were specific termite gut OTU previously reported [e.g.,
Ruminococcaceae, and Peptococcaceae_1, Family_XIII_
Incertae_Sedis (Firmicutes) and Porphyromonadaceae_3,
Porphyromonadaceae_Gut_Group
and
Rikenellaceae
(Bacteroidetes) [25,26]. Our findings may be valuable for
the development of a bacterial inoculum for pretreatment
processes in the utilization of technical grass soda lignins.
The predominance of Firmicutes seems to be general in the
guts of termites fed with grass-based diets [48]. Phylotypes
belonging to Firmicutes have been reported to be involved
in lignin degradation [22,49,50], as well as in secondary
metabolite detoxification [51]. Bacteroidetes might also
be involved as Sphingobacterium sp. T2 has recently been
reported to be able to degrade industrial lignins with
extracellular manganese-dependent superoxide dismutases
[52]. Nevertheless, the increase of the relative abundance in
Firmicutes and Bacteroidetes raises the question whether
this is the result of the utilization of PB1000 as a substrate
for the growth of Firmicutes and Bacteroidetes, or whether
PB1000 causes the death of some phylotypes, mainly
relatives of Spirochaetes and Fibrobacteres. Further studies
are needed to elucidate this question.
It is worth noting that, in the present study, Py-GC/MS
was found to be a suitable method for the analysis of the
chemical composition of undigested and digested birch wood
and PB1000. Py-GC/MS analysis of digested lignocellulosic
substrates can be used directly on the guts, without any
isolation or purification step. The Pyrograms of both PB1000
and birch-fed termite guts had peeks corresponding to
protein-derived products, but these did not interfere with
the G and S components.

In agreement with previous studies, the main compounds
released by pyrolysis of PB1000 and birch wood were G and S
compounds [40,53]. The release of vinylphenol from PB1000
confirmed the presence of p-coumaric units in this sample,
as a free acid or ester. Moreover, the detection of 4-hydroxy5,6-dihydropyran-2-one (peak 1) was consistent with the
presence of some hemicellulose derivatives in PB1000,
since this is created from C5 sugars [40]. It is noteworthy

that the digestion of PB1000 in termite guts induced a
decrease of vanillin, syringaldehyde, and acetosyringone in
the pyrograms. These results indicate that these phenolic
compounds have been eliminated in the termite guts, either
by the action of their microbiota or by their degradation into
non-volatile.

Changes in the pyrolysis S/G ratio of the substrates after
digestion support the idea that they are chemically modified
in the termite digestive tract. Strikingly, although the
pyrolysis S/G ratio of PB1000 was reduced by gut digestion,
the pyrolysis S/G ratio of birch wood was increased. This
indicates that both substrates were degraded in the guts, but
by different mechanisms. That different lignin-containing
substrates are degraded in different ways agrees with the
literature [2]. In the case of the birchwood sample, the G and
S pyrolysis products mainly originate from G and S lignin
units with labile ether bonds. The reduction of the pyrolysis
S/G ratio by digestion of birch wood suggests that the S
lignin units with β-O-4 bonds were more degraded than the
G lignin units with β-O-4 bonds.

However, as previously reported for lower termites
fed with grass lignocellulose [53], the pyrolysis S/G ratio
in PB1000-fed termites increased, suggesting that G lignin
units might be more easily degraded than S lignin units. This
preferential degradation of the G units in PB1000 might
be related to the fact that most G units in grass lignins are
terminal units with free phenolic groups [54], which make
them more susceptible to oxidative degradation. Overall, our
results suggest that a fraction of free low-molecular-weight
phenolics in PB1000 was metabolized in the digestive system
of N. ephratae.

Conclusion

Our termite feeding experiment and Py-GC/MS
analyses of gut contents was the first demonstration that
the technical grass soda lignin PB1000) can be digested
by a higher wood-feeding termite, N. ephratae, but with a
detrimental effect on the survival rate of the termites. The
ingestion of PB1000 resulted in changes in the structure of
the gut-bacterial community from that consistently found in
Nasutitermes spp, in favor of Firmicutes and Bacteroidetes.
The digestive system of N. ephratae degraded some PB1000
aromatic compounds. This was ascertained by Py-GC/MS
analyses directly performed on termite guts, without any
time-demanding isolation step. Overall, our results pave
the way for the development of further strategies aiming at
improving the survival rate of termites fed with technical
lignins. They also provide insights into the bacterial groups
that can be used for mimicking termite digestive strategies
for the biological conversion of biorefinery wastes.
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