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Abstract: Lichen-feeding termites occupy a distinctive ecological niche. This feeding behavior under-
scores a complex interplay between the termites” digestive abilities and the biochemical properties
of lichens, known for their resilience and production of secondary metabolites. Understanding the
dietary preferences and digestive mechanisms of these termites offers insights into their ecological
roles and the evolutionary adaptations that enable them to exploit such a specialized food source.
We conducted experiments with Constrictotermes cyphergaster, feeding it with different combinations
of its natural food sources: wood bark and lichen from host trees. Gut microbial communities were
analyzed through 16S rRNA sequencing and shotgun metagenomics. Our results revealed that a diet
containing lichens induces a shift in microbiota composition and increases the abundance of genes
encoding an AA3 enzyme with a role in lignin digestion. This study emphasizes the potential role
of lichens in enhancing the digestive capabilities of termites, highlighting the intricate relationships
between diet, gut microbiota, and enzymatic activity in Termitidae.

Keywords: carbohydrate-active enzyme; termite feeding guilds; 165 rRNA

1. Introduction

The diversification of Termitidae (encompassing over 80% of known termite species) [1]
is attributed to the loss of unicellular gut protists and the acquisition of lignocellulolytic
bacterial lineages. These adaptations enable termites to exploit a broader range of food
sources, including wood, leaf litter, live or dead grasses, soil with high organic material
content undergoing humification, animal excrement, the mycelium of certain fungi, and
even microepiphytes [2-6].
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Lichens result from the symbiotic association between fungi and green algae or
cyanobacteria and are considered to have low palatability due to their high content of
toxic compounds in some species [7]. For this reason, few organisms are specialized lichen-
feeders [8]. Nevertheless, some termites are known to feed on lichens, with documented
cases in species from the genera Hospitalitermes, Longipeditermes, Grallatotermes, and Con-
strictotermes [9-12]. Constrictotermes (Termitidae: Nasutitermitinae) is a Neotropical genus
with two lichen-feeding species, C. cavifrons (Holmgren, 1910), and C. cyphergaster (Silvestri,
1901), [9]. Constrictotermes cyphergaster is an arboreal termite found in the savannas and dry
forests extending from Brazil to Argentina [13,14] (Figure 1a). The workers of this species
engage in nocturnal foraging along exposed trails on trees, where they consume not only the
bark of wood but also various species of lichens present on tree trunks (Figure 1b) [15,16].

Figure 1. (a) Nest of Constrictotermes cyphergaster at the Caatinga (dry-forest vegetation) in Sao Joao
do Cariri Experimental Station, Brazil. (b) Detailed view of workers feeding on an unidentified
lichen species.

The consumption of lichens could be a potential nitrogen source for these insects [11,17]
or aid in the hydrolysis of certain lignocellulosic components [18]. However, aspects of
lignocellulose digestion and the composition of the symbiotic microbiota in the digestive
tract of termites that include lichens in their diet remain unknown.

The presence of lignocellulolytic enzymes has been reported in some lichen
species [18,19]. Therefore, the incorporation of lichens into the diet could provide termites
with an additional source of enzymes, potentially aiding in the more efficient digestion of
lignocellulosic components in their food. This hypothesis will be investigated by evaluating:
(i) the effect of lichen on bark wood consumption, (ii) the composition of gut microbiota in
termites fed with or without lichen, (iii) the difference in lignocellulolytic activity between
food diets, and (iv) the community functions based on metagenomic analyses in termites
subjected to diets containing bark wood and/or lichen.

2. Materials and Methods
2.1. Termites and Study Site

Twelve colonies of Constrictotermes cyphergaster were collected in areas of dry-forest
vegetation (Caatinga) at the Experimental Station of Sao Joao do Cariri (7°20’ S, 36°31’ W),
Paraiba State, Brazil. (Figure S1). The climate of the region is semi-arid with an average
temperature of 30 °C and annual rainfall of 400 mm, concentrated from February to July [20].
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Sampling was authorized by the Brazilian Institute of Environment and Renewable Natural
Resources (IBAMA), a Brazilian Ministry of the Environment’s enforcement agency (SISBIO
n° 33269). No endangered species were collected in this study.

2.2. Lichen and Bark Wood Consumption

We conducted feeding experiments combining the availability of natural food sources
of C. cyphergaster: wood bark and lichen from host trees. One hundred workers and five
soldiers were carefully removed from each of four colonies and placed in 500 mL glass
flasks containing sterilized, moistened sand and one of the following food treatments:
(1) wood bark from the host tree Aspidosperma piryfolium (Apocynaceae); (2) a crustose
lichen belonging to a single species within the genus Polymeridium. (Trypetheliaceae);
and (3) a combination of wood bark and lichen simultaneously (Figure S2). The lichen
sample was collected from one tree that contained one of the nests. The identification of
lichen was conducted as described by Céceres (2007) [21]. Each treatment was replicated
ten times for each colony, providing sufficient material for subsequent metagenomic and
enzymatic analyses. The experiment was conducted for 7 days in a climate-controlled room
maintained at a constant temperature (25 °C) and relative humidity (70%). Dead termites
were removed daily. Food consumption was calculated as the difference between initial and
final fresh weight corrected by humidity loss in control flasks with food without termites.
After 7 days, all surviving termites were removed from flasks and their digestive tracts were
extracted and frozen at —22 °C following previously established methodologies [22]. An in
situ sample (100 workers) from each colony was kept without any experimental treatment.

Generalized Mixed Models (GLMM) with Gaussian error distribution were conducted
to assess differences in food consumption among treatments using the glmmTMB pack-
age [23]. Pairwise comparisons were performed using estimated marginal means with the
package emmeans [24]. We assessed residual distribution using the DHARMa package [25].

2.3. DNA Extraction

The whole guts of 50 workers from the 4 colonies subjected to each food treatment
and from the in situ sample were placed in 2 mL tubes containing 1 mL of lysis buffer
(500 mM NaCl, 50 mM Tris-HCl, pH 8.0, 50 mM EDTA, and 4% sodium dodecyl sulfate.
DNA extraction was carried out using a bead-beating protocol as previously described [26].
DNA integrity was assessed by agarose gel electrophoresis (1.0 w/v) and quantification was
performed using a NanoDrop spectrophotometer by measuring the absorbance at 260 nm.

2.4. 16S rRNA Library Preparation, Sequencing, and Taxonomic Assignment

Gut microbial communities were accessed in termites from four colonies following
the methodology of Menezes et al. (2018) [22]. The V4 region of the 16S rRNA gene was
targeted using primers 515F (5* GTGCCAGCMGCCGCGGTAA 3') and 806R (5 GGAC-
TACHVGGGTWTCTAAT 3') [26]. Libraries were prepared using two PCR steps. The first
PCR step was performed using specific primers for each library using Phusion Polymerase
(Thermo Scientific, Waltham, MA, USA) and 40 ng of template DNA from each sample. For
16S rRNA amplification, the thermocycler program was set at initial denaturing at 98 °C
for 2 min, followed by 30 cycles of 98 °C (30 s), 60.1 °C (30 s) and 72 °C (40 s), ending with
a final extension of 72 °C (5 min). The second PCR step was necessary to add Illumina
sequencing adapters and dual index barcodes (Nextera Index Kit, Illumina, San Diego,
CA, USA) to the amplified libraries using Phusion polymerase (Thermo Scientific) with
100 ng of purified PCR products from the previous step as template and indexing primers
from Illumina. Amplification conditions included an initial denaturation at 98 °C for 3 min,
followed by 5 cycles of 98 °C (30 s), 55 °C (30 s), and 72 °C (30 s), with a final extension
of 72 °C for 5 min. Each sample was amplified in triplicates. Pooled samples were puri-
fied using Agencourt AMPure Magnetic Beads (Beckman Coulter, Brea, CA, USA) and
quantified using Qubit Fluorometer 2.0 (Invitrogen). Sequencing was performed on the
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[Nlumina Miseq Platform (available at the Brazilian Bioethanol Science and Technology
Laboratory—CTBE/CNPEM), using a Miseq Reagent Kits V3 (600 cycles).

The dataset was processed using the UPARSE pipeline [27]. Briefly, paired-end reads
were first merged using fastq_mergepairs. Only reads with a minimum overlap of 250 bp
and a maximum expected error of 0.5 were used for downstream analysis. The quality-
filtered reads were thus grouped into zero-radius operational taxonomic units (zOTUs,
also known as Amplicon Sequence Variants (ASVs), 97% similarity threshold) using the
UPARSE-ASV algorithm. The identified ASVs were further compared to the Gold database
as a reference to filter chimera sequences using the chimera UCHIME algorithm [28], which
is implemented in the USEARCH package. ASVs with no more than one read in at least 10%
of the samples were removed. Reads were clustered at 97% sequence similarity. Taxonomic
assignment was performed using the RDP classifier implemented in MOTHUR and the
sintax command in the SILVA database [29]. Relative abundances were calculated as the
number of reads per taxon. The analysis was performed on the ASV table, which was
rarefied to the smallest library size.

2.5. Metagenomic Sequencing, Assembly, and Gene Annotation

A library was constructed, using the Nextera library preparation kit (Illumina), accord-
ing to the manufacturer’s instructions. The prepared library was validated using the Agilent
bioanalyzer 2100 system with a 12,000 DNA assay kit (Agilent, Santa Clara, CA, USA)
and quantified using Kapa Biosystems next-generation sequencing library qPCR kit (Kapa
Biosystems, Wilmington, MA, USA), respectively following the methodology of Moreira
et al. (2018) [6]. Sequencing was performed at the LNBR NGS facility (CNPEM—Campinas,
Sao Paulo, Brazil) using an Illumina HiSeq 2500 platform and applying the paired-end
protocol (2 x 100-bp paired ends). Metagenome (MG) raw reads were quality-checked
using FastQC https:/ /www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed
on 3 January 2024) and quality-filtered using Trimmomatic v.0.36 [30]. Next, the whole
set of MG trimmed reads were de novo co-assembled using Megahit [31]. Reads were
taxonomically assigned using MMseqs [32]. Gene prediction and annotation were con-
ducted utilizing Prokka version 1.11 [33], while annotation of Carbohydrate-active enzymes
(CAZy) genes was carried out using the dbCAN3 database [34]. Only bacteria genes were
used to run a search against dbCAN3. The normalized abundance of protein-coding genes
was calculated by dividing the number of reads from the metagenome mapped to a single
gene (x10°) by its length, and subsequently dividing this result by the sum of the number
of reads from the metagenome mapped to all genes, which was also divided by their
respective lengths.

2.6. Microbial Diversity and Community Structure Analyses

We used R version 3.5.0 [35] to conduct analyses using different packages. Down-
stream analysis, including «- and (3-diversity analysis (see below), was calculated using the
microeco v.1.9.0 and MicrobiotaProcess v.3.19 packages [36,37]. The ASVs table was merged
with relevant metadata into a microeco object. Generalized linear mixed models (GLMM)
were performed to check for overall significant differences in x-diversity estimates and the
total number of ASVs among samples. We fitted multivariate generalized linear models
(mvabund package) [38] to test the effects of the diet on the microbial relative abundance.
Models were fitted with a negative binomial distribution using 999 bootstrap iterations.
The manyglm function was used to carry out the analysis. Ordination analyses were used
to evaluate microbial composition at the ASV level. We used ALDEXx2 analysis (ANOVA-
Like Differential Expression tool for compositional data) to identify ASVs that define the
differences between termite microbiomes [39,40]. Comparison with other termite feeding
guilds was conducted using Raw Illumina sequences deposited in ENA with accession
no. PRJEB17080. The sequences include the litter-feeding species, Cornitermes cumulans
(Kollar, 1832), Syntermes dirus (Burmeister, 1839) (Termitidae: Syntermitinae), Velocitermes
heteropterus (Silvestri, 1901) (Termitidae: Nasutitermitinae), and Ruptitermes sp. (Termiti-


https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Diversity 2024, 16, 623

50f 14

dae: Apicotermitinae), and the intermediate feeding species Silvestritermes euamignathus
(Silvestri, 1901) and Procornitermes araujoi Emerson, 1952 (Termitidae: Syntermitinae).

2.7. Assays of Cellulolytic and Hemicellulolytic Activities of Worker Guts

The activity against cellulose and hemicellulose substrates was assayed using crude
enzyme extracts from the gut of workers from four colonies subjected to different food diets,
following the methodology of Menezes et al. (2018) [22]. In situ samples from eight colonies
were also analyzed. The assays were conducted to assess the activity of the soluble fraction
of protein extracts against natural polysaccharides and synthetic oligosaccharides with
varying monomer compositions and branching. Crude protein extractions were carried out
from the guts of 50 workers from each colony. The samples were homogenized in 2 mL of
100 mM sodium acetate buffer at pH 5.5. Subsequently, the crude extract was centrifuged at
20,100x g for 30 min at 4 °C, the supernatant was collected, and 1 pL of Protease Inhibitor
Cocktail (Anresco) per mL of crude extract was added. The protein concentration in each
crude extract was determined using the Bradford method [41].

The enzymatic activity essay was conducted following the methodology previously
described [42], consisting of 10 uL of crude protein extract incubated at 37 °C for 40 min with
40 uL of 50 mM sodium acetate buffer pH 5.5 and 50 pL of 0.5% specific carbohydrate (in
water), in triplicate. Enzymatic reactions were stopped by adding 100 uL of dinitrosalicilic
acid (DNSA) and heating at 99 °C for 5 min. The color change was analyzed at 412 nm
using a TECAN M2000 plate reader. Results were expressed in mmol of glucose equivalents
produced per mg of protein. One unit of enzymatic activity was defined as the amount
of enzyme that released 1 mmol of reducing sugar. Blank reactions were performed as
described above with 100 pL of DNSA added to the reaction prior to incubation with
the protein.

For the nitrophenyl-monosaccharide (pNP-G), 10 uL of crude extracts was incubated
with 50 pL of 5 mM pNP-G and 40 pL of 50 mM sodium acetate buffer, pH 5.5. The reactions
were stopped after the addition of 100 uL of 1 M Sodium Carbonate (NayCOs3). The activity
of pNP-G was expressed in terms of the mM of p-nitrophenyl released. Blank reactions
were performed as described above with 100 uL of 1 M Sodium Carbonate (NayCOs3)
added to the reaction before the incubation. The color change was analyzed at 412 nm
using a TECAN M2000 plate reader. Glucose and p-nitrophenyl were used for standard
curve construction.

Carbohydrates included CMC (carboxymethyl cellulose low viscosity) (3-1,4-
carboxymethylglucan); 3-glucan from Barley (low viscosity) (3-1,4-glucan), Xylan from Oat
Spelt (3-1,4-xylan), Rye Arabinoxylan («-2,3-arabinose-[3-1,4-xylan) from Citrus, Lichenin
from moss, and pNP-G (4-nitrophenyl 3-1,4-D-glucopyranoside). The effect of diet on the
enzymatic activity of termite workers was analyzed using Wilks” Lambda type nonpara-
metric multivariate inference with the package npmv [43].

3. Results
3.1. The Gut Microbiota of a Lichen-Feeding Termite and Its Relation with Other Feeding Guilds

We identified a total of 1834 bacterial ASVs (319,593 reads) and 14 archaeal ASVs
(19,771 reads) associated with the gut of C. cyphergaster workers. In situ samples revealed
the presence of 19 bacterial phyla and 122 genera, along with 3 archaeal phyla and 4 gen-
era (Table S1). Rarefaction curves indicated adequate sampling (Figure S3). The most
abundant phyla (Firmicutes, Bacteroidota, and Spirochaetota) accounted for 74.2% of se-
quence reads. Firmicutes dominated the microbial community, with an average abundance
of 51.1%, whereas Bacteroidota and Spirochaetota accounted for 12.5 and 10.6%, respec-
tively. Treponema (Spirochaetota) and two Ruminococcaceae and Lachnospiraceae unknown
organisms were the most abundant taxa in the gut of C. cyphergaster workers (Figure 2).

The proportions of the most abundant members of the gut microbiota of C. cyphergaster
were similar when compared with other feeding guilds, showing a predominance of the
phyla Firmicutes, Spirochaetota, and Bacteroidota. Firmicutes predominated in the gut of
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C. cyphergaster, Silvestritermes euamignathus, and Ruptitermes sp. In contrast, Spirochaetota
was the most abundant phylum in litter-feeder species, except for S. dirus (Figure 3a).
However, C. cyphergaster displayed a distinct gut microbiota composition compared with
intermediate feeders (manyglm; Dev = 4957; df = 2; p = 0.015) and litter feeders (Dev = 4197;
df = 2; p = 0.015) termites (Figure 3b).
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Figure 2. Taxonomic composition of the microbial communities associated with the gut of Constric-
totermes cyphergaster workers from four colonies: (a) Relative abundances of the ten most prevalent
phyla. (b) Relative abundances of the eight most prevalent genera or the lowest taxonomic level.
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Figure 3. Comparison between gut microbial communities of lichen-feeder Constrictotermes cypher-
gaster and other feeding guilds: (a) Relative abundance of microbial phyla among termite species for
each feeding guild. (b) NMDS plot showing gut microbial communities of different termite feeding
guilds. Each stacked bar represents a microbial community from one colony.
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3.2. Glucose Polymers Enzymatic Activity and Encoding Genes in the Gut of Constrictotermes
Cyphergaster

The soluble fraction of protein extracts from worker guts showed high activity against
all the polysaccharides assessed in this study. Significant variations were observed, with
the highest values recorded for all the glucose polymers evaluated in this study: p-glucan
(B =558.24; p < 0.001), lichenin ( = 112.23; p < 0.001) pNP-G (3 = 149.81; p < 0.001), and
CMC (3 =112.23; p < 0.001) (Table S2, Figure 4a).

cAzy

Family EC Number and activity Substrate
a b GH23  EC3.2.1.14 chitinase chitin
a GH3  EC 32121 p-glucosidade beta glucan
CE4  EC3.2.1.72 acetylxylan esterase xylan
600 GH5_4  EC3.2.1.4 endo-p-1,4-glucanase beta glucan
c [ ] Normalized Gene AA32 EC1.134/EC1.1.3.7 glucose-1-oxidase / aryl-1-oxidase lignin
£ Abundance GH10  EC32.1.8 endo-14-p-xylanase xylan
] GH2 EC 3.2.1.23 f-galactosidase beta galactan
] c [ | GH18  EC32.1.14 chitinase chitin
a 12 GH94  EC 2.4.1.49 cellodextrin phosphorylase cellulose
o 400 High GH26  EC 3.2.1.78 endo-p-1,4-mannanase beta mannan
£ + - 10 GH9 EC 3.2.1.73 lichenase / endo-B-1,3-1,4 glucanase lichenin
= s GH130_2 EC 2.4.1.320 B-1,4-mannooligosacharide phosphorilase beta mannan
[ b 1 GH13_20 EC 3.2.1.70 a-1,6-glucosidase starch
2 Medium CE2 EC 3.1.1.72 acetylxylan esterase xylan
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5 h+ . 4 GH13_9 EC 2.4.1.18 a-1,4-glucan branching enzyme alpha glucan
£ - Low GH25  EC3.2.1.17 lysozyme peptidoglycan
£ d d I A GH152  EC 3.2.1.39 p-13-gluconase beta glucan
CE1 EC 3.1.1.72 acetylxylan esterase
o los [ | o GH179  EC3.2.1.52 p-N-acetylhexosaminidase chitin
0 + CE20  EC3.1.1.6 xyloglucan acetylesterase xyloglucan
CBM22  Xylan binding function
- . GH13_39 EC 3.2.1.1 a-amylase starch
p-glucan  CMC Lichenin pNP-G  Xylan Arabinoxylan GH51_1  EC 3.2.1.55 a-L-arabinofuranosidase arabinan
GH177  EC 3.2.1.8 exo-a-sialidase
GH73  EC32.1.- endo-g-1,4-N.

Figure 4. (a) Glucose and xylose-polymer activities of the soluble fraction of gut protein extracts of
Constrictotermes cyphergaster worker guts. Substrates abbreviations: CMC (carboxymethyl cellulose)
(B-1,4-carboxymethylglucan); 3-glucan (3-1,4-glucan), Xylan (f3-1,4-xylan), Arabinoxylan (c-2,3-
arabinose-3-1,4-xylan), Liquenin, and pNP-G (4-nitrophenyl-$3-1,4 -D-glucopyranoside). In the plot,
the modeled means are represented by large circles, bars are the modeled 95% confidence intervals,
and the model-adjusted individual response values are represented by the small dots. Different
letters indicate significance at p < 0.05 (comparisons of least square means). (b) Genes encoding
carbohydrate active enzymes (CAZy) in the gut of C. cyphergaster workers. The clustering heatmap
shows normalized abundance of protein-coding genes of the most abundant CAZy families. The
dendrogram was produced by hierarchical clustering representing Pearson correlation between rows
(CAZy genes).

Metagenomic analyses revealed abundance of the main CAZy gene families in the gut
microbiota of C. cyphergaster, which might be involved in the hydrolysis of these glucose
polymers were GH3 (beta-glucosidase; EC 3.2.1.21), GH5_4 (beta-glucanase; EC 3.2.1.4),
and GH9 (lichenase; EC 3.2.1.79) (Table S3 and Figure 4b).

Other abundant CAZy gene families include GH23 (chitinase, EC 3.2.1.14), GH10
(endo-1,4-beta-xlanase, EC 3.2.1.8), CE4 (acetylxylan esterase, EC 3.1.1.72), GH2 (beta-
galactosidase, EC 3.2.1.23), and GH26 (endo-beta-1,4-mannanase, EC 3.2.1.78), and lysozyme
(GH25) (Figure 4b).

3.3. Lichen Availability Influences Gut Microbiota and CAZy Gene Abundance

Workers of C. cyphergaster exhibited consistent consumption patterns of lichen and
wood bark, irrespective of whether these food sources were presented individually
(t = —1.855, p = 0.072) or in combination (t = —0.835, p = 0.4098). The average consumption
quantities for termites were 40.70 &= 9.58 mg of lichen and 62.50 & 8.53 mg of wood bark
when provided separately, and 43.90 £ 10.52 mg of lichen and 55.10 £ 9.98 mg of wood
bark when offered together (Table 54, Figure 54).

The inclusion of lichen in the diet significantly influenced the composition of the gut
microbiota in workers of C. cyphergaster (Table S5; Figure 5a). A diet-related shift in the
microbial community was observed when termites were fed with a combination of lichen
and wood, as indicated by the manyglm analysis (Deviance = 3.793; p = 0.017) (Figure 5b).
Furthermore, a significant association with Treponema (Spirochaetes) was identified through
Aldex2 analyses (p = 0.042; Wilcoxon signed-rank test) when compared to termites that
were exclusively fed with lichen or wood (Figure 5c).
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Figure 5. Effect of diet on gut microbial communities of Constrictotermes cyphergaster: (a) Relative
abundances of the eight most prevalent Amplicon Sequence Variants (ASVs) at the genus or the lowest
taxonomic level. (b) Aldex2 differential analysis of genus relative abundances among diet treatments.
Results are shown for five genera with the highest contribution to differences across diet treatments.
Different letters indicate significance at p < 0.05 (Wilcoxon signed-rank test). (c) Taxa responsible
for differences in gut microbiota composition between diet treatments (manyglm; Dev = 3793;
p = 0.017). The clustering heatmap shows normalized abundance of ASVs among diet treatments.
The dendrograms were produced by hierarchical clustering representing Pearson correlation between
rows (ASVs).

No significant variation was observed in the enzymatic activity of gut extracts in
response to glucose and xylose polymers across the different feeding treatments (Wilks’
Lambda = 0.332; df = 12, 20; p = 0.987) (Table S6). However, a shift was detected in the
microbial gene encoding the enzyme AA3_2 following the addition of lichen to the diet, as
well as in the genes GH23 and GH152 when wood was included in the feeding treatments
(Tables S3 and 57, and Figure 6).
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Figure 6. Genes encoding carbohydrate-active enzymes (CAZy) and their substrates in workers
of C. cyphergaster under different diets. The clustering heatmap shows normalized abundance of
protein-coding genes of the twelve most abundant CAZy families. The dendrograms were produced
by hierarchical clustering representing Pearson correlation between rows (CAZy genes).
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4. Discussion
4.1. The Gut Microbiome of the Lichen-Feeder Termite Constrictotermes Cyphergaster

While termites are primarily known for consuming lignocellulose-based materials
like wood and litter, there have been instances of termites consuming microepiphytes.
Although uncommon among termites, this behavior may occur under specific conditions
or in certain species [11].

Constrictotermes cyphergaster exhibits dietary flexibility by consuming wood and several
species of crustose lichens [17]. Lichens might serve as a nutrient source, providing carbo-
hydrates and nitrogen that may be advantageous for termites, especially in environments
with limited nutrients like the dry forests inhabited by C. cyphergaster. However, most
termites that feed on lichens are found in nutrient-rich habitats such as rainforests [9,11,44].
Furthermore, lichens produce a diverse array of secondary metabolites, some of which
inhibit enzyme activity or exhibit antimicrobial effects, thereby acting against lichen-eating
invertebrates and pathogens [45-47]. Consequently, consuming lichens may affect various
aspects of termite digestion beyond the nutritional composition.

The gut microbiota of C. cyphergaster is characterized by a high abundance of Ru-
minococcaceae and Lachnospiraceae (Firmicutes), families that include numerous species
with notable xylanolytic and cellulolytic capabilities [48,49]. The Treponema genus, also
abundant in the gut community of C. cyphergaster serves as a significant source of en-
zymes that aid in the breakdown of wood polysaccharides [50], which is confirmed by
the enzymatic activities of its crude protein extract. These characteristics are typical of
wood-feeding termites and may elucidate C. cyphergaster’s ability to utilize wood and wood
bark in its habitats. However, its gut microbiota composition differs extensively from other
termite-feeding guilds, suggesting that a lichen-based diet has an impact on the microbial
communities [5,51,52].

Our study revealed high enzymatic activity on glucose polymers and the presence
of microbial genes encoding cellulases and hemicellulases in the gut of C. cypherguaster.
These findings are likely associated with the high abundance of Treponema sp., as well as
from the families Lachnospiraceae and Ruminococcaceae. These bacterial taxa are essential
for providing cellulases and hemicellulases in termites, facilitating the degradation of
wood polysaccharides [50,53,54]. The wood from the Caatinga dry forest is known for its
high levels of cellulose, lignin, and hemicellulose [55]. Furthermore, our analysis revealed
high proportions of genes encoding enzymes such as beta-glucosidase, beta-glucanase,
xylanases, galactosidase, mannanase, and cellulase, which is consistent with the wood
consumption by this termite species.

Other CAZy genes detected in the gut microbiome of C. cyphergaster include lichen-
inase, chitinase, and lysozyme-encoding genes. The primary cell wall polysaccha-
rides identified in lichen mycobiont comprise 3-1,3 glucans and chitin. Licheninase
is responsible for degrading the (3-1,3;1,4-glucans present in lichen cell walls [56].
Chitin, a fundamental constituent of fungal cell walls, is structured with (3-1,4 linked
N-acetylglucosamine [57]. Chitin can be a source of nitrogen for C. cyphergaster, and
chitinase facilitates the nonspecific cleavage of internal bonds in chitin, generating
smaller oligosaccharides, from which N-acetylglucosamine units are liberated through
the activity of beta-N-acetylglucosaminidases [58]. Thus, the presence of licheninases
and chitinases in the gut of C. cyphergaster is consistent with the incorporation of lichen
in the diet of this species.

4.2. Does a Lichen Diet Affect Lignocellulose Digestion in Constrictotermes Cyphergaster?

The results of our study revealed that C. cyphergaster workers consume equivalent
amounts of lichen and wood bark in controlled laboratory conditions, regardless of whether
they are presented individually or in combination. We did not detect changes in the gut
enzymatic activity of C. cyphergaster workers against glucose and xylose polymers when
lichen was added to the diet. However, when workers consumed a combination of lichen
and wood bark there was an increase in Treponema.
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We observed shifts in the abundance of microbial genes associated with the AA3_2
subfamily when only lichen was accessible to the termites. The AA3 family contains
enzymes that play a role in lignin degradation [59]. Lignin is a recalcitrant component
of plant cell walls that contains a complex network of aromatic compounds, forming an
insoluble barrier that restricts access to the cellulose and hemicellulose [60]. The process of
lignocellulose digestion requires the presence of effective cellulases and a variety of other
glycoside hydrolases to break down the components of the cell wall. Nevertheless, it is
crucial to first overcome the barrier posed by the lignin matrix [61].

The subfamily AA3_2 is composed of oxidoreductases, which are reported in the
digestive systems of various termite species and certain fungi. This subfamily comprises
enzymes that target phenolic aromatic aldehydes and acids originating from lignin, while
catalyzing the conversion of O, to HO,. The produced H,O, can be utilized by peroxi-
dases to degrade lignin [62-66]. Genes categorized as AA3_2 have also been detected in
metagenomic analyses of the gut microbiomes of other termite species, potentially aiding in
the decomposition or alteration of ingested lignin structures [54,65,66]. Notably, Treponema
genomes found in termite gut microbiomes are recognized for encoding AA3 enzymes [67].
In addition, AA3_2 enzymes are capable of oxidizing some toxic compounds derived from
lignin degradation or from microorganisms [68].

We also observed a shift in microbial genes encoding chitinase (GH23) and (3-1,3-
glucanase (GH152) when wood was provided to the termites. Both enzymes are responsible
for hydrolyzing chitin and fungal polysaccharides present in the cell walls of fungi [69,70].
They are linked to a mycolytic gut bacterial community in certain termite species, particu-
larly those that feed on wood, where wood-degrading fungi may form a significant part
of the termite diet [71], or serve as a defense mechanism against pathogenic fungi [72].
Further research is required to understand the reasons behind the increased abundance of
chitinase microbial genes following wood ingestion.

In this context, the consumption of lichen by C. cyphergaster workers could aid in the
degradation of the lignin barrier present in wood, thereby acting as a preliminary stage in
reaching the carbohydrate content and transforming it into an energy reservoir. This holds
importance due to the close chemical bonding of lignin with cellulose and hemicellulose in
the cell walls of land plants.

5. Conclusions

Termites, recognized for their lignocellulose-based diet, demonstrate dietary adapt-
ability by consuming microepiphytes. Previous research has linked this behavior to their
nutrient-deficient diets, with lichens serving as an alternative nutritional source offering
supplementary carbohydrates and nitrogen. Nevertheless, our findings indicate that the
ingestion of lichens promotes lignocellulose digestion over their nutritional content.

Our study demonstrates that lichen ingestion by Constrictotermes cyphergaster increased
the abundance of gut carbohydrate-active enzymes (CAZy) genes that encode an oxidore-
ductase enzyme with a role in lignin digestion and xenobiotic degradation. Consequently,
consuming lichens may help to break the recalcitrant lignin barrier of their main food,
the hardwood of dry forest trees in Brazil. From the perspective of termite evolution,
this study advances the knowledge regarding the association between gut symbionts and
termites and their role in diet diversification of Termitidae. Future research should focus on
species-specific behaviors, microbial analyses of lichens, and the influence of environmental
seasonal factors of the dry forest on termite dietary choices. Understanding the conditions
under which termites consume lichens, as well as identifying the specific species involved,
might offer valuable insights into their foraging behavior and ecological adaptability.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d16100623/s1, Figure S1: Map of study site where Constrictotermes
cyphergaster were collected in the microregion do Cariri Oriental located at the Municipality of Sao
Joao de Cariri, northeastern Brazil, in the state of Paraiba; Figure S2: Detail of the bioassays elaborated
for consumption of lichen and wood by Constrictotermes cyphergaster; Figure S3: Rarefaction curves
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showing the number of Amplicon Sequence Variants (ASVs) in the gut microbiome of Constrictotermes
cyphergaster; Figure S4: Lichen and wood consumption by Constrictotermes cyphergaster workers when
exposed to the two types of food individually and simultaneously. In the plot, the modelled means are
represented by large circles, bars are the modelled 95% confidence intervals, and the model-adjusted
individual response values are represented by the small dots. p values < 0.05 indicate significance
(Ismeans pairwise analysis). Table S1: Taxonomical assignment of bacteria and archaea from the gut
of Constrictotermes cyphergaster based on 165 rRNA amplicon sequencing; Table S2: Generalized linear
mixed model explaining enzymatic activity of workers guts on different polysaccharides nested under
colony number; Table S3: Metagenome sequencing, assembly and annotation summary; Table S4:
Generalized linear mixed model explaining food consumption by workers between lichen and wood
diets (individually or combined) nested under colony number; Table S5: Taxonomical assignment of
bacteria and archaea from the gut of Constrictotermes cyphergaster subjected to different diet treatments
based on 165 rRNA amplicon sequencing; Table S6: Non parametric MANOVA model explaining
enzymatic activity of workers guts on polysaccharides from termites submitted to different diet
treatments; Table S7: Abundance of Carbohydrate Active Enzymes (CAZy) genes associated to gut
of Constrictotermes cyphergaster under different diet treatments. The abundance of protein-coding
genes was calculated by dividing the number of reads from the metagenome mapped to a single gene
(x10°) by its length, and subsequently dividing this result by the sum of the number of reads from
the metagenome mapped to all genes, which was also divided by their respective lengths.
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