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Abstract 49 

Termites are remarkable for their ability to digest cellulose from wood as their main energy 50 

source, but the extremely low nitrogen (N) content of their diet presents a major challenge for N 51 

acquisition. Besides the activity of N2-fixing bacteria in the gut, the recycling of N from waste 52 

products by symbiotic microbes as a complementary N-provisioning mechanism in termites 53 

remains poorly understood. In this study, we used a combination of high-throughput amplicon 54 

sequencing, quantitative PCR, and cultivation to characterize the microbial community capable 55 

of degrading urea, a common waste product, into ammonia in the guts of termites (Reticulitermes 56 

hesperus) from a wild and laboratory-reared colony. Taxonomic analysis indicated that a majority 57 

of the urease (ureC) genes in the termite gut (53.0%) matched with a Treponema endosymbiont 58 

of gut protists previously found in several other termites, suggesting an important contribution 59 

to the nutrition of essential cellulolytic protists. Furthermore, analysis of both the 16S rRNA and 60 

ureC amplicons revealed that the laboratory colony had decreased diversity and altered 61 

community composition for both prokaryotic and ureolytic microbial communities in the termite 62 

gut. Estimation by quantitative PCR showed that microbial ureC genes decreased in abundance 63 

in the laboratory-reared colony compared to the wild colony. In addition, most of our cultivated 64 

isolates appeared to originate from non-gut environments. Together, our results underscore a 65 

more important role for ureolysis by endosymbionts within protists than by free-swimming 66 

bacteria in the gut lumen of R. hesperus. 67 

 68 

Introduction 69 

Nitrogen (N) is an essential element and a major component of nucleic acids and proteins. 70 

Although this element is abundant as an atmospheric gas (N2), the amount of N in bioavailable 71 

forms is scarce and can be a limiting factor for growth, reproduction, and survival [1]. N-limitation 72 

is frequently a challenge for herbivorous insects, whose plant-based diets often lack sufficient 73 
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quantities of essential N-metabolites that they cannot produce themselves to build cells and 74 

tissues [2, 3]. To meet their nutritional demands, insects have developed various methods to 75 

acquire or conserve N, including mechanisms developed from beneficial partnerships with their 76 

microbiomes [1, 3]. One symbiont-mediated strategy adopted by insects is microbial N recycling, 77 

where bacterial or fungal symbionts located within the gut lumen, hemolymph, or specialized 78 

host cells convert waste products excreted by the host into compounds that can be re-absorbed 79 

by the insect to support N conservation [1]. 80 

Symbiotic N recycling has been characterized in several lineages of ants and 81 

cockroaches [1]. In carpenter ants (Camponotus spp.), Blochmania endosymbionts housed 82 

within host bacteriocytes are capable of degrading urea (CO(NH2)2), a common waste product, 83 

into ammonia (NH3) to synthesize essential amino acids for host assimilation [4, 5]. In contrast, 84 

arboreal turtle ants (Cephalotes spp.) possess a diverse, conserved community of extracellular 85 

bacterial symbionts in the gut [6], of which many strains have urease enzyme activity [7] and are 86 

capable of converting urea into essential amino acids for the host [8]. Furthermore, the 87 

endosymbiont Blattabacterium, found in bacteriocytes of cockroaches, also contain genes for 88 

urease [9] to degrade and recycle urea converted from uric acid by the host [10]. However, aside 89 

from these seminal examples, the extent that symbiotic microbial communities contribute to N 90 

recycling in insects remains largely unexplored [1]. 91 

Termites are social insects descended from wood-feeding cockroaches [11] and have 92 

long been studied for their ability to thrive on a diet of lignocellulose, the principal component of 93 

woody plant material [12, 13]. Their ability to efficiently digest lignocellulose is driven by essential 94 

contributions from deeply evolved, mutualistic symbionts found in their hindguts consisting of 95 

archaea and bacteria in the ‘higher termites’ (Family Termitidae) and a tripartite community of 96 

free-swimming archaea, bacteria, and cellulolytic protists with their ecto- and endosymbionts in 97 

the evolutionarily basal ‘lower termites’ [12, 13]. Although biological N2 fixation by bacterial 98 
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symbionts is a prominent route of N acquisition in termites [11, 13, 14], the high variation in 99 

nitrogen fixation rates between species suggests these insects have devised different methods 100 

to manage N limitation [15]. In particular, the high total nitrogen doubling times estimated for 101 

some termites such as the Reticulitermes make it difficult for them to rely on biological N2 fixation 102 

as the sole process to satisfy all host N requirements [15]. As Reticulitermes species typically 103 

feed on decaying wood containing fungal growth, the relative enrichment of N from fungi [16] 104 

likely minimizes the need for biological N2 fixation and increases the contribution of N recycling 105 

of waste to their total N economy [1, 12].   106 

Termites release most nitrogenous waste as uric acid, which is stored in their fat pads 107 

and has been shown to accumulate with laboratory maintenance [17]. A previous study showed 108 

that gut bacteria in wood-feeding Reticulitermes flavipes termites are capable of recycling N 109 

derived from uric acid for re-absorption into host tissue [18]. This process was confirmed in 110 

several bacterial strains isolated from termites that can ferment uric acid to produce ammonia 111 

[19, 20] and is estimated to provide up to 30% of the total N annually for an average termite 112 

colony (comprising from 60,000 up to 1,000,000 individuals) [18]. However, during waste 113 

recycling, uric acid can be converted into urea by host or symbiont enzymes [1]. In addition, urea 114 

can be excreted as a waste product by protist cells [21] or other symbionts. At this step, whether 115 

there are symbionts that can recycle urea N by producing urease enzymes to catalyze the 116 

breakdown of urea to ammonia for assimilation in the termite gut is unknown. Furthermore, 117 

whether prolonged laboratory maintenance and the associated buildup of uric acid in termites 118 

will affect the dynamics of ureolytic microbes is unclear. Thus, this represents a knowledge gap 119 

in termite-microbial symbiosis and nutrient cycling processes important for host insect fitness. 120 

In this study, we aimed to 1) uncover the taxonomic diversity and abundance of symbionts with 121 

ureolytic potential inhabiting the termite gut, and to 2) compare microbial community dynamics 122 

between a colony of wild and laboratory-reared termites. We focused on the lower termites as 123 



 5 

they are the most well-studied and hypothesized that wild and laboratory-reared populations of 124 

termites will harbor distinct prokaryotic and ureolytic microbial communities in their guts.  125 

 126 

Methods 127 

Termite Collection and Maintenance 128 

Termites (Reticulitermes hesperus) were collected from the University of California Davis 129 

(UC Davis) Putah Creek Riparian Reserve (38.524o N 121.783o W) in March 2017.  Approximately 130 

200-300 termites, including members from worker, soldier, and reproductive castes were 131 

collected from a fallen log (colony TH1) and reared in the laboratory for seven months as 132 

described previously [22]. Briefly, termites were maintained in plastic boxes with autoclaved sand 133 

and fed with oak wood collected from the same area. Boxes were kept at room temperature, 134 

ventilated, and periodically remoistened with sterile distilled water. Wild termites (colony WTH1) 135 

belonging to the same species (see termite identification below) were collected at the UC Davis 136 

Stebbins Cold Canyon Reserve (38.507o N 122.097o W) in November 2017 and held for less than 137 

36 hours before immediate degutting. Only termites from the worker caste were used for 138 

experiments. 139 

 140 

Gut Dissection, Library Preparation, and Amplicon Sequencing 141 

Hindguts (11-12 per group) were removed by first surface-washing each worker in sterile 142 

urea isolation broth (UIB, per liter: 5 g of NaCl, 2 g of peptone, 9.5 g of K2HPO4, 9.1 g of KH2PO4, 143 

1 mL of 1000x trace elements solution (Table S4), and 10 g of urea added aseptically as a 144 

solution after cooling) before pulling the thorax and anus apart using sterile forceps [23]. For DNA 145 

extraction, single, whole hindguts were placed into bead-beating tubes containing Powerbead 146 

solution and solution C1 from the DNeasy Powersoil DNA extraction kit (Qiagen, Germantown, 147 

MD, USA) and stored at -20oC until extraction. DNA was extracted using a vortex adaptor 148 
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according to the manufacturer’s instructions and was quantified using the Qubit dsDNA HS 149 

assay kit (Life Technologies, Carlsbad, CA, USA). To characterize the prokaryotic community, 150 

the V4 hypervariable region of the 16S rRNA gene was amplified from each sample in triplicate 151 

using the primer pair 515F/806R [24], which was designed to include Illumina adaptors and 12 152 

bp barcode sequences. All primer sequences and PCR cycling conditions are listed in Table S1. 153 

Amplification were carried out in 20 μL volume reactions containing 10 μL Phusion Hot-Start II 154 

High-Fidelity Master Mix (ThermoFisher, Waltham, MA, USA), 0.5 μM each primer, 10 ng sample 155 

DNA, and 4 μL sterile ddH2O. The resulting amplicons were inspected by gel electrophoresis on 156 

a 1% agarose gel, pooled in equimolar concentrations, and sequenced (paired-end 250 bp) on 157 

a MiSeq platform (Illumina, San Diego, CA, USA) at the UC Davis DNA Technologies core facility 158 

using the custom sequencing and indexing primers described in Caporaso et. al [24].  159 

To characterize the ureolytic microbial community, the ureC gene, which encodes for the 160 

catalytic subunit of urease containing several conserved regions, was amplified from each 161 

sample in triplicate using modified versions of the primers UreC-F and UreC-R [25, 26]. A unique 162 

12 bp barcode sequence was added to the reverse primer for each sample (Table S2). The 163 

resulting amplicons were inspected by gel electrophoresis as above, pooled in equimolar 164 

concentrations, and sequenced on a MiSeq platform as above using standard sequencing 165 

primers following enzymatic ligation of Illumina sequencing adaptors. 166 

 167 

Termite Identification 168 

Termite heads removed simultaneously during degutting were pooled (15-20 heads per 169 

extraction) and DNA was extracted from wild and laboratory-reared workers using the DNeasy 170 

Powersoil Kit as described above. Purified DNA was used for amplification and sequencing of 171 

the mitochondrial cytochrome oxidase II (COII) gene using the primers A-tLEU and B-tLYS [27]. 172 

PCR products were then purified using the Ultraclean PCR clean up kit (MO-BIO Laboratories, 173 
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Carlsbad, CA, USA) and sent to the UC Davis College of Biological Sciences DNA sequencing 174 

facility (Davis, CA, USA) for Sanger sequencing using an ABI 3730 platform (Applied Biosystems, 175 

Foster City, CA, USA) to ensure the termites were R. hesperus (Figure S1). 176 

 177 

Quantitative PCR 178 

To determine the abundance of the prokaryotic and ureolytic microbial community in 179 

termite guts, quantitative PCR (qPCR) was performed on each DNA sample using non-barcoded 180 

versions of the degenerate primers 515F and 806R for the 16S rRNA gene [28] and UreC-F and 181 

UreC-R for the ureC gene [25]. qPCR for each target gene was performed in a 20 μL reaction 182 

mixture containing 10 μL SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories, 183 

Hercules, CA, USA), 0.5 μM each primer, 10 ng template DNA, and 4 μL sterile ddH2O. Reactions 184 

were performed on a Bio-Rad CFX Connect System (Bio-Rad Laboratories, Hercules, CA, USA) 185 

and amplification of the 16S rRNA gene consisted of an initial denaturation of 95oC for 3 min, 186 

followed by 39 cycles of 95oC for 10 s and 60oC for 30 s. Amplification of the ureC gene consisted 187 

of an initial denaturation of 95oC for 3 min, followed by 39 cycles of 95oC for 10 s and 52oC for 188 

30 s. Quantification was performed by comparing the Ct values of unknown samples to a 189 

standard curve (with a detection range of 101-109 copies) generated with the pCR Blunt II-TOPO 190 

vector (Invitrogen, Carlsbad, CA, USA) containing a PCR-amplified fragment of each target. 191 

Coefficient of determination (R2) values and amplification efficiency percentages for the standard 192 

curves were 0.993 and 108.8% for the 16S rRNA gene and 0.965 and 91.3% for ureC gene, 193 

respectively. Triplicate reactions were performed for each gene per sample and a melting curve 194 

analysis was performed after each assay to ensure specificity of the amplified products. 195 

 196 

Sequence Data Processing 197 
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Raw reads for the 16S rRNA gene sequences were processed using DADA2 v.1.6 [29] 198 

implemented in R v.3.4.4. Briefly, paired-end fastq files were processed by quality-trimming 199 

forward and reverse reads to 200 and 150 bp lengths, respectively. After sequence dereplication, 200 

merging, error correction, and chimera removal, Exact Sequence Variants (ESVs) were inferred 201 

and taxonomic identification was performed using the SILVA 16S database v.128. 202 

Raw reads for the ureC gene sequences were first quality checked using FastQC [30] 203 

before paired-end reads were merged with FLASH [31] using default parameters. Merged 204 

sequences were demultiplexed in QIIME v.1.9 [32] using the ‘split_libraries_fastq.py’ and 205 

‘split_sequence_file_on_sample_ids.py’ scripts. Then, the forward and reverse primer 206 

sequences were trimmed from each file using BBDuk [33] before chimera detection and removal 207 

with the ‘identify_chimeric_sequences.py’ and ‘filter_fasta.py’ scripts in QIIME using USEARCH 208 

v.6.1. To identify the taxonomy of representative sequences, microbial ureC gene sequences 209 

were downloaded from the FunGene repository [34]. In addition, ureC gene sequences from 210 

bacteria originating from the termite gut were downloaded from NCBI and both sequence 211 

datasets were compiled into a custom gene package using the ‘-create’ command implemented 212 

in GraftM [35] for protein sequence alignment, hidden Markov model (HMM) construction, and 213 

phylogenetic tree building. Taxonomy was assigned by using the ‘-graft’ command against the 214 

compiled ureC gene package in GraftM, which places query sequences onto the ureC reference 215 

tree with pplacer [36] using a default likelihood cut off value of 0.75. Representative sequences 216 

for both genes were aligned using MAFFT [37] and maximum-likelihood trees were constructed 217 

using FastTree [38] with default parameters. Phylogenetic trees were visualized using the 218 

‘phyloseq’ and ‘ggtree’ packages in R [39, 40]. 219 

 220 

Cultivation and Screening Procedures 221 
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To confirm whether ureC gene sequences obtained from termites originated from viable 222 

microbial symbionts potentially capable of degrading urea, we cultivated bacteria from hindgut 223 

samples and screened for the presence of the ureC gene. Termite hindguts (10-15) were 224 

removed from each colony and homogenized in sterile UIB using a pestle. Afterwards, the 225 

homogenate was serially diluted and spread onto plates containing Urea Isolation Agar (UIA), 226 

which contains the same components as UIB but with the addition of agar (15 g per L). Since 227 

the termite hindgut is spatially stratified with respect to oxygen concentration [41], replicate 228 

extraction and plating procedures were performed under an atmospheric O2 concentration 229 

(20.9% at 1 atm) and inside a 2% O2 atmosphere-controlled glove box fitted with an oxygen 230 

sensor and automated controller (Coy Labs, Grass Lake, MI, USA) using a gas mixture of 5% 231 

CO2 and 95% N2 at room temperature for approximately 1 month. Individual colonies were 232 

streaked onto fresh UIA plates as they appeared and reinoculated onto plates three subsequent 233 

times to confirm isolation. Genomic DNA was extracted from cells by using a QIAamp DNA mini 234 

kit (Qiagen, Germantown, MD, USA) according to the manufacturer’s instructions and used for 235 

repetitive element palindromic (rep) PCR fingerprinting analysis to identify unique isolates [42]. 236 

Briefly, approximately 10-20 ng of DNA from each isolate was used for PCR using the BOXA1R 237 

primer [42] and the resulting fingerprint patterns were inspected on a 1% agarose gel. For each 238 

unique isolate, the 16S rRNA gene was amplified using the universal primers 63F and 1389R 239 

[43]. The PCR products were purified using ExoSAP-IT (USB Corporation, Cleveland, OH, USA) 240 

and Sanger sequencing was performed at the UC Berkeley DNA sequencing facility using BigDye 241 

terminator chemistry. Resulting sequences were quality-trimmed using 4Peaks v.1.8 242 

(Nucleobytes, Amsterdam, NL) and BLAST searches in the NCBI database [44] were performed 243 

to identify the closest matches to our isolates. To determine whether the strains possessed the 244 

genomic potential for ureolysis, PCR using the UreC-F and UreC-R primers was performed on 245 

DNA extracted from each isolate as described above and visualized by gel electrophoresis to 246 
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determine the presence of a ureC gene fragment. DNA from Proteus vulgaris strain ATCC 6380 247 

(Microbiologics, St. Cloud, MN, USA) and Escherichia coli strain BL21 were used as the positive 248 

and negative controls, respectively. All strains were archived by suspending cultures in UIB 249 

supplemented with 20% (v/v) glycerol and storing them in cryovials at -80oC. 250 

 251 

Statistical Analysis 252 

All data were first tested for assumptions of normality and homogeneity of variance 253 

before comparison using a one-way Analysis of Variance (ANOVA) test and a Tukey Honestly 254 

Significant Difference post-hoc test to identify significant differences between wild and 255 

laboratory-reared termites. Data that failed to meet assumptions for ANOVA were compared by 256 

using a nonparametric Kruskal-Wallis test followed by a Dunn’s post-hoc test. 257 

Bray-Curtis distance matrices were calculated for the 16S rRNA and ureC gene datasets 258 

for Non-Metric Multidimensional Scaling (NMDS) analysis to determine overall differences in the 259 

composition (presence and relative abundance) of prokaryotic and ureolytic microbial 260 

communities between wild and laboratory-reared termites. Permutational Multivariate Analysis 261 

of Variance (PERMANOVA) tests were performed using 999 permutations to assess differences 262 

in community composition using the ‘adonis’ function in the ‘vegan’ package [45]. Within-group 263 

dispersions were calculated and their differences between termite colonies were tested using 264 

the ‘betadisper’ and ‘permutest’ functions [45]. DESeq2 [46] was used to identify significantly 265 

enriched taxa between colonies by estimating standard errors, transforming read counts to 266 

obtain log fold change, performing Wald tests, and applying Benjamini-Hochberg corrections on 267 

reported P-values. Differentially abundant taxa were visualized using heatmaps produced with 268 

the ‘pheatmap’ package [47]. All statistical analyses were performed using R and a value of P < 269 

0.05 was considered statistically significant. 270 

 271 
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Data Availability 272 

The 16S rRNA and ureC gene sequencing data were deposited to the NCBI sequence 273 

read archive (SRA) under BioProject PRJNA660442 with the following BioSample accession 274 

numbers: SAMN15949798 (16S rRNA) and SAMN15949813 (ureC). The custom GraftM gene 275 

package used for taxonomic classification of ureC gene sequences is available at 276 

https://github.com/jonathanylin/Termite_gut_urease. 277 

 278 

Results 279 

 280 

Sequencing results and normalization 281 

After quality filtering, error correction, and chimera removal, the total number of paired-282 

end reads was 675,612 for the 16S rRNA gene and 417,234 for the ureC gene across 23 samples. 283 

The number of 16S rRNA gene sequences per sample ranged from 16,533 to 41,428 with an 284 

average of 29,374, whereas the number of ureC gene sequences per sample ranged from 11,308 285 

to 32,520 with an average of 20,749. The 16S rRNA and ureC gene datasets were rarefied to 286 

16,000 and 11,000 sequences per sample, respectively, to ensure equal depth for statistical 287 

analysis. After rarefaction, the total number of unique phylotypes was 1,358 and 286 for the 16S 288 

rRNA and ureC genes, respectively (Figure 1E & 2E). Overall, the termite gut classified by the 289 

16S rRNA gene was dominated by the phyla Spirochaetes (34.2%), Proteobacteria (20.9%), 290 

Elusimicrobia (14.9%), Firmicutes (15.1%), Bacteroidetes (8.9%), Planctomycetes (2.0%), and 291 

Actinobacteria (1.4%), with Synergistetes (0.8%), Verrucomicrobia (0.6%), and Euryarcheota 292 

(0.4%) comprising the main phyla at under 1%. (Figure 1F). The most abundant ESVs were from 293 

the genera Treponema (32.3%), Candidatus Endomicrobium (19.5%), Treponema 2 (10.4%), 294 

Desulfovibrio (6.2%), and Candidatus Armantifilum (4.5%) (Figure S2). Across all samples, the 295 

taxonomic composition of ureC gene comprised the phyla Proteobacteria (36.7%), Spirochaetes 296 
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(27.4%), and Firmicutes (21.7%), with most of the remaining sequences not yielding any 297 

classification (12.0%) (Figure 2F). At the genus level, the most abundant classified phylotype 298 

based on the ureC gene was from the genus Treponema (53.0%), followed by Pseudomonas 299 

(8.3%) and Bacillus (5.7%) (Figure S3). 300 

 301 

Differences in 16S rRNA and ureC gut microbial community  302 

Prokaryotic alpha diversity was significantly different between members of the two 303 

colonies, with a higher average number of ESVs observed in termites from colony WTH1 304 

compared to termites from colony TH1 (Figure 1A, ANOVA, F = 12.2, P = 0.002). Similar results 305 

were observed by using the Shannon diversity (Figure 1B, Kruskal-Wallis, χ2 = 9.1, P = 0.001) 306 

and Shannon evenness indexes (Figure 1C, Kruskal-Wallis, χ2 = 6.7, P = 0.005). Termites from 307 

both colonies had a substantially different microbial community composition based on the 16S 308 

rRNA gene (PERMANOVA, R2 = 0.395, F = 13.7, P = 0.001). These results are reflected in the 309 

clear separation of microbial communities by colony type observed in the NMDS ordination 310 

(Figure 1D). A permutational test of the multivariate homogeneity of variances revealed no 311 

differences in dispersion between groups (BETADISPER, F = 0.18, P = 0.71). Colony WTH1 had 312 

a significantly higher number of unique ESVs than colony TH1, while both shared a core 313 

community of 423 ESVs (Figure 1E). 314 

Similar to the 16S rRNA gene results, the ureC gene richness was significantly decreased 315 

in the laboratory-reared colony compared to the wild colony (Figure 2A, ANOVA, F = 10.8, P = 316 

0.0036), and these results were consistent when our analyses were performed using two 317 

additional non-parametric measurements of diversity: the Shannon diversity (Figure 2B, ANOVA, 318 

F = 18.1, P = 0.00036 ) and Shannon evenness index (Figure 2C, ANOVA, F = 13.7, P = 0.001). 319 

Classification of the ureC gene also revealed a distinct community composition of ureolytic 320 



 13 

microbes between colonies (PERMANOVA, R2 = 0.270, F = 7.8, P = 0.001) with separation 321 

apparent in the NMDS ordination (Figure 2D). No differences in ureC gene dispersion between 322 

groups were detected (BETADISPER, F = 0.024, P = 0.91). Termites from both colonies shared 323 

a core community of 161 ureC species, while termites from colony WTH1 had a higher number 324 

of unique ureC species compared to termites from colony TH1 (Figure 2E).  325 

 326 

Differences in relative abundance of prokaryotic and ureolytic taxa between colonies 327 

Based on the 16S rRNA gene, the relative abundance of the phyla Spirochaetes (38.0% 328 

vs 30.4%), Proteobacteria (24.6% vs 17.1%), Bacteroidetes (9.8% vs 8.0%), and Actinobacteria 329 

(1.7% vs 0.99%) were higher in termites from colony WTH1 compared to the termites from 330 

colony TH1 (Figure 1F). The relative abundance of the Elusimicrobia and Planctomycetes 331 

increased from 8.6% to 21.2% and 0.6% to 4.9%, respectively, in the termites from colony TH1 332 

compared to termites from colony WTH1 (Figure 1F). Differentially abundant taxa between both 333 

colonies that were significant at the order level were illustrated using a heatmap and by 334 

calculating log2-transformed abundances (Figure 1G). 335 

Consistent with the 16S rRNA gene results, the relative abundance of ureC genes 336 

classified as Proteobacteria decreased from 46.5% in colony WTH1 to 27.0% in colony TH1 337 

(Figure 2F). The proportion of ureC genes that could not be assigned to any known phylum also 338 

decreased from 13.2% in colony WTH1 to 10.8% in colony TH1 (Figure 2F). In contrast, the 339 

relative abundance of ureC gene sequences belonging to the phyla Spirochaetes and Firmicutes 340 

increased from 22.4% and 15.3% in the termites from colony WTH1 to 32.4% and 28.0% in 341 

termites from colony TH1, respectively (Figure 2F). Significant responders identified at the order 342 

level corroborated trends observed at the phyla level, with ureC genes classified as 343 
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Pseudomonadales, Campylobacterales, and Burkholderiales decreased and the Spirochaetales, 344 

Clostridiales, and Bacillales increased in colony TH1 compared to colony WTH1 (Figure 2G). 345 

Notably, all ureC gene sequences annotated as Spirochaetes were mapped to a single 346 

phylotype, Urec_98, which was classified as a species within the genus Treponema. Urec_98 347 

was the single most abundant phylotype among all ureC genes at the genus level for both 348 

colonies (Figure S3). Additional phylogenetic analysis placed Urec_98 in a clade of ureC genes 349 

from a novel Treponema species previously identified as an endosymbiont of Eucomonympha 350 

protists in the termite gut [48] (Figure S4). Urec_98 shared a 96.61% identity in the protein 351 

coding sequence with the ureC genes from these endosymbionts, and this sequence was 352 

noticeably distinct from the ureC gene of Treponema bryantii and Treponema ruminis as well as 353 

from other bacteria for which data are available (Figure S4). These results indicate that Urec_98 354 

is evolutionarily distant from other Treponema species with ureolytic potential and likely an 355 

endosymbiont of protists in the termite gut. 356 

 357 

16S rRNA and ureC gene abundance 358 

16S rRNA and ureC gene copy numbers were quantified by qPCR as a proxy for absolute 359 

abundance. The ureC gene copy number was higher in the hindguts of termites from colony 360 

WTH1 than in termites from colony TH1 (Figure 3A, ANOVA, F = 21.95, P = 0.0001). In contrast, 361 

the 16S rRNA gene copy number did not differ between colonies (Figure 3B, Kruskal-Wallis, χ2 362 

= 0.034, P = 0.43). Consequently, the overall proportion of ureC gene copies, calculated as the 363 

ratio of ureC gene copies to total 16S rRNA gene copies, decreased from an average of 2.1% in 364 

colony WTH1 to 0.77% of the total microbial community in colony TH1 (Figure 3C, Kruskal-365 

Wallis, χ2 = 16.0, P < 0.0001). 366 

 367 
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Cultivation analyses 368 

A total of 192 isolates were retrieved from our cultivation procedures, with 86 isolates 369 

cultivated from colony WTH1 and 106 isolates cultivated from colony TH1 (Table S4). Overall, 370 

the majority of identified strains were from the phyla Proteobacteria (148 isolates), followed by 371 

the Bacteroidetes (11 isolates) and Firmicutes (6 isolates) (Figure S5A). At the genus level, most 372 

strains cultured from colony WTH1 were identified as Pseudomonas, Acinetobacter, and 373 

Chryseobacterium species, while a substantial number of strains cultivated from termites in 374 

colony TH1 were identified as Citrobacter species (Figure S5B). Many of the identified isolates 375 

were also detected from amongst the most abundant ureC gene amplicon sequences (Figure 376 

S3). The termites from colony WTH1 had a higher proportion of cultivated isolates with genomic 377 

potential for ureolysis than termites from colony TH1 based on diagnostic PCR of the ureC gene 378 

(Figure S5C). 379 

 380 

Discussion 381 

Conditions associated with laboratory-rearing can affect insect physiology and their gut 382 

microbiota. However, the impact of prolonged laboratory maintenance on the gut microbiome 383 

has rarely been documented in termites. One previous study reported significant differences in 384 

gut bacterial composition between field-collected and laboratory-reared Coptotermes 385 

formosanus termites using cultivation-based methods [49], and another observed a gradual 386 

decrease in alpha diversity across several R. flavipes colonies [27]. In this study, we showed that 387 

wild and laboratory-reared colonies of Reticulitermes hesperus workers have substantially 388 

distinct gut microbial communities. Compared to termites retrieved from colony WTH1, the 389 

laboratory-reared termites from colony TH1 had significantly decreased alpha diversity, 390 

evenness, and significantly altered community compositions for both the 16S rRNA and ureC 391 
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genes (Figures 1 & 2). Together, these results show that common laboratory maintenance has 392 

the potential to affect both the prokaryotic and potential ureolytic microbial community over the 393 

course of 7 months. It is important to highlight that while our findings match general trends of 394 

decreased diversity and altered microbial community composition with laboratory maintenance 395 

observed in other insects [50–52], the mechanisms driving these changes may vary considerably 396 

based on host physiology, behavior, and rearing strategies. Recently, Tasaki et. al [53] reported 397 

that reactive oxygen species (ROS) are important sources of stress for termites during laboratory 398 

maintenance, demonstrating that the protective effects against ROS by endogenous host 399 

enzymes became decreased in R. speratus workers after 5 weeks in the laboratory. While ROS 400 

are generated during normal metabolic activities, their concentrations can be exacerbated by 401 

UV irradiation and high oxygen levels leading to damaged DNA and proteins. Intense UV 402 

irradiation leads to phototoxicity in termites [54]; hyperoxia can also kill termites [55] and 403 

stimulate oxygen-guarding behaviors, presumably to protect oxygen-sensitive microbial 404 

symbionts [56]. Although not lethal, the light and oxygen levels experienced by Reticulitermes 405 

workers under laboratory conditions are likely comparatively higher than in their natural 406 

subterranean habitats where colonies can establish down to 5-6 meters [57]. We surmise that 407 

consistent, long-term exposure to increased light and oxygen under normal laboratory 408 

conditions eventually overwhelms host and microbial protective mechanisms to oxidative stress, 409 

thereby inducing shifts in the gut microbial community. However, the relative importance of these 410 

factors, particularly at intensities relevant to laboratory environments on termite fitness and their 411 

gut microbial community has not yet been determined. 412 

Termites void most nitrogenous waste as uric acid, which is synthesized and stored in 413 

the fat bodies [17]. It has been shown that uric acid levels in termites increase with laboratory 414 

maintenance, accumulating up to 45.4% of termite dry weight after 15 months [17]. Uric acid 415 

synthesis increases immediately following laboratory storage [58] and its deposition in fat tissue 416 



 17 

causes an intense white coloration visible on laboratory-reared termites [19, 58]. Uric acid can 417 

be broken down via the uricolytic pathway where uric acid is transformed into several forms, 418 

including urea, before conversion into ammonia by microbial ureases for re-assimilation [1]. 419 

Observing that tissue from R. flavipes workers lacked uricase enzymes, Potrikus and Breznak 420 

[18] performed isotope tracer experiments to confirm that uric acid-degrading gut bacteria 421 

contribute to N-recycling and provision uric acid N for host re-absorption. The authors proposed 422 

that uric acid is transported by the termite into the gut through the Malpighian tubules to 423 

stimulate microbial N-recycling activity [18]. However, the authors did not determine whether 424 

strains possessing urease genes were involved in this N-recycling pathway. In this study, we 425 

asked whether bacteria with the potential to degrade urea originating from either uric acid or 426 

other waste products appear to play an important role to the N-recycling economy. Furthermore, 427 

we reasoned that increased uric acid levels with laboratory maintenance may reflect an increase 428 

in its mobilization and availability, potentially increasing downstream urea concentrations and 429 

altering the ureolytic community. Although we detected ureolytic bacteria in the gut (Figure 2) 430 

and isolated bacteria with ureolytic potential (Figure S5), the overall abundance of ureC genes 431 

in the termite gut was relatively low, averaging 835 copies per ng gut DNA in all samples and 432 

constituting 0.4% to 2.9% of the total prokaryotic community estimated by qPCR (Figure 3A & 433 

C). These results demonstrate that ureolytic potential is present in the gut, albeit likely 434 

representing a minor contribution to waste N-recycling. In addition, our finding of decreased 435 

ureC gene abundance (Figure 3) and reduced ureC gene diversity (Figure 2A) in the laboratory-436 

reared termites in colony TH1 may indicate that uric acid mobilization is not increased with 437 

laboratory-maintenance or not converted to urea by uricolytic gut microbes. To date, there has 438 

been no direct evidence that uric acid is mobilized from termite fat body stores [1, 59]. Chappell 439 

and Slaytor [58] proposed that an elevated proportion of uric acid over the total N content in 440 

older laboratory termites indicates that no mobilization occurs in situ. Instead, necrophagy by 441 
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other colony members has been hypothesized as a mechanism for uric acid delivery for N-442 

recycling by gut symbionts, but this has not been further explored [1, 58]. Several uric acid-443 

degrading bacteria have been cultivated from termite guts and characterized [19, 20]. In one 444 

instance, urea was not produced as an intermediate by a Streptococcus strain during uric acid 445 

degradation [19]. In addition, several of our ureolytic isolates identified as Citrobacter farmeri 446 

(Table S4) appeared to be similar to a few uric acid degrading Citrobacter farmeri strains isolated 447 

previously [20]. This suggests that uricolytic bacteria may directly assimilate uric acid N or are 448 

also capable of simultaneously using urea in situ, and hence may not contribute to the urea pool 449 

available for use by other bacteria in the gut lumen. However, whether there are other strains 450 

capable of producing urea and other intermediates from uric acid in the gut requires further 451 

study. 452 

The Proteobacteria and Firmicutes constituted 58.4% of ureC gene sequences in all 453 

samples at the phylum level (Figure 2D). Pseudomonas and Bacillus species were identified as 454 

the most abundant taxa at the genus level within these groups, respectively (Figure 2E & S3). 455 

These bacteria are not known to be abundant in the gut [27] or part of the core microbiome of 456 

lower termites [13]. Indeed, in our 16S dataset, Pseudomonas species only represented 2.6% of 457 

all ESVs, whereas Bacillus species were detected at less than 0.01%. Furthermore, the 16S rRNA 458 

gene sequences from our Pseudomonas and Bacillus isolates matched closely with strains 459 

previously cultivated from soil and plant-associated habitats (Table S4), suggesting that they 460 

may be of non-gut origin. Transient microbes from soil, plant, or other sources may be ingested 461 

with food and pass through the termite gut with limited host interactions and are expected to be 462 

detected at low frequencies [60]. Our detection of bacteria that are putatively from non-gut 463 

sources, paired with our findings of low ureC gene copy numbers suggests that many resident 464 

microbes in the termite gut do not possess urease genes in their genomes. By contrast, ureC 465 

genes are in soil are dominated by members of the Proteobacteria and Firmicutes [61], which 466 
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likely explains the Bacillus and Pseudomonas species we found at high proportions in our ureC 467 

dataset but detected at low proportions in our 16S rRNA gene dataset. Overall, these results 468 

indicate that a majority of the ureolytic microorganisms in R. hesperus represent a small 469 

proportion of the total gut prokaryotic community, and that many of these abundant ureC genes 470 

appear to originate from bacteria that are transient rather than co-evolved, core members of the 471 

gut microbial community. 472 

We observed that a single partial gene sequence, classified as Urec_98 and identified as 473 

belonging to the genus Treponema, was the most abundant in the ureC dataset, representing 474 

53.0% of ureC phylotypes at the genus level across all samples (Figure S3). Further analysis 475 

showed that Urec_98 is closely related to “Candidatus Treponema intracellularis,” (Figure S4), 476 

an endosymbiont of Eucomonympha protists in wood-feeding Hodotermopsis sjoestedti 477 

termites [48]. The genome of “Candidatus T. intracellularis” contains genes encoding for urease 478 

as well as a membrane-bound urea channel, indicating its ability to both transport and use urea 479 

excreted by its host [48]. “Candidatus T. intracellularis” falls within the termite Treponema cluster 480 

II [48], a defined clade of Treponema ectosymbionts attached to the cell surface of termite gut 481 

protists [62, 63]. This clade, along with a group of free-swimming termite Treponema species 482 

(cluster I) comprise an abundant and highly co-evolved community of Spirochaetes within the 483 

termite gut [64]. In our 16S rRNA gene dataset, we found that both Treponema clusters 484 

represented 42.8% of all ESVs and together their relative abundances did not differ significantly 485 

between termites from either colony (Figure 1D). Thus, in contrast to the Pseudomonas and 486 

Bacillus species identified in the ureC gene sequences, Urec_98 is likely a member of the 487 

autochthonous gut microbial community in termites. 488 

To date, the only other members of the Treponema for which genomes are available on 489 

NCBI that possess genes for urease and urea transporters are T. bryantii and T. ruminis, two 490 

Spirochaetes originally isolated from the bovine rumen [65, 66], an environment where urea 491 
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enters from the bloodstream as a major source of waste N in ruminant animals [67]. By 492 

comparison, the genomes of T. primitia and T. azonutricium [68], two free-swimming species 493 

(representing termite Treponema cluster I) isolated from the termite gut [69], do not contain genes 494 

encoding for any urease subunits or urea transporters. This suggests that unlike the rumen 495 

environment, the termite gut lumen likely does not have a significant flux of urea which may 496 

underscore a lack of selective pressure for free-swimming Spirochaetes to possess urease 497 

genes. Thus, it appears that the endosymbiotic Treponema are the only known Treponema 498 

species to date in the termite gut that contain urease genes. Ohkuma and colleagues [48] found 499 

that a close relative of Eucomonympha protists, Teranympha mirabilis, also contains 500 

endosymbionts related to “Candidatus T. intracellularis” in the guts of R. speratus termites. 501 

Further phylogenetic work revealed that the Treponema endosymbiont of T. mirabilis is a different 502 

species from “Candidatus T. intracellularis” in Eucomonympha, indicating strong cospeciating 503 

relationships between the protist host and endosymbiont [70]. Our study provides evidence that 504 

Treponema ureC genes from R. hesperus termites share high homology with ureC genes from 505 

“Candidatus T. intracellularis” (Figure S4), suggesting that ureolysis by Treponema 506 

endosymbionts within protist hosts is persistent across several lineages of wood-feeding 507 

termites. 508 

Besides the Treponema endosymbionts, several extracellular bacteria previously isolated 509 

from termite guts have been shown to have urease enzyme activity, such as Comamonas 510 

odontotermitis [71]; or encode operons for urease and their transporters in their genomes 511 

including a Citrobacter strain [72], Sporomusa termitida [73], Stenoxybacter acetivorans [74], and 512 

several Verrucomicrobia strains [75–79]. Yet, owing to their low abundance relative to the total 513 

prokaryotic community and the fact that we did not detect any of these taxa at proportions 514 

greater than 0.5% in our ureC gene dataset suggests that ureolysis in the gut lumen by free-515 

swimming bacteria likely does not produce a significant quantity of recycled N for Reticulitermes 516 
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termites. By contrast, we reasoned that our detection of Treponema endosymbionts at much 517 

higher proportions from our ureC sequences suggests a more important role for urea recycling 518 

inside protists. This is substantiated by a previous finding of another termite endosymbiont, 519 

“Candidatus Azobacteroides pseudotrichonymphae,” a Bacteroidales strain that, like 520 

“Candidatus T. intracellularis,” also possesses a gene cluster encoding a urease and urea 521 

transporter [80]. This endosymbiont was found to be abundant in Pseudotrichonympha protists, 522 

a sister lineage to the Eucomonympha-Teranympha protists, which suggests that 523 

phylogenetically diverse bacterial species may have convergently established similar functional 524 

niches for N recycling within protist hosts [48]. In addition to possessing a complete operon for 525 

urease and its transporter, both “Candidatus T. intracellularis” and “Candidatus A. 526 

pseudotrichonymphae” have genes for nitrogen fixation, implying that depending on conditions 527 

within the host cytoplasm, these endosymbionts can transport and recycle external urea or fix 528 

N2 for biosynthesis of nitrogenous compounds to benefit the protist [80, 81]. This degree of 529 

versatility for N metabolism is expected to enable the protist to grow efficiently and remain stable 530 

during nutrient fluctuations in the gut, thereby allowing the termite to maintain cellulolytic protists 531 

essential for host nutrition [48]. 532 

It is important to note that as with any study, our work contains caveats resulting from 533 

our methods. First, approximately 12% of all ureC gene sequences we obtained could not be 534 

assigned to any known phylum, indicating that the termite gut may contain several hitherto 535 

unknown urease genes that require further characterization. Second, our cultivation efforts 536 

focused solely on culturing bacteria under oxic (~21% O2) and hypoxic (2% O2) conditions. 537 

Despite persistent oxygen flux in the hindgut (34), many termite symbionts are anaerobic with 538 

low tolerances for oxygen [13]. Thus, whether there is a significant component of viable ureolytic 539 

bacteria occupying anoxic niches in the termite gut warrants future investigation. Finally, the two 540 

colonies of termites we collected in this study were genetically distinct (Figure S1) and were not 541 
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derived from the same geographic population. Hence, the differences in the gut microbial 542 

communities we observed between these two colonies cannot be attributed solely to the effect 543 

of laboratory maintenance. Hongoh and colleagues [82] found that although Reticulitermes 544 

termites from across Japan shared a core gut bacterial microbiome, differences in taxonomic 545 

composition were found between sampling sites and among different termite species. Similarly, 546 

a characterization of R. flavipes termites collected throughout Connecticut and Massachusetts 547 

revealed the presence of a core gut microbiome with site-specific differences, possibly due to 548 

fluctuations in low abundance taxa between samples [27]. At the genus level, we observed 549 

similar fluctuations in the low abundance taxa between colonies from both our 16S rRNA and 550 

ureC gene datasets (Figures S2 & S3). These differences could be due the genetic divergence 551 

between hosts or from site-specific diets prior to our collection and laboratory rearing. While it 552 

is likely that laboratory maintenance contributed to the differences in gut microbial communities 553 

due to our observations of 1) large effects with little overlap between both colonies and 2) 554 

decreased richness and evenness in the laboratory-reared colony consistent with a previous 555 

report [27], the specific effects of laboratory-rearing compared to colony specificity cannot be 556 

resolved and are beyond the scope of this study. Therefore, future studies are required to clarify 557 

the impact of laboratory rearing on termite gut microbial communities. 558 

 559 

Conclusion 560 

In summary, we investigated the prokaryotic and ureolytic microbial communities in the 561 

hindguts of R. hesperus workers from two colonies. We found that termites from colony TH1, 562 

which was reared in the laboratory for 7 months, had a shifted community composition and 563 

decreased diversity for both the 16S rRNA and ureC genes in the gut. Quantification with qPCR 564 

revealed that ureC genes represented a relatively low proportion of the overall gut prokaryotic 565 

community, and we documented a decrease in ureC gene abundance in colony TH1 compared 566 
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to colony WTH1. Our taxonomic characterization of ureC gene sequences showed a significant 567 

number of ureC genes matching to a Treponema endosymbiont of gut protists previously found 568 

in several other termites, suggesting that urea-recycling within protist hosts may be conserved 569 

across the lower termites. Together with our cultivation findings, where a majority of our isolates 570 

appeared to originate from non-gut environments, our results highlight a more important role for 571 

ureolysis by endosymbionts within protists than by free-swimming bacteria in the gut lumen of 572 

R. hesperus. Thus, ureolytic endosymbionts are likely important for maintaining the stability of 573 

essential cellulolytic protists within the tripartite microbial community in the guts of the lower 574 

termites. Our study raises several questions for future work on the distribution of ureolytic 575 

microbes in other termites with differing diets and across the phylogenetic tree. For instance, it 576 

has not yet been explored whether litter-feeding Rhynchotermes termites, which have lower 577 

biological N2-fixation rates than wood-feeding termites [83] and several Firmicutes strains 578 

implicated in potential uric acid degradation [84] have a significant ureolytic component in their 579 

guts. In addition, it is unknown whether ureolytic microbes in the guts of soil-feeding termites, 580 

which are likely to be more abundant than in wood-feeders due to relatively higher densities of 581 

ureC genes in soil [61] contribute significantly to symbiotic N-recycling. 582 
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Figure Legends 822 

Figure 1. Gut prokaryotic communities in termites from colony WTH1 and TH1 based on the 16S 823 

rRNA gene. Differences in (A) richness, (B) Shannon diversity, (C) Shannon evenness, and (D) 824 

community composition based on Bray-Curtis distances between colonies. (E) Venn diagram 825 

representing shared ESVs, (F) bar plot showing average relative abundances of the 10 most 826 

abundant phyla, and (G) heatmap indicating differentially abundant (P < 0.05) taxa at the order 827 

level between colonies. 828 

 829 

Figure 2. Gut ureolytic microbial communities in termites from colony WTH1 and TH1 based on 830 

the ureC gene. Differences in (A) richness, (B) Shannon diversity, (C) Shannon evenness, and (D) 831 

community composition based on Bray-Curtis distances between colonies. (E) Venn diagram 832 

representing shared species, (F) bar plot showing average relative abundances of the 10 most 833 

abundant phyla, and (G) heatmap indicating differentially abundant (P < 0.05) taxa at the order 834 

level between colonies. 835 

 836 

Figure 3. Changes in the abundance of ureC and 16S rRNA genes between wild and laboratory-837 

reared termites. Copy numbers of the (A) ureC and (B) 16S rRNA gene, and (C) the proportion of 838 

ureC gene copies (calculated as the ratio of ureC gene copies to total 16S rRNA gene copies) 839 

between colonies. 840 

 841 
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Figures

Figure 1

Gut prokaryotic communities in termites from colony WTH1 and TH1 based on the 16S rRNA gene.
Differences in (A) richness, (B) Shannon diversity, (C) Shannon evenness, and (D) community
composition based on Bray-Curtis distances between colonies. (E) Venn diagram representing shared



ESVs, (F) bar plot showing average relative abundances of the 10 most abundant phyla, and (G) heatmap
indicating differentially abundant (P < 0.05) taxa at the order 828 level between colonies.

Figure 2

Gut ureolytic microbial communities in termites from colony WTH1 and TH1 based on the ureC gene.
Differences in (A) richness, (B) Shannon diversity, (C) Shannon evenness, and (D) community



composition based on Bray-Curtis distances between colonies. (E) Venn diagram representing shared
species, (F) bar plot showing average relative abundances of the 10 most abundant phyla, and (G)
heatmap indicating differentially abundant (P < 0.05) taxa at the order level between colonies.

Figure 3

Changes in the abundance of ureC and 16S rRNA genes between wild and laboratory reared termites.
Copy numbers of the (A) ureC and (B) 16S rRNA gene, and (C) the proportion of ureC gene copies
(calculated as the ratio of ureC gene copies to total 16S rRNA gene copies) between colonies
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