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Simple Summary 

This study presents the first comprehensive microbial profile of the desert-adapted Turpan Wonder 

Gecko (Teratoscincus roborowskii) from the desert area with a relatively low altitude (144 m below sea 

level) in the Turpan Depression of China using 16S rRNA sequencing. Key findings include the gut 

microbiota exhibiting the highest diversity, dominated by Bacteroidota and heat-resistant 

Thermodesulfobacteriota, likely aiding thermotolerance. The oral cavity was enriched with 

Pseudomonas and unique Verrucomicrobiota, possibly supporting omnivorous digestion. 

Environmental samples were primarily Cyanobacterota, reflecting desert soil conditions. Functional 

predictions suggest that gut microbes specialize in carbohydrate metabolism, while oral microbes 

may assist in xenobiotic degradation. These findings highlight the significance of microbiome in the 

gecko’s adaptation to extreme desert environments. 

Abstract 

The microbial communities of desert-dwelling reptiles, such as lizards, are crucial for host health and 

adaptation but remain understudied. This study used 16S rRNA sequencing to analyze the guts, oral 

cavities, and environments of the Turpan Wonder Gecko (Teratoscincus roborowskii) from the desert 

area in the Turpan Depression of China. The results showed distinct microbial profiles across these 

niches. The gut microbiota exhibited the highest diversity, dominated by Bacteroidota and 

thermophilic Thermodesulfobacteriota, suggesting heat adaptation. The oral cavity was enriched 

with Pseudomonadota and Verrucomicrobiota, possibly linked to its omnivorous diet. 

Environmental samples were mainly Cyanobacterota. Functional predictions indicated gut microbes 

specialized in carbohydrate metabolism, while oral microbes might aid xenobiotic degradation. This 

study provides the first comprehensive microbial profile of T. roborowskii, offering insights into its 

adaptation to extreme desert ecosystems. 

Keywords: microbial communities; 16S rRNA; desert adaptation; Teratoscincus roborowskii; functional 

profiling 
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1. Introduction 

Microbial communities play fundamental roles in host physiology [1]1 and ecosystem 

functioning [2–5], yet our understanding of reptilian microbiota, particularly in extreme 

environments, remains limited [6,7]. While mammalian, avian, and fish microbiomes have been 

extensively characterized, lizards – representing over 7,800 species worldwide [8] – have received 

comparatively little attention. This knowledge gap is particularly pronounced for species inhabiting 

extreme environments, where host-microbe interactions may be crucial for survival. 

The gut microbiota is recognized as a key contributor to host nutrition [9], immune function [10], 

and environmental adaptation [7,11,12]. In reptiles, microbial communities are known to vary with 

factors such as diet [13], temperature [14], and habitat [6,15,16], suggesting they may play important 

roles in ecological adaptation. However, comprehensive studies integrating multiple body sites and 

their environments remain scarce.  

Teratoscincus roborowskii (Turpan Wonder Gecko) presents an ideal model to investigate 

microbiome adaptations to extreme conditions. Endemic to the hyperarid Turpan Depression in 

Northwest China, this species thrives in one of the hottest and driest environments on Earth [17]. In 

this region, the average elevation is only −95 ~ −76 meters, the average annual precipitation is mere 

16.4 mm, and the annual evaporation rate is astounding 3000 mm. The extreme high temperature can 

reach 49.6°C, and the max-imum surface temperature in summer can soar to 80°C. While previous 

studies have examined its ecology (e,g., [17,18]), biogeography (e.g., [19]) and genetics (e.g., [20]), 

with a recent study on the impact of seasonal dietary influences on the gut microbiota [21], its 

microbial communities ‒ potentially critical for desert adaptation ‒ remain nearly uncharacterized. 

This study addresses this gap by profiling bacterial communities in the gut, oral cavity, and 

environment of T. roborowskii using 16S rRNA sequencing. We specifically aimed to: (i) compare 

microbial diversity and composition across niches, (ii) identify habitat-specific microbial signatures, 

and (iii) predict functional differences between communities. Our findings advance understanding 

of microbiome-mediated adaptations in extreme environments and establish a foundation for future 

studies of desert-adapted species. 

2. Materials and Methods 

2.1. Sample Collection 

On 10 June 2023, nine T. roborowskii geckos were captured (42.7769°N, 89.2831°E, 144 m below 

sea level) in the Turpan Depression, Xinjiang, China, during their peak activity hours (23:00‒01:00) 

and fresh fecal pellets were collected during the fasting period (Figure 1). They were located using 

flashlight-induced eyeshine detection. After recording the gecoks’ sex, location, and developmental 

stage, fecal samples (FB) were collected by placing each gecko in a sterile container and monitoring 

it every two hours. Fresh feces were then promptly transferred into labelled sterile EP tubes using 

sterile forceps and immediately frozen in liquid nitrogen to preserve sample integrity. Oral samples 

(KQ) were collected using sterile throat swabs and stored in the same way. Four environmental 

samples (HJ) from the geckos’ habitat were collected using the same sterile protocol. All samples 

were immediately frozen in liquid nitrogen. All geckos were confirmed to be in good physiological 

condition post-experiment and were released at the capture site in strict adherence to animal welfare 

regulations.  
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Figure 1. Geographic sampling location of T. roborowskii in this study. Blue dashed lines indicate the species’ 

range in the Turpan Depression of Xinjiang. Photograph by Xianguang Guo. 

2.2. DNA Extraction 

Genomic DNA was extracted from the total microbial community of each sample using the 

E.Z.N.a™ Mag \ Bind Soil DNA Kit (Omega, M5635-02, USA) according to the manufacturer’s 

instructions. The concentration of the extracted DNA was measured using a Qubit 3.0 fluorometer 

(Thermo Fisher Scientific, USA) to ensure that a sufficient amount of high-quality genomic DNA was 

obtained. 

2.3. 16S rRNA Amplification and Sequencing 

The V4–V5 hypervariable region of the bacterial 16S rRNA gene was targeted for amplification 

using universal primers 515F (GTGCCAGCMGCCGCGGTAA) and 907R 

(CCCCGYCAATTCMTTTRAGT) [22] in a 30-µL reaction volume containing 10–20 ng DNA template, 

1 µL of each primer (10 µM), 15 µL 2× Hieff® Robust PCR Master Mix (Yeasen, China), and nuclease-

free water. Amplification was performed in an Applied Biosystems 9700 thermal cycler using a two-

step program: (1) initial denaturation at 94°C for 3 min; 5 cycles of 94°C for 30 s, 45°C for 20 s, 65°C 

for 30 s; then 20 cycles of 94°C for 20 s, 55°C for 20 s, 72°C for 30 s; final extension at 72°C for 5 min; 

followed by (2) 95°C for 3 min; 5 cycles of 94°C for 20 s, 55°C for 20 s, 72°C for 30 s; final extension at 

72°C for 5 min. PCR products were verified via 2% agarose gel electrophoresis, purified using Hieff 

NGS™ DNA Selection Beads (Yeasen, China) to remove primer dimers, quantified by Qubit® 

dsDNA assay (Thermo Fisher) and bioanalyzer (Agilent 2100), pooled equimolarly, and sequenced 

on an Illumina MiSeq platform (Illumina, USA) by Sangon BioTech (Shanghai) after library 

construction with Illumina adaptors/indices.. 

2.4. Microbial Community Analysis Pipeline 

Following Illumina MiSeq paired-end sequencing, reads were assembled using PEAR (v0.9.8; 

[23]) based on their overlap. The resulting FASTQ files were processed into FASTA/QUAL format 

[24] for downstream processing. Quality-controlled sequences were clustered into Operational 

Taxonomic Units (OTUs) at ≥97% similarity threshold using USEARCH (v11.0.667; [25]), with 

chimera removal (UCHIME algorithm) and exclusion of singleton OTUs to minimize artifacts. 

Bacterial OTUs were classified by BLAST against the Ribosomal Database Project (RDP; release 11.5; 

[26]) with a confidence threshold of 80%, while fungal OTUs were classified using the UNITE v8.3 
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ITS reference database [27]. The most abundant sequence within each OTU cluster was designated as 

the representative sequence for annotation. 

2.5. Statistical Analysis 

Alpha diversity indices (Chao1, Simpson, Shannon) and rarefaction curves were calculated 

based on OTU richness using Mothur (v3.8.31; [28]). To analyze the diversity and distribution of 

operational taxonomic units (OTUs) in our samples, we generated rank abundance curves using the 

statistical software R (v4.2.2; [29]). The rank abundance curves were calculated using the 

rankabundance function from the vegan package (v2.6-2; [30]), which sorts the OTUs by their 

abundance and assigns ranks. The resulting data were then visualized using the ggplot2 package 

(v3.3.6; [31]), a powerful tool for creating high-quality plots in R.  

Within-sample (alpha) diversity comparisons between groups employed t-tests (two groups) or 

ANOVA (multiple groups). Beta diversity (between-sample differences) was analyzed via Principal 

Coordinate Analysis (PCoA), Non-metric Multidimensional Scaling (NMDS), and constrained 

Principal Component Analysis (PCA), visualized using the R vegan package (v2.5-6; [30]). 

Differential feature abundance between groups was identified using STAMP (v2.1.3; [32]) and LEfSe 

(v1.1.0; [33]). Microbial associations were assessed using SparCC (v1.1.0; [34]) to compute correlation 

coefficients and P-values, with results visualized as correlation heatmaps using the R corrplot 

package (v0.84; [35]). Co-occurrence networks were constructed using the R ggraph package (v2.2.1; 

[36]). 

2.6. Function Prediction 

Functional potential of bacterial and archaeal communities was predicted using PICRUSt (v1.1.4; 

[37]). This analysis inferred metabolic capabilities by comparing the obtained 16S rRNA gene 

sequencing data against a reference genome database of known functions. PICRUSt generated 

predictions for KEGG pathways (Kyoto Encyclopedia of Genes and Genomes) and COG 

pathways (Clusters of Orthologous Groups) to characterize the communities’ potential roles in 

metabolic processes. 

3. Results 

3.1. Evaluation of Microbial 16S rRNA Gene Sequencing 

Rank Abundance Curves (Figure 2A) were analyzed to assess diversity, where the horizontal 

span reflects species richness (longer axis = higher richness) and the curve slope indicates evenness 

(flatter curve = greater evenness). The wide, gradually flattening curves observed demonstrate 

uniform sample composition and high species richness. Complementarily, rarefaction curves (Figure 

2B) confirmed sequencing depth sufficiency, as the number of observed OTUs plateaued with 

increasing sequencing effort, indicating comprehensive sampling and data reliability for downstream 

analyses.  
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Figure 2. Microbial community diversity assessment. (A) Rank-abundance curves showing species richness and 

evenness across sample groups (9 fecal [FB], 9 oral [KQ], and 4 environmental [ZW for vegetation and TR for 

soil] samples). (B) Rarefaction curves demonstrating sequencing depth adequacy, with all curves approaching 

saturation, indicating sufficient sampling effort for community characterization. Both analyses were performed 

using 16S rRNA gene sequencing data. 

3.2. Microbial Diversity Analysis 

Illumina MiSeq sequencing of 22 samples generated 2,068,798 raw reads (43,994–117,111 

reads/sample; 350–472 bp length), yielding 2,004,305 high-quality sequences (31,155–165,806 

reads/sample; avg. 372.04–375.71 bp) after QC. OTU clustering and annotation (26 phyla, 526 species) 

revealed 125 shared OTUs between oral and environmental groups, with 356, 238, and 93 unique 

OTUs in fecal, oral, and environmental groups, respectively (Figure 3G). Alpha diversity showed 

significantly higher richness (Ace, Chao1) and diversity (Shannon, Simpson) in the fecal group vs. 

oral/environmental groups (P < 0.001–0.05; Figure 3A-E), with coverage >99.9% (Figure 3F). Beta 

diversity (PCoA/NMDS; Figure 3H-I) confirmed distinct clustering of fecal, oral, and environmental 

communities, reflecting significant compositional differences (P<0.001). These results demonstrate 

the fecal microbiome’s uniquely high diversity and structural divergence. 
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Figure 3. Microbial community diversity analysis. (A–F) Boxplots of α-diversity indices comparing fecal (FB), 

oral (KQ), and environmental (HJ) samples: observed OTUs (A), Ace (B), Chao1 (C), Shannon (D), Simpson (E), 

and Coverage (F). Significant differences are indicated (*P < 0.05, **P < 0.01, ***P < 0.001), with notable divergence 

between FB vs. KQ (P < 0.05) and FB vs. HJ groups. (G) Venn diagram of shared/unique OTUs among groups. 

(H–I) β-diversity analysis via PCoA (H) and NMDS (I) based on OTU profiles. 

3.3. Microbial Composition Across Habitats 

Figure 4A shows the top 10 phyla with the highest content in fecal samples, oral samples and 

environmental samples. Fecal samples were dominated by Bacteroidota (44.07%) and Bacillota 

(32.02%), with notable contributions from Pseudomonadota (11.90%) and Thermodesulfobacteriota 

(5.96%). Oral samples exhibited extreme dominance of Pseudomonadota (73.03%), trailed distantly 

by Bacteroidota (10.11%) and Bacillota (7.09%), while environmental samples were overwhelmingly 

characterized by Cyanobacteriota (62.18%), supplemented by Actinomycetota (10.15%), unclassified 

bacteria (9.47%), and Pseudomonadota (7.78%). Minor phyla demonstrated niche preferences—

Verrucomicrobiota was ubiquitous (fecal: 2.57%, oral: 2.77%, environmental: 0.13%), whereas 

Planctomycetota and Acidobacteriota showed higher oral prevalence (1.07% and 2.75%, respectively) 

versus near-absence elsewhere (<0.02%). 
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Figure 4. Taxonomic composition of bacterial communities in fecal (FB), oral (KQ), and environmental (HJ) 

samples. Stacked bar plots show relative abundance at (A) phylum, (B) family, and (C) genus levels. The x-axis 

represents individual samples; the y-axis shows relative abundance (%). Color blocks represent different taxa, 

with widths proportional to their abundance. Taxonomic classifications are displayed for each corresponding 

level. 
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The top 10 class with the highest content in fecal samples, oral samples and environmental 

samples are shown in Figure 4B. Fecal samples were dominated by Bacteroidia (44.07%) and 

Clostridia (20.53%), with substantial contributions from Gammaproteobacteria (11.60%) and Bacilli 

(10.86%); oral samples showed overwhelming dominance of Alphaproteobacteria (50.14%) followed 

by Gammaproteobacteria (22.88%) and Bacteroidia (10.11%); while environmental samples were 

characterized by Cyanobacteriia (62.18%), supplemented by Actinobacteria (9.99%) and unclassified 

bacteria (9.47%). Cross-niche patterns emerged: Gammaproteobacteria appeared in all habitats (fecal: 

11.60%, oral: 22.88%, environmental: 4.94%), Bacilli maintained moderate presence (fecal: 10.86%, 

environmental: 6.11%, oral: 3.16%), and Verrucomicrobiia showed fecal/oral prevalence (2.56–2.77% 

vs. environmental: 0.13%). Minor classes exhibited niche-specific distributions (e.g., Desulfovibrionia 

exclusive to feces: 5.96%; Acidobacteriae primarily oral: 2.31%). 

The result in Figure 4C shows the top 10 order with the highest content in fecal samples, oral 

samples and environmental samples. Fecal samples were dominated by Bacteroidales (43.86%), with 

substantial contributions from Enterobacterales (11.32%), Oscillospirales (8.01%), and Lachnospirales 

(6.35%), alongside notable sulfate-reducing Desulfovibrionales (5.96%). Oral samples exhibited 

overwhelming dominance of Hyphomicrobiales (48.72%), followed by Enterobacterales (16.58%) and 

Bacteroidales (9.78%), while environmental samples were characterized by phototrophic 

Cyanobacteriales (62.15%), with significant unclassified bacteria (9.47%) and Micrococcales (9.38%). 

Cross-habitat patterns included the widespread presence of Enterobacterales (fecal: 11.32%, oral: 

16.58%, environmental: 0.31%) and Bacteroidales (fecal: 43.86%, oral: 9.78%, environmental: 0.42%), 

whereas Hyphomicrobiales showed dual prominence in oral and environmental niches (48.72% vs. 

1.94%), and Desulfovibrionales was exclusively abundant in feces (5.96%). 

Figure 4D shows the top 10 families with the highest relative abundance in fecal samples, oral 

samples and environmental samples. Fecal samples were dominated by Bacteroidaceae (22.00%) and 

Tannerellaceae (9.00%), with significant contributions from Lachnospiraceae (6.33%) and sulfate-

reducing Desulfovibrionaceae (5.96%), while oral samples showed exceptional dominance of 

Beijerinckiaceae (48.32%) alongside Enterobacteriaceae (14.00%). Environmental samples were 

overwhelmingly composed of unclassified Cyanobacteriales (62.15%) and unclassified bacteria 

(9.47%), with Microbacteriaceae (8.68%) as the only other major family. Cross-habitat comparisons 

revealed: (1) Enterobacteriaceae’s dual prominence in feces (5.60%) and oral samples (14.00%), (2) 

Moraxellaceae’s consistent presence across oral (2.96%) and environmental samples (2.71%), and (3) 

the exclusive fecal occurrence of SCFA-producing families (Lachnospiraceae, Ruminococcaceae). 

Notably, 62.15% of environmental sequences remained unclassified at the family level, highlighting 

uncultured microbial diversity in this niche. 

Figure 4E shows the top 10 genera with the highest relative abundance in fecal samples, oral 

samples and environmental samples. Fecal samples were dominated by Bacteroides (22.0%) and 

sulfate-reducing Desulfovibrio (5.09%), with notable contributions from Parabacteriides (4.62%) and 

Morganella (4.49%), while oral samples showed remarkable dominance of Methylobacterium (48.31%) 

alongside Enterobacteriaceae-affiliated genera (unclassified_Enterobacteriaceae:10.46%, 

Escherichia/Shigella: 3.54%). Environmental samples were overwehelmingly composed of 

unclassified_Cyanobacterales (62.15%) and unclassified_Bacteria (9.47%), with Agromyces (8.63%) as 

the only major genus. Cross-habitat comparisons revealed: (1) Bacteroides’ prominence in feces 

(22.0%) versus oral samples (4.03%), (2) Acinetobacter’s dual presence in oral (2.55%) and 

environmental samples (2.61%), and (3) the exclusive environmental occurrence of Chryseobacterium 

(2.53%) and Brucella (1.19%). Strikingly, >70% of environmental sequences remained unclassified at 

genus level, underscoring the uncultured microbial diversity in this habitat. 

The top 10 species with the highest content in fecal samples, oral samples and environmental 

samples are shown in Figure 4F. Fecal samples were dominated by unclassified_Bacteroides (20.97%) 

alongside unclassified_Desulfovibrio (5.09%) and pathogenic Morganella morganii (4.49%), 

demonstrating substantial taxonomic resolution gaps even for common gut microbes. Oral samples 

showed exceptional dominance of Methylobacterium jeotgali (48.30%) with notable enteric pathogens 
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(unclassified_Escherichia-Shigella: 3.54%, Providencia rettgeri: 2.30%), while environmental samples 

remained predominantly unclassified (unclassified_Cyanobacteriales: 62.15%, unclassified_Bacteria: 

9.47%). Cross-habitat patterns included: (1) Acinetobacter schindleri’s presence in both oral (1.96%) and 

environmental (0.14%) niches, (2) the exclusive fecal occurrence of unclassified_Parabacteroides 

(3.61%), and (3) the environmental specificity of Chryseobacterium taeanense (2.37%). Strikingly, 71.62% 

of environmental sequences and 20.97-5.31% of fecal sequences lacked species-level classification, 

highlighting substantial microbial dark matter across all habitats. 

Twelve phyla were common to all groups, with Pseudomonadota showing dramatic niche 

variation (gut: 11.9%, oral: 73.0%, environmental: 7.8%), while Bacteroidota dominated gut samples 

(44.1%) and Actinomycetota peaked in environmental samples (10.1%). Among 60 shared families, 

Enterobacteriaceae exhibited oral preference (14.0% vs. gut: 5.6%), whereas Rikenellaceae (gut: 7.4%) 

and Lachnospiraceae (gut: 6.3%) remained primarily gut-associated. Only two of 90 shared genera 

maintained >0.1% abundance across all habitats: Escherichia/Shigella (oral:3.5%>gut:0.6%) and 

unclassified Enterobacteriaceae (oral:10.5% >gut:5.0%), highlighting both the enteric origin of shared 

taxa and the strong habitat filtering of microbial communities. 

3.4. LEfSe Analysis 

Linear discriminant effect size (LEfSe) analysis (LDA score >5) identified distinct biomarkers 

that validated and expanded upon the relative abundance trends: the gut microbiota was uniquely 

characterized by Bacteroidales (consistent with its 44.07% fecal dominance), while the oral 

microbiome showed specific enrichment of Pseudomonadota (matching its 73.03% oral prevalence), 

and environmental samples were distinctly marked by Cyanobacteriales (aligning with their 62.18% 

environmental abundance). These results not only confirmed the habitat-specific patterns observed 

in taxonomic composition analyses but also highlighted potential functional adaptations ‒ with 

Bacteroidales likely supporting gut metabolic functions, Pseudomonadota reflecting aerobic oral 

conditions, and Cyanobacteriales representing environmental photosynthetic niches. The robust 

concordance between LEfSe biomarkers and relative abundance data (Figure 4A-F/5B) reinforces the 

ecological specialization of microbial communities across these distinct habitats. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 September 2025 doi:10.20944/preprints202509.0929.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.0929.v1
http://creativecommons.org/licenses/by/4.0/


 10 of 17 

 

 

Figure 5. Microbial community analysis using LEfSe. (A) Taxonomic cladogram showing biomarkers with 

LDA>3 (P<0.05) distinguishing fecal (FB, red), oral (KQ, green), and environmental (HJ, blue) groups in T. 

roborowskii. Concentric circles represent taxonomic levels from phylum (innermost) to species (outermost), with 

circle diameters proportional to relative abundance (p: phylum; c: class; o: order; f: family; g: genus; s: species). 

(B) Bar plot of differentially abundant bacteria with LDA scores >5, labeled by taxonomic name. 

3.5. Functional Specialization Across Gut, Oral, and Environmental Microbiota 

Functional profiling using PICRUSt2 revealed distinct metabolic patterns across gut (FB), oral 

(KQ), and environmental (ZW) microbiota (Figure 6A-H and Figure 7A-F). COG analysis showed 

that all three communities were dominated by metabolic functions (42.1‒44.5%), but exhibited key 

differences: the gut microbiota had higher information processing capacity (23.9% vs. 18.4% in 

others), while the oral flora contained a higher proportion of poorly characterized functions (10.6% 

vs. 0.3% in the environmental community. Differential COG analysis (Figure 7A-C) identified oral-
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specific enhancements in amino acid/coenzyme transport and energy conversion, gut-specific 

advantages in carbohydrate/nucleotide metabolism and cell division, and environmental 

specialization in defense mechanisms and protein turnover. 

 

Figure 6. Differential metabolic pathway analysis comparing fecal (FB), oral (KQ), and environmental (ZW) 

microbiomes using COG and KEGG annotations: (A) COG and (B) KEGG heatmaps display functional 

abundances across samples (red: high, blue: low); (C–E) COG and (F–H) KEGG bar plots show significantly 
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divergent first-level pathways (P < 0.05, red bars) between FB vs. KQ (C, F), FB vs. ZW (D, G), and KQ vs. ZW 

(E, H), with y-axes indicating pathways and x-axes showing relative proportions. 

 

Figure 7. Comparative analysis of second-level metabolic pathways reveals significant differences (P < 0.05, red) 

between sample groups: (A-C) COG pathways comparing FB vs. KQ (A), FB vs. ZW (B), and KQ vs. ZW (C); (D-

F) KEGG pathways comparing FB vs. KQ (D), FB vs. ZW (E), and KQ vs. ZW (F). Vertical axes indicate metabolic 

pathways; horizontal axes show relative proportions of each pathway. 

KEGG pathway analysis further highlighted habitat-specific adaptations (Figure 7D-F). Oral 

microbiota showed significant enrichment in xenobiotic biodegradation and cell motility compared 

to gut flora. Gut communities demonstrated stronger membrane transport, glycan biosynthesis, and 

carbohydrate/lipid metabolism than environmental samples. Environmental microbiota exhibited 

enhanced nucleotide metabolism, energy production, and cofactor/vitamin synthesis compared to 

oral communities. These functional differences align with and help explain the observed taxonomic 

variations, revealing how each habitat selects for distinct metabolic capabilities. 

Notably, environmental samples exhibited particularly high genetic information processing 

capacity (14.3% vs. 11.6% in the oral cavity), likely reflecting their need to adapt to variable 

conditions. The gut’s emphasis on carbohydrate metabolism and glycan biosynthesis underscores its 

role in host nutrition, while the capacity of oral flora for xenobiotic degradation suggests adaptation 

to dietary and environmental chemicals. Notably, environmental samples showed particularly high 

genetic information processing capacity (14.3% vs. 11.6% in oral), likely reflecting their need to adapt 

to variable conditions. The gut’s emphasis on carbohydrate metabolism and glycan biosynthesis 

underscores its role in host nutrition, while oral flora’s xenobiotic degradation capacity suggests 

adaptation to dietary and environmental chemicals. These results collectively demonstrate how 

microbial communities functionally specialize to thrive in their specific habitats. Together, these 

results demonstrate how microbial communities functionally specialize to thrive in their specific 

habitats. 

4. Discussion 
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The host-associated microbial community plays a pivotal role in host physiology, influencing 

development, disease susceptibility, and adaptation to extreme natural environments. Gut and oral 

microbial communities are shaped by diverse factors, such as environment [11], temperature [14], 

diet [6,13,38], and season [21]. Shifts in these communities can facilitate host adaptation. The strictly 

nocturnal, egg-laying lizard T. roborowskii, which is endemic to the hyperarid Turpan Depression 

below-sea-level, provides an ideal model for studying the contribution of the microbiome to survival 

in extreme environments. 

Analysis of 16S rRNA sequences revealed that the gut microbiome of T. roborowskii was 

dominated by the following phyla: Bacteroidota (44.07%), Bacillota (Firmicutes) (32.02%), 

Pseudomonadota (Proteobacteria) (11.90%), Thermodesulfobacteriota (5.96%), Actinobacteria 

(Actinomycetota) (3.03%), Verrucomicrobiota (2.57%), and Cyanobacteriota (0.14%) (Figure 4A). This 

core composition (Bacteroidota, Bacillota, Pseudomonadota, and Actinomycetota) is consistent with 

previous studies on other lizard species (e.g., Japalura sensu lato, iguanas, and Diploderma spp.) 

[7,39,40], suggesting that these functions are conserved. Bacteroidota and Bacillota are essential for 

carbohydrate fermentation and polysaccharide degradation, forming a fundamental part of the 

gastrointestinal microbiome in non-mammalian vertebrates [41,42]. The Pseudomonadota (formerly 

the Proteobacteria) are prevalent in carnivorous lizards and contribute to polysaccharide and protein 

metabolism, as well as the degradation of aromatic compound [15,16,38,43–46].  

While the top three gut phyla (Bacteroidota, Bacillota, and Pseudomonadota) remained 

consistent across seasons, the relative abundance of these phyla and the composition of the top 10 

phyla varied significantly. This variation is consistent with the known influences of geography, 

season, and diet [21,47] and underscores the modulation of gut microbiome diversity and abundance 

by the environment. Notably, the Thermodesulfobacteriota phylum (specifically the 

Desulfobacterota class) was prominent (5.96%) in T. roborowskii. This thermophilic, sulfate-reducing 

phylum is also found in lizards adapted to high temperatures, such as Diploderma spp. [7] and 

Japalura, and is linked to arsenic methylation. It thrives at elevated temperatures [48,49]. Its presence 

in T. roborowskii suggests a potential role in facilitating host adaptation to the desert’s thermal 

extremes.  

Analysis of the oral microbiome revealed a distinct composition, dominated by the phylum 

Pseudomonadota (see Figure 4A). This composition differed significantly in terms of diversity and 

abundance from both the gut and environmental microbiomes (see Figure 3). Environmental factors 

exerted a stronger influence on the structure of the oral community than the gut community. The 

dominant phyla shared across gut, oral, and environmental samples (>1% abundance) were 

Bacteroidota, Bacillota, Pseudomonadota, and Actinomycetota (see Figure 4). Notably, 

Verrucomicrobiota dominated the oral cavity, which was absent in reported lizard oral microbiomes 

such as Japalura sensu lato. This phylum possesses potent capabilities for degrading complex 

polysaccharides and organic matter [23,50–52], and it may influence host physiology by prodcuing 

SCFAs [53–55]. The presence of this phylum in T. roborowskii (an omnivore) but its absence in the 

insectivorous Japalura suggests a dietary link. 

Functional predictions (KEGG pathway analysis, Figure 7D) supported the distinct roles of these 

microbial niches. Oral flora showed enrichment in pathways critical for initial food processing, such 

as xenobiotic biodegradation and metabolism and amino acid metabolism, as well as cell motility. 

This is consistent with the oral cavity’s role in ingestion. In contrast, gut flora, dominated by the phyla 

Bacteroidota and Bacillota, showed enrichment in pathways involved in nutrient assimilation 

(carbohydrate metabolism, lipid metabolism, and nucleotide metabolism), as well as in pathways 

involved in the processing of complex compounds (glycan biosynthesis and metabolism, and 

metabolism of terpenoids and polyketides). Gut flora showed enrichment in pathways involved in 

core cellular functions (translation, replication and repair).  

Overall, our results reveal a core microbiome comprising the phyla 

Bacteroidota, Bacillota, Pseudomonadota, and Actinomycetota, with niche-specific divergences. The 

high diversity of the gut microbiome aligns with its role in nutrient processing, while the presence of 
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the Pseudomonadota phylum in the oral microbiome may reflect aerobic adaptation. The presence 

of the Thermodesulfobacteriota phylum in the gut suggests thermophilic adaptations, while the 

presence of the Verrucomicrobiota phylum in the oral cavity may facilitate polysaccharide digestion 

in an omnivorous diet. Functional profiles mirrored taxonomic trends, with gut microbiota optimized 

for metabolism and oral microbiota for detoxification. These findings emphasize the importance of 

the microbiome in desert adaptation and establish T. roborowskii as a model for extremophile-host 

symbiosis. 

5. Conclusions 

This study provides the first comprehensive microbiome analysis of T. roborowskii, revealing 

niche-specific communities shaped by extreme desert conditions. The gut’s Thermodesulfobacteriota 

and oral Verrucomicrobiota represent candidate taxa for future mechanistic studies on thermal and 

dietary adaptations. 
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