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Abstract 

Genome-resolved metagenomics, based on shotgun sequencing, has become a powerful strategy for investigating 
animal-associated bacterial communities, due its heightened capability for delivering detailed taxonomic, phylo‑
genetic, and functional insights compared to amplicon sequencing-based approaches. While genome-resolved 
metagenomics holds promise across various non-lethal sample types, their effectiveness in yielding high-quality 
metagenome-assembled genomes remains largely unexplored. Our investigation of fecal and cloacal microbiota 
of the mesquite lizards (Sceloporus grammicus) using genome-resolved metagenomics revealed that fecal sam‑
ples contributed 97% of the 127 reconstructed bacterial genomes, whereas only 3% were recovered from cloacal 
swabs, which were largely enriched with host DNA. Taxonomic, phylogenetic and functional alpha bacterial diversity 
was greater in fecal samples than in cloacal swabs. We also observed significant differences in bacterial community 
composition between sampling methods, and higher inter-individual variation in cloacal swabs. Bacteroides, Phocaei-
cola and Parabacteroides (all Bacteroidota) were more abundant in the feces, whereas Hafnia and Salmonella (both 
Pseudomonadota) increased in the cloaca. Functional analyses showed that metabolic capacities of the microbiota 
to degrade polysaccharides, sugars and nitrogen compounds were enriched in fecal samples, likely reflecting the role 
of intestinal bacteria in nutrient metabolism. Overall, our results indicate that fecal samples outperform cloacal swabs 
in characterizing bacterial assemblages within lizards using genome-resolved metagenomics.
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Introduction
Microbial symbiotic communities exert a fundamen-
tal role in the ecology and evolution of many ani-
mals [34]. Therefore, there is an increasing interest in 
investigating how gut microbiota impacts host health 
and fitness. Currently, the two main approaches for 
analyzing the microbial communities are 16S rRNA 
gene amplicon sequencing and shotgun metagenomic 
sequencing. While most studies rely on the former for 
taxonomic classification and quantification of bacterial 
and archaeal taxa [17], 16S rRNA sequencing does not 
provide direct information of microbial gene contents, 
which prevents direct inference of metabolic functions 
[29]. In consequence, genome-resolved metagenomics 
(GRM), derived from shotgun sequencing, is becoming 
increasingly popular for its enhanced capacity to yield 
direct information on bacterial and archaeal functional 
capabilities through the reconstruction of metagen-
ome-assembled genomes (MAGs) [14, 41]. Recent stud-
ies have evidenced its suitability to assess the functional 
potential of microbial communities and taxonomic 
identification up to species- or strain-level [7, 25, 28].

Since collecting intestinal contents usually requires 
euthanizing animals, researchers often need to rely 
on fecal samples or rectal/cloacal swabs as proxies for 
characterizing intestinal microbiomes. Benchmarking 
based on 16S rRNA sequencing revealed the impor-
tance of sample type for recovering microbial com-
munities, highlighting that fecal microbiota is similar 
to hindgut microbiota [26, 52], whereas cloacal micro-
biota may be a mixture of microbes coming from 
reproductive and digestive systems [18, 56]. However, 
increasing evidence indicates that fecal samples com-
prise a reliable proxy for assessing intestinal microbial 
communites [18, 49, 52]. While the impact of sample 
type for characterizing intestinal microbiomes using 
16S rRNA sequencing has been thoroughly studied 
across multiple taxa, similar studies based on GRM are 
less common [48]. Unlike 16S rRNA sequencing, which 
only targets a single microbial gene, GRM relies on the 
metagenomic assembly of the total DNA, including 
non-microbial DNA derived from the host or ingested 
prey. The variability in sample types (e.g. ileum versus 
caecum) and sampling procedures (e.g. digesta collec-
tion versus mucosal scraping) can lead to variations in 
the amounts of host DNA present, while factors such 
as diet type and digestive efficiency can influence the 
levels of dietary DNA [1]. Consequently, the proportion 
of non-microbial DNA in the analyzed sample can sig-
nificantly impact downstream analyses. It is therefore 
imperative to test the suitability of different non-lethal 
sampling methods for analyzing microbial communi-
ties through the reconstruction of MAGs.

Aiming to explore the magnitude of the technical biases 
introduced by the sample type in shotgun sequencing-
based microbiome analysis, we used GRM to generate 
the first catalog of bacterial genomes associated with the 
mesquite lizard (Sceloporus grammicus), and analyze the 
diversity, composition, and functional traits of the micro-
biota recovered from fecal samples and cloacal swabs.

Materials and methods
Sample data collection
The study was approved by the “Secretaría de Medio 
Ambiente y Recursos Naturales (SEMARNAT)” in Mex-
ico under the collecting permit SGPA/DGVS/007736/20, 
and samples were collected following the Official Mexi-
can Standard NOM-126-ECOL-2000 as a guideline to 
handle the reptiles.

Fieldwork was conducted in the La Malinche National 
Park (central Mexico), a high-mountain ecosystem that 
rises to 4461 m above sea level (m a.s.l.). Only adult males 
were considered in this study to avoid sex-dependent 
variation in lizard microbial communities (snout–vent 
length > 44.1  mm; [20]). A total of 10 fecal samples and 
10 cloacal samples were collected from ten individu-
als (two samples per individual) living at ~ 2600  m  a.s.l. 
(19°13′39.5′′N, 97°54′44.1′′W). Once captured, lizards 
were transported in cloth bags to La Malinche Scientific 
Station at 3100 m a.s.l., housed separately in plastic boxes 
(20 × 30 × 15  cm), and the next day, each individual was 
exposed to sunlight to induce their natural defecation. 
Fecal samples were immediately collected upon defeca-
tion using sterile tweezers and transferred into sterile 
1.5 mL tubes. Collection time did not vary among indi-
viduals. Thereafter, the exterior of the cloaca was cleaned 
with alcohol to prevent contamination from exogenous 
microbes. Cloacal samples were obtained using sterile 
rayon swabs with a diameter of 1  mm (COPAN, Italy), 
inserted in the cloacal opening, gently rotated, and trans-
ferred to sterile 1.5 mL tubes. Due to S. grammicus being 
a small lizard, the swab size was appropriately adjusted 
to its size, trying to retrieve mostly luminal microbiota 
rather than host DNA from cloacal epithelium. In addi-
tion, to ensure less contamination of cloacal swabs with 
feces, we tried to insert swabs ~ 10  mm into the cloaca 
and did not reach the rectal section, avoiding collecting 
any residual material after defecation. Fecal and cloacal 
samples were transported to the laboratory at 4  °C in a 
cooler and stored at − 20 °C until DNA extraction.

DNA extraction and shotgun metagenomic sequencing
To obtain high-quality DNA that met the required 
standards for shotgun sequencing, the following extrac-
tion process was used: fecal samples were washed 
twice with 1  mL of 0.15  M decahydrated tetrasodium 
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pyrophosphate, followed by two washes with 0.15  M 
phosphate buffer (pH 8). Cell lysis was achieved using 
thermo/mechanical disruption. DNA from cloacal swabs 
was also extracted using thermo/mechanical disrup-
tion for cell lysis, followed by precipitation with cold 
isopropyl alcohol and glycogen (see Supporting Infor-
mation; [18]). The extracted DNA was sequenced at the 
Roy J. Carver Biotechnology Center, University of Illi-
nois (Champaign, IL, USA). Shotgun genomic libraries 
were constructed from 300  ng of DNA after sonication 
with a Covaris ME220 (Covaris, MA) to an average frag-
ment size of 400 bp with the Hyper Library construction 
kit from Kapa Biosystems (Roche, CA). Libraries were 
electrophoresed on a 2% agarose gel. The size-selected 
libraries were amplified with 3 cycles of PCR and run on 
a Fragment Analyzer (AATI, Ankeny, IA) to confirm the 
absence of free primers and adaptor dimers, as well as the 
presence of DNA of the expected size range. Libraries 
were pooled in equimolar concentration and quantitated 
by qPCR on a Bio-Rad CFX Connect Real-Time System 
(Bio-Rad Laboratories, Inc. CA). The pooled shotgun 
libraries were sequenced on an Illumina NovaSeq 6000 
SP lane with 2 × 150 nt paired-end configuration. Lastly, 
fastq read files were generated and demultiplexed with 
the bcl2fastq v2.20 Conversion Software (Illumina, San 
Diego, CA).

Bioinformatic analysis
Raw metagenomic reads were processed following the 
bioinformatic workflow developed for the 3D’omics Euro-
pean Union Horizon 2020 Project (https://​3domi​cs.​eu/), 
available online as a Snakemake pipeline [27] at GitHub 
(https://​github.​com/​3d-​omics/​mg_​assem​bly), and based 
on the Earth Hologenome Initiative (https://​www.​earth​
holog​enome.​org/; see [31]). Briefly, Fastp v.0.23.4 was 
used to remove adapters, and low-quality and short 
reads [10], and prokaryotic sequencing fractions were 
estimated using SingleM microbial fraction (Eisenhofer 
et al., prepint). Next, host-derived reads were removed by 
mapping against a reference host genome using Bowtie2 
v.2.5.1 [30] and Samtools v.1.18 [13]. We used the refer-
ence genome of the phylogenetically related species S. 
undulatus (NCBI accession number PRJNA656311; [53]), 
due to the absence of a reference genome for S. grammi-
cus. The unmapped metagenomic reads were assembled 
(samples were treated individually) and co-assembled 
(samples were pooled and processed together) into con-
tigs by MEGAHIT v.1.2.9 (Li et al., 2016), and reads were 
mapped to all the contigs of the corresponding sample 
using Bowtie2 with default settings. Contigs were then 
binned using CONCOCT v.1.1 [4], MetaBAT2 v.1.7 [22] 
and MaxBin2 v.2.2.4 [54]. Bins were polished with MAG-
ScoT v.1.0.0 [46] and their quality was assessed using 

CheckM2 [11]. MAGs were dereplicated at 95% aver-
age nucleotide identity (ANI) using dRep v.3.4.3 [36] to 
obtain genomically determined bacterial species repre-
sentations [12, 45]. CoverM v.0.6.1 was used to calculate 
the percentage of reads mapping to each MAG (https://​
github.​com/​wwood/​CoverM).

Dereplicated MAGs were taxonomically annotated 
using GTDB-Tk v.2.3.2 against the Genome Taxonomy 
Database (release 214) [9, 38]. The phylogenetic tree of 
the MAGs was generated leveraging the phylogenetic 
placement of the previous step, by pruning the reference 
GTDB-tk genomes using the function keep.tip in ape 
v.5.7-1 [37]. Functional prediction of the MAGs was per-
formed with DRAM v.1.4.6 [47] against the Pfam, KEGG, 
UniProt, CAZY, and MEROPS databases. We employed 
distillR (available at https://​github.​com/​antto​nalbe​rdi/​
disti​llR) to distill functional annotations into Genome-
Inferred Functional Traits (GIFTs), which serve as quan-
titative indicators of the capacity of each MAG to either 
degrade or produce key biomolecules. The reference 
database, comprising 328 metabolic pathways and mod-
ules from KEGG [21] and Metacyc [23] databases, facili-
tated the conversion of raw annotations into 190 GIFTs.

Statistical analyses
Alpha diversities
All statistical analyses were performed using the R soft-
ware v.4.3.2 (R Core Team, 2023). We determined neu-
tral, phylogenetic and functional diversities of bacterial 
communities using Hill numbers [19]. Neutral Hill num-
bers represent species diversity without considering the 
degree of relatedness among MAGs, while phylogenetic 
Hill numbers incorporate branch-length information of 
the phylogenetic tree of the MAGs and functional Hill 
numbers consider functional differences among MAGs. 
Hill numbers differ by the parameter q, which determines 
the sensitivity of the measure to the relative abundance 
[8]. For capturing effects of different components (neu-
tral, phylogenetic and functional) and orders of diver-
sity (q = 0 only accounts for presence/absence, and q = 1 
weighs MAGs according to their relative abundances), 
species richness of q = 0, neutral diversity of q = 1, phylo-
genetic diversity of q = 1 and functional diversity of q = 1 
were computed using Hilldiv2 v.2.0.2 [3]. Linear mixed 
models were used to quantify differences in bacterial 
alpha diversity between sampling methods, with lizard 
ID included as random effect, using the function lmer 
from the lme4 package v.1.1–35.1 [5].

Beta diversities
The dissimilarities between fecal and cloacal MAGs 
composition were calculated in terms of Hill numbers 
by computing the Sørensen-type turnover from neutral, 

https://3domics.eu/
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phylogenetic and functional beta diversities at order 
q = 1, using the hillpair function in Hilldiv2. Nonmetric 
multidimensional scaling (NMDS) ordination plots based 
on derived distance matrices were performed to visualise 
bacterial composition variation. The betadisper function 
in vegan v.2.6–4 [35] was applied to test differences in 
dispersion within sampling methods. PERMANOVA was 
performed to test for differences in bacterial composition 
between sampling methods using the adonis2 function 
in vegan, with individual identity as a blocking factor to 
control for repeated sampling using the strata function. 
To visualize bacteria according to their functional fea-
tures, the MAGs were ordinated based on their GIFTs 
through a t-SNE analysis using the Rtsne package v.0.17 
[24].

Differential taxonomic and functional abundances
Differential abundance analyses were performed to inves-
tigate which bacterial taxa significantly differ between 
sampling methods, using ANCOM-BC2 package v.2.4.0 
[33]. Considering the lizard ID random effect, differ-
ential abundance analyses with an alpha value of 0.05 
and Bonferroni–Holm method for significance adjust-
ment, were conducted at the MAG level, with log-fold 
changes between sample types and − log(p-values) 
visualized in a volcano plot, and at the phylum level, 
with results visualized in a bar chart. In addition, we 

calculated community-weighted values of GIFTs before 
comparing values between sample types using linear 
mixed models including lizard ID as random effect: 
(e.g. lmer(GIFT ~ sampletype + (1|individual), data = ., 
REML = FALSE)). The resulting p-values were adjusted 
using the Bonferroni method to account for multiple 
testing.

Results
We obtained a total of 387,468,658 raw sequencing reads 
from 10 fecal and 10 cloacal samples, with a mean depth 
of 19,373,433 ± 6,509,982 reads per sample. Read mapping 
to the host genome revealed that cloacal swabs contained 
a significantly larger fraction of host DNA compared to 
fecal samples (cloaca: 68.8 ± 2.5%; feces: 4.8 ± 5.6%; LMM: 
p = 0.001). Metagenomic assemblies and binning yielded 
a total of 127 MAGs (Fig. 1A), with an average complete-
ness of 88.3 ± 11.3% and contamination of 3.4 ± 3.6% 
(Supplementary Figure S1). Cloacal swabs contributed 
3.0% of the MAGs, while fecal samples contributed 97.0% 
of the genomes included in the MAG catalog. The map-
ping rates of quality-filtered reads against the MAG cat-
alog were 1.5 ± 0.9% for cloacal and 57.3 ± 8.5% for fecal 
samples (Fig.  1B). However, these values were close to 
the estimated microbial fractions calculated using Sin-
gleM (Fig. 1C), yielding domain-adjusted mapping rates 

Fig. 1  Microbial genome catalog and DNA fraction statistics. A Phylogenetic tree of the 127 metagenome-assembled genomes (MAGs) 
reconstructed, with their genome sizes, quality scores and taxonomic information. B DNA sequence fractions with low quality and assigned 
to the lizard host genome, MAG catalog and other unknown origins. C Sample-specific difference of the estimated and recovered prokaryotic 
fraction
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(DAMR) of 83.5 ± 10.9% and 77.3 ± 12.5% in cloacal and 
fecal samples, respectively.

Taxonomic composition of the microbial communities
The MAGs were taxonomically assigned to 10 bac-
terial phyla, dominated by Pseudomonadota 
(40.43 ± 46.45%), Bacillota_A (23.55 ± 24.46%), Bac-
teroidota (21.75 ± 23.60%), and Campylobacterota 
(9.94 ± 30.49%), with the remaining bacterial phyla rep-
resenting less than 5% of reads mapped to the MAG 
catalog (Fig.  2A). At family level, Enterobacteriaceae 
(40.37 ± 46.50%), Lachnospiraceae (21.33 ± 22.54%), 
Bacteroidaceae (11.53 ± 12.33%), Helicobacteraceae 
(9.94 ± 30.49%), Rickenellaceae (4.86 ± 6.41%) and Tan-
nerellaceae (3.78 ± 4.40%) were the most abundant in the 
analyzed samples (Supplementary Figure S2). Further-
more, most bacterial MAGs were assigned to the genera 
Hafnia (29.32 ± 43.63%), Salmonella (10.43 ± 30.69%), 
Bacteroides (6.79 ± 7.31%), Alistipes (4.70 ± 6.08%), 

Phocaeicola (4.02 ± 4.74%) and Parabacteroides 
(3.50 ± 4.13%) (Fig. 2B).

The representation of these taxa varied significantly 
between both sampling methods. We found that 9 MAGs 
were significantly more abundant in cloacal swabs, 
while 14 MAGs were more abundant in fecal samples 
(ANCOM-BC, Fig. 2C). Cloacal swabs exhibited an over-
representation of Campylobacterota, Pseudomonadota 
and Cyanobacteriota, with a significantly higher propor-
tion of genera Hafnia and Salmonella (Fig. 2D). In con-
trast, fecal samples yielded significantly elevated presence 
of Desulfobacterota, Bacteroidota, Bacillota_A, Verru-
comicrobiota, and Bacillota_C, among which the genera 
Bacteroides, Parabacteroides, and Phocaeicola stood out 
prominently from cloacal swabs.

Diversity of the microbial communities
All four alpha diversity metrics analyzed showed that 
fecal samples were significantly more diverse than cloacal 
swabs (LMM: p = 0.001) (Fig. 3A). Beta diversities based 

Fig. 2  Taxonomic overview and differences between sample types. A Stacked barplot of the relative abundances of MAGs in each sample, coloured 
by phylum. B Relative abundances of the 20 most common genera split by sample type. C Differential abundance of MAGs between sample types, 
in which MAGs with significant log-fold differences between sample types are coloured according to their phyla. D Differential abundance of phyla, 
with vertical dashed lines indicating significance thresholds



Page 6 of 10Hernández et al. Animal Microbiome            (2025) 7:15 

on different diversity metrics also varied considerably, 
clearly separating both types of samples (PERMANO-
VAs: p < 0.001) and showing a greater variation in cloacal 
bacterial composition compared to fecal bacterial com-
position (Beta Dispersion p < 0.05; Fig.  3B, Supplemen-
tary Figure S3). The in-depth analysis of genome-inferred 
functional traits derived from MAG annotations also 
indicated that the functional microbiome profiles recov-
ered from both sampling methods differed, with 10 out 
of the 20 analyzed functional traits exhibiting significant 
differences between cloacal and fecal samples (Fig. 3C).

Discussion
An increasing number of researchers are opting for GRM 
to characterize gut microbiomes [7, 25, 28, 50, 51], due 
to the improved resolution this approach offers in com-
parison to amplicon sequencing. GRM involves analyzing 
total DNA, encompassing host DNA, dietary DNA, viral 
DNA, and more, rather than just amplifying a bacterial 
genetic marker. Consequently, not all conclusions based 

on 16S rRNA sequencing can be directly extrapolated 
to GRM [1]. Our comparison of sample types revealed 
drastic differences in the recovery of gut microbial com-
munities associated with mesquite lizards. The diversity 
recovered in the fecal samples was several orders of mag-
nitude larger than that in the cloacal swabs, mirroring 
patterns recently documented in a study encompassing 
more than 150 vertebrate species [39]. Bacterial assem-
blages reconstructed from fecal samples resembled typi-
cal gut communities dominated by anaerobes from the 
phyla Bacillota_A and Bacteroidota, and a lower rep-
resentation of Pseudomonadota and Desulfobacterota. 
In contrast, 90% of the cloacal swabs were represented 
by a single bacterium belonging to Pseudomonadota or 
Campylobacterota. While some recent amplicon stud-
ies based on cloacal swabs in birds and amphibians ([6, 
56], as well as rectal swabs in humans [42], have reported 
otherwise, our findings were largely aligned with a pre-
vious 16S rRNA sequencing-based analysis in this same 
species  [18]. This study, indicated that fecal samples 

Fig. 3  Diversity and functional differences between sample types. A Alpha diversity differences between sample types under different Hill number 
metrics. Richness (q = 0) only considers the number of MAGs detected in each sample. Neutral diversity (q = 1 or exponential of Shannon index) 
accounts for relative abundances of the MAGs. Phylogenetic diversity (q = 1) accounts for both relative abundances and phylogenetic relationships 
among MAGs. Functional diversity (q = 1) accounts for both relative abundances and functional relationships among MAGs. B NMDS ordination plot 
derived from pairwise dissimilarity values between samples based on functional Hill numbers. C Weighed capacities of genome-inferred functional 
traits (GIFT) of bacterial communities to conduct diverse metabolic processes. Bolded trait names in the x-axis indicate statistical significance 
between cloacal and fecal samples, with yellow-colored functions enriched in cloaca and blue-colored functions enriched in feces



Page 7 of 10Hernández et al. Animal Microbiome            (2025) 7:15 	

mirrored bacterial communities found in the mid- and 
hind-gut, while cloacal swabs exhibited a substantial 
depletion in bacterial diversity [18]. Similarly, in juvenile 
ostriches, fecal samples had significantly greater bacte-
rial alpha diversity compared to the cloacal swabs [52]. 
Some of the variation in diversity and composition may 
be related to differences in the DNA extraction tech-
niques used for the two sample types. These variations 
were necessary to obtain DNA of sufficient quality and 
quantity for library construction and shotgun sequenc-
ing. However, in a previous study using 16S rRNA gene 
sequencing, we found a strong correlation in taxonomic 
composition between the same two sample types (Spear-
man correlation = 0.86; [18]), suggesting that differences 
in DNA extraction methods were not the main drivers of 
the observed results. In fact, Pietroni et al. [39] employed 
identical procedures for DNA extraction from both fecal 
and anal/cloacal swabs, and arrived at the same conclu-
sions as ours.

Our shotgun-based analysis shed light on several 
potential factors contributing to the observed variation. 
Firstly, we found that nearly 70% of the DNA sequences 
retrieved from cloacal swabs mapped to the host genome. 
However, this figure likely underestimates the true host 
fraction due to the absence of a reference genome of S. 
grammicus. Consequently, we employed the chromo-
some-level genome assembly of the related species S. 
undulatus, which likely resulted in reduced read map-
ping success. In fact, our estimations based on marker 
gene analysis revealed that only 5–10% of the sequences 
from cloacal swabs belonged to bacteria and/or archaea. 
With such a low fraction of prokaryotic DNA, the abil-
ity to reconstruct bacterial genomes from metagenomic 
mixtures is severely limited, as evidenced by the scant 3% 
representation of bacterial genomes derived from cloacal 
swabs in our MAG catalog. The low fraction of prokary-
otic DNA is likely the result of a low density of microbial 
cells in the cloaca, combined by shedding of host epithe-
lial cells when swabbing. In addition, cloacal microbiota 
of reptiles may be exposed to high selective pressure as 
a consequence of mucus secretion with antimicrobial 
properties [40], which likely contributes to the reduction 
in microbial diversity. The non-overlapping communities 
between fecal and cloacal samples may be primarily asso-
ciated with a high and transient microbiota of fecal mat-
ter compared to less diverse and more stable microbiota 
of cloacal region.

Beyond the negligible contribution of cloacal swabs 
to the MAG catalog reconstruction, the rest of bacte-
ria reconstructed from fecal samples were also largely 
undetected in cloacal swabs. This discrepancy fur-
ther supports that the limited diversity detected in 

cloacal swabs is not solely attributable to technical 
constraints derived from low microbial DNA frac-
tions, but is indicative of a significantly depleted bac-
terial community. All but one cloacal samples were 
overwhelmingly dominated by a single member of the 
phyla Campylobacterota (unknown Helicobacteraceae) 
or Pseudomonadota (Salmonella and Hafnia). These 
taxa are known for their ability to thrive under aerobic 
or microaerobic conditions [2], which are more prev-
alent in the cloaca than the upstream sections of the 
intestinal tract. Furthermore, only one cloacal sample 
exhibited a higher diversity, encompassing multiple 
bacterial species also found in fecal samples. This sam-
ple likely represents remnants of fecal material from a 
recent defecation, further supporting the notion that 
biological factors rather than technical constraints 
drive the observed disparity in diversity between fecal 
and cloacal samples.

In addition to the compositional and diversity com-
parisons, which corroborated findings from previous 
16S rRNA sequencing studies, our analyses offered 
novel direct insights into the functional capabilities 
of the bacteria associated with lizards. Community-
weighted metabolic capacities of cloacal swabs were 
on average higher than those observed in feces, a pat-
tern driven by the high abundances of Pseudomonad-
ota with large genome sizes and very high metabolic 
capacities. In line with this observation, average capaci-
ties for synthesizing organic anions and vitamins were 
significantly higher in the cloaca. However, the com-
munity-level capacities of a number of metabolic func-
tions were enriched in fecal samples. First, we found a 
higher polysaccharide and sugar degradation capacity 
in the fecal community, which aligns with the enrich-
ment of anaerobic fermenting bacteria belonging to 
the Bacillota and Bacteroidota phyla. Nevertheless, this 
observation contrasts with a recent examination based 
on microbial functions predicted from 16S data [50, 
51], which reported that carbohydrate metabolism was 
mainly associated with cloacal microbiota compared 
to intestinal microbiota in the red-necked keelback 
snake (Rhabdophis subminiatus). We also observed an 
increased capacity to degrade nitrogen compounds, 
suggesting the significance of intestinal microorgan-
isms in metabolizing nitrogen waste produced by the 
host [44]. Finally, the increased antibiotics produc-
tion capacity observed in feces is likely the result of 
an increased competitive pressure for resources in the 
intestine [43]. Overall, the functional properties of the 
microbiome retrieved from fecal samples exhibited a 
closer resemblance to those expected for a typical gut 
bacterial community compared to those retrieved from 
cloacal swabs.
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Conclusion
Our comparative analysis of sample types revealed sig-
nificant disparities in the bacterial communities recon-
structed from fecal samples versus cloacal swabs. The 
markedly low bacterial fraction observed in cloacal 
swabs, coupled with the distinct taxonomic and func-
tional profiles obtained from each sample type, under-
scores the superiority of fecal samples as proxies for 
characterizing intestinal microbial communities of liz-
ards using GRM. Beyond corroborating previous findings 
derived from 16S rRNA sequencing, our study provided 
novel insights into the underlying causes of the observed 
differences in composition and diversity between these 
contrasting sampling methods. Furthermore, given that 
S. grammicus shows a broad geographical distribution 
and several behavioral and physiological traits, we expect 
that the same pattern will occur in other spiny lizards, 
although further studies are required to assess how fecal 
and cloacal microbiota vary among different Scelopo-
rus species. As the utilization of shotgun-sequencing 
methodologies to analyze gut microbiomes continues to 
grow [31], we advocate for researchers to conduct simi-
lar methodological analyses across diverse animal taxa. 
Only then will we be able to generate reliable data that 
enables us to understand the bidirectional interactions 
between animal and microbial ecological and evolution-
ary processes.
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