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Abstract 10 

Microbial diversity and community function are related, and can be highly specialized in different gut 11 

regions. The cloacal microbiome of Sceloporus virgatus females provides antifungal protection to 12 

eggshells, a specialized function that suggests a specialized microbiome. Here, we describe the cloacal, 13 

intestinal, and oviductal microbiome from S. virgatus gravid females, adding to growing evidence of 14 

microbiome localization in reptiles and other taxa. We further assessed whether common methods for 15 

sampling gastrointestinal (GI) microbes – cloacal swabs and feces – provide accurate representations of 16 

these microbial communities. We found that different regions of the gut had unique microbial 17 

communities. The cloacal microbiome showed extreme specialization averaging 99% Proteobacteria 18 

(Phylum) and 83% Enterobacteriacaea (Family). Enterobacteriacaea decreased up the GI and 19 

reproductive tracts. Cloacal swabs recovered communities similar to that of lower intestine and cloacal 20 

tissues. In contrast, fecal samples had much higher diversity and a distinct composition (common Phyla: 21 

62% Firmicutes, 18% Bacteroidetes, 10% Proteobacteria; common Families: 39% Lachnospiraceae, 11% 22 

Ruminococcaceae, 11% Bacteroidaceae) relative to all gut regions. The common families in fecal 23 

samples made up < 1% of cloacal tissue samples, increasing to 43% at the upper intestine. Similarly, the 24 

common families in gut tissue (Enterobacteriaceae and Helicobacteraceae) made up < 1% of the fecal 25 

microbiome. Further, we found that cloacal swabs taken shortly after defecation may be contaminated 26 
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with fecal matter. Our results serve as a caution against using feces as a proxy for GI microbes, and may 27 

help explain high between-sample variation seen in some studies using cloacal swabs. 28 

 29 
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Introduction 31 

As high-throughput sequencing becomes more accessible, microbiome studies are expanding 32 

beyond humans and mammalian model systems to non-model organisms. It has become clear that the 33 

community of microbes within the gut of all animals plays an important role not only in host physiology 34 

but also their ecology and evolution (Archie & Theis, 2011; McFall-Ngai et al., 2013; Moran et al., 2019; 35 

Reese & Dunn, 2018). To better understand the wide-ranging implications of host-microbe coevolution 36 

and the variety of functions the gut microbiome can provide for the host, it is critical to study a broad 37 

diversity of host species with a broad diversity of environmental pressures and adaptations. Conducting 38 

such research on wild populations is particularly important because captivity has been shown to change 39 

the composition of gut microbiomes (Hird, 2017; Keenan et al., 2013; Kohl et al., 2017). 40 

The function and the composition of the gut microbiome can be highly specialized along different 41 

regions of the gastrointestinal (GI) tract, which vary in acidity, specific macromolecules secreted by gut 42 

epithelia, oxygen content, and other conditions that affect which microbes can thrive (Beasley et al., 43 

2015; Reese & Dunn, 2018). Regional localization of the gut microbiome is well established in both 44 

model and non-model systems (Beasley et al., 2015; Colston et al., 2015; Kohl et al., 2017; Shterzer et al., 45 

2020; Videvall et al., 2018; Yasuda et al., 2015; Zhang et al., 2021). Among oviparous vertebrates, the 46 

terminus of the GI tract is shared with the reproductive tract, as the cloaca is the site of defecation, 47 

copulatory intromission, and oviposition. Thus, the cloacal microbiome of birds and reptiles likely 48 

experiences unique selective pressures relative to the rectal microbiome of mammals. For instance, the 49 

cloacal microbiome may be affected by breeding season, sex, degree of promiscuity, and other aspects of 50 

host reproduction and behavior (Escallón et al., 2019; Lee, 2015; White et al., 2011). 51 

In the striped plateau lizard, Sceloporus virgatus, females lay their eggs in soil burrows at the 52 

onset of the summer monsoon rains and then leave the nest site, providing no further parental care (Rose, 53 

1981). Synchronizing oviposition with the monsoon season appears to be unique to S. virgatus among 54 

temperate lizard species, and has been hypothesized to have a strong selective impact on the species 55 

(Vinegar, 1975); this timing may reduce egg mortality by desiccation yet potentially expose eggs to new 56 

https://www.zotero.org/google-docs/?1fZB6V
https://www.zotero.org/google-docs/?1fZB6V
https://www.zotero.org/google-docs/?BsPf2n
https://www.zotero.org/google-docs/?GlG2M4
https://www.zotero.org/google-docs/?GlG2M4
https://www.zotero.org/google-docs/?qMuODD
https://www.zotero.org/google-docs/?iv3haL
https://www.zotero.org/google-docs/?iv3haL
https://www.zotero.org/google-docs/?Lgu4jA
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fungal pathogens. Thus, we propose a strong selective impact on the species’ microbiome as well. Indeed, 57 

microbes are transferred from the cloacae of S. virgatus females to eggshells during egg laying, reduce 58 

fungal attachment to eggs, and improve hatch success (Bunker et al., 2021). Given this specialized 59 

ecological function of the cloacal microbiome, we hypothesized that the gut microbiome of S. virgatus 60 

females will express a high degree of localization along the GI and reproductive tracts. While such 61 

localization has been found in several other reptile species (Colston et al., 2015; Costello et al., 2010; 62 

Keenan et al., 2013; Kohl et al., 2017), we predicted a pattern in contrast to that found in these other 63 

reptiles, which generally show an increase in diversity and abundance of bacteria moving down the GI 64 

tract to the cloaca. Specifically, we predicted that the cloaca of gravid S. virgatus females will show 65 

reduced microbial diversity, with a greater relative abundance of microbes with antifungal capabilities, 66 

and a unique community structure relative to upper regions. To test this, we compared the microbiome of 67 

gravid females across the cloaca, lower and upper intestinal regions, and the oviduct, described in Study 68 

1.  69 

It is common among studies of reptiles and birds for cloacal swabs and/or fecal samples to be 70 

used as a proxy for the gut microbiome as a whole (Colston et al., 2015; Escallón et al., 2019; Hong et al., 71 

2011; Jiang et al., 2017; Kohl et al., 2017; Kreisinger et al., 2015; Zhang et al., 2021). These methods are 72 

attractive as they are non-destructive, minimally invasive, and allow for repeat sampling of the same 73 

individuals and communities over time (Berlow et al., 2020; Videvall et al., 2018). However, a microbial 74 

community recovered from swabs or feces may represent only a portion of the gut due to the regional 75 

localization. While only a few studies have directly compared the two non-invasive sampling approaches, 76 

unique community structures have been recovered by cloacal swab and fecal sampling in zebra finches 77 

and ostriches (Berlow et al., 2020; Videvall et al., 2018). Here, we add to this important work by directly 78 

comparing microbial communities collected from cloacal swab and fecal samples of S. virgatus 79 

individuals. We predict that the communities will be distinct in S. virgatus, indicating selection for the 80 

particular cohort of microbes that occupy the cloaca, due in part to the natural history of S. virgatus (as 81 

detailed above). To test this idea, in Study 2 we compared microbial communities recovered from cloacal 82 

https://www.zotero.org/google-docs/?btUXcr
https://www.zotero.org/google-docs/?dw8FRN
https://www.zotero.org/google-docs/?dw8FRN
https://www.zotero.org/google-docs/?pyUVga
https://www.zotero.org/google-docs/?pyUVga
https://www.zotero.org/google-docs/?i2fU1j
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swabs collected before and after defecation, and we also described the fecal microbiome itself. 83 

Additionally, because previous work on the S. virgatus microbiome has been based on cloacal swab 84 

samples (Bunker et al., 2021; Martin et al., 2010), we assessed whether the microbiome recovered from 85 

cloacal swabs was indeed representative of cloacal tissue or other regions of the GI and reproductive 86 

tracts.  87 

 88 

Methods 89 

 90 

 Study 1: Is the cloaca a uniquely specialized region of the gastrointestinal and reproductive tracts? 91 

 92 

Sceloporus virgatus lizards are small insectivorous animals found in the Madrean Sky Islands of 93 

the southwestern United States and south into Mexico (Stebbins, 2003). Our study population is at the 94 

northern reach of their range, in Cochise County, Arizona near the American Museum of Natural 95 

History’s Southwestern Research Station (SWRS). To address the adaptive hypothesis that the cloacal 96 

microbiome will be unique from that of the upper GI and reproductive tracts, we collected gravid 97 

Sceloporus virgatus females (n = 8) between 28 June and 01 July 2019 using a loop of fishing line tied to 98 

a retractable fishing pole. Female cloacae were swabbed (BD ESwab™) immediately following capture. 99 

Microbes from these field swabs were eluted into an Amies solution by manual shaking, frozen within 24 100 

h of collection, transported on dry ice to Tacoma, WA on 02 July, and then stored at -80°C until DNA 101 

extraction. The lizards were kept in large outdoor enclosures at SWRS with access to water bowls and 102 

naturally occurring prey until 02 July when they were shipped overnight to Tacoma, WA in individual 103 

plastic containers on ice packs. Upon arrival, we euthanized females using buffered MS-222 (Conroy et 104 

al., 2009) and collected transverse sections of tissue (~2-4 mm long) from the cloaca (expanded tissue 105 

immediately above the vent), lower intestine (~10 mm above cloaca), upper intestine (~5 mm below 106 

stomach), and oviduct (at the position of the lowest egg on the left side) using heat sterilized instruments. 107 

https://www.zotero.org/google-docs/?kYwiRI
https://www.zotero.org/google-docs/?gSW9TQ
https://www.zotero.org/google-docs/?ZW5SKb
https://www.zotero.org/google-docs/?ZW5SKb
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We did not attempt to separate or isolate mucosal vs. luminal contents. Tissue samples were frozen at -108 

80°C until DNA extraction.  109 

 110 

Study 2: How does sampling methodology (swab vs feces) affect recovered community composition? 111 

 112 

To assess the efficacy of cloacal swab and fecal sampling in S. virgatus, we collected 8 adult 113 

lizards (n = 4 females and n = 4 males) on 30 May 2019 using the same sites and methodology described 114 

above. Animals were housed individually in sterile 15 X 23 cm plastic tanks lined with paper towels that 115 

had also been sterilized with 70% ethanol on a west-facing screened porch of SWRS’s Live Animal 116 

Holding Facility. They were offered a single cricket on the day of capture that was removed if not eaten 117 

by ~1200 the next day. Sterile water was provided ad libitum, and one heat lamp on a 14:10 light cycle 118 

was shared between two adjacent tanks.  119 

Lizard cloacae were swabbed first at ~0500 on 31 May, before animals had woken up and 120 

defecated; this is considered our pre-defecation cloacal swab sample. Beginning at 0600, the tanks were 121 

checked for feces every 30 min, until 1830, when the heat lamps had been off for 30 min and the lizards 122 

were no longer active. When a fecal pellet was found, it was collected with sterile forceps and the lizard’s 123 

cloaca was immediately swabbed. Based on this method, all post-defecation cloacal swabs were taken 124 

within 30 min of the defecation event. We also collected a control swab, which we used to sample the 125 

researchers’ hands, a lizard’s external vent and belly, and the air of the porch, to collect any microbes that 126 

may have contaminated cloacal swabs during sampling. 127 

 128 

DNA Extraction 129 

 130 

DNA from swab, tissue, and fecal samples were extracted using the Qiagen DNEasyⓇ Blood and 131 

Tissue Kit (Qiagen, Inc). For the cloacal swab samples, we used the manufacturer protocol for 132 
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Purification of Total DNA from Animal Blood or Cells with the optional lysis buffer incubation for 133 

Gram-positive bacteria. For tissue and fecal pellets, we included the optional lysis buffer incubation for 134 

30 min at 37°C. After incubation, Buffer AL and proteinase K were added to the tubes. The samples were 135 

then incubated at 56°C for 180 minutes (for tissue) or 90 min (for feces) while shaking at 500 RPM (USA 136 

Scientific Mixer HC- 8012-0000, Ocala, FL, USA). From here, the extraction was completed according to 137 

the Purification of Total DNA from Animal Blood or Cells protocol, beginning at Step 3 (addition of pure 138 

ethanol). An extraction blank was included in each extraction. DNA in all samples and blanks was 139 

quantified via Qubit (Invitrogen, Waltham, MA) to ensure extraction was successful.  140 

 141 

Illumina Library Prep 142 

 143 

We used a two-step polymerase chain reaction (PCR) procedure modified from the IBest 144 

Genomics Core at University of Idaho to amplify the 16s V4 region of the microbial DNA in each sample 145 

(Taylor et al., 2019). PCR1 utilized 515F/806R primer pairs to amplify the region of interest, and PCR2 146 

extended the amplicons with sample-specific barcodes. For PCR1, we used 7.5 uL Phusion Flash High 147 

Fidelity Master Mix (ThermoFisher, Waltham, MA), 0.15 uL of the forward and reverse 50 µM primers, 148 

0.75 uL molecular grade Bovine Serum Albumen (BSA, 20 mg/mL, New England BioLabs), 5.45 uL 149 

purified water, and 1 uL template DNA. The thermal cycling protocol was: initial denaturation at 98°C 150 

for 10 sec; 28 cycles of denaturation at 98°C for 1 sec, annealing at 57°C for 5 sec, and extension at 72°C 151 

for 20 sec, with a final extension at 72°C for 60 sec (Taylor et al., 2019). We visualized PCR products on 152 

a 2% agarose gel using 10x Sybr Green (Molecular Probes, Invitrogen; Carlsbad, CA). All iterations of 153 

PCR1 included a positive (Serratia genomic DNA) and a negative (purified water) control. Mock 154 

communities (BEI Resources, ATCC, Manassas, VA) were also included in some PCR1 runs, as a further 155 

measure of quality control. 156 

We performed PCR1 in triplicate for each sample, then pooled those replicates for PCR2. 157 

Samples (including positive controls) that showed strong bands in at least two of three PCR1 replicates 158 

https://www.zotero.org/google-docs/?BwTo5j
https://www.zotero.org/google-docs/?YU8Wui
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were diluted 1:4 in purified water before being used as template DNA in PCR2, and all others were 159 

undiluted. In addition to pooling replicates of the negative controls, negative controls from different 160 

PCR1 runs were further pooled to reduce the number of control samples sent for sequencing. Because of 161 

this, some iterations of PCR2 contained a pooled PCR1 negative control, and some contained a new 162 

PCR2 negative control with purified water instead of DNA template. 163 

For PCR2, we used 10 uL Phusion Flash High Fidelity Master Mix, 0.24 uL BSA, 8.01 uL of 164 

purified water, 0.75 uL of unique barcoded primer pairs (2 µM; supplied by IBest Genomics Core, at the 165 

University of Idaho; see Taylor et al., 2019), and 1 uL of the PCR1 pooled product. The thermal cycling 166 

protocol was the same as the protocol for PCR1, but was run for only 8 cycles (for 36 cycles total). We 167 

visualized PCR2 products on a 2% agarose gel with 10x Sybr Green and confirmed that each sample had 168 

undergone a band shift compared to PCR1 (indicative of attachment of barcode primers). We then pooled 169 

all samples, with pool volume based on the intensity of each sample band, and shipped them to IBest 170 

Genomic Core for purification, DNA quantification, and sequencing on the Illumina MiSeq platform. All 171 

negative controls and mock communities were included in the sequencing process, but positive controls 172 

were not.  173 

 174 

Illumina Raw Data Processing and Statistical Analysis 175 

 176 

Sequences were received demultiplexed, with adapters and primers removed. Quality analysis for 177 

each sample was performed using FastQC (Andrews, 2010) and those results were consolidated using 178 

MulitQC (Ewels et al., 2016). Mean quality scores and length distribution for the whole dataset were 179 

manually inspected and used to determine a cutoff length of 250 bp for forward reads and 150 bp for 180 

reverse reads. Samples were then processed in R v3.1.6 (R Core Team, 2020) using the DADA2 181 

(Callahan et al., 2016) pipeline based on this tutorial: https://benjjneb.github.io/dada2/tutorial.html. 182 

Samples were trimmed as described above and filtered with a max expected error of 2. An average of 183 

91.6% of reads were kept in all experimental samples after processing. Taxonomic classification of 184 

https://www.zotero.org/google-docs/?ZxNmYv
https://www.zotero.org/google-docs/?VEW6KH
https://www.zotero.org/google-docs/?h5rLEX
https://benjjneb.github.io/dada2/tutorial.html
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amplified sequence variants (ASVs) was performed through the assignTaxonomy function, using the 185 

Silva database (Quast et al., 2013), release 132. Potential contaminants were removed with the Decontam 186 

package (Davis et al., 2018), using the “prevalence” method with a threshold of 0.1. Control samples, 187 

including a control swab (n = 1), extraction blanks (n = 9), and PCR negatives (n = 24), were used for 188 

comparison. Any ASV that had fewer than 27 reads across all samples was discarded. One cloacal tissue 189 

sample only kept 12 reads after processing and was not included in analyses. Finally, read numbers were 190 

log transformed to account for differences in read depth. All parameters were determined based on an 191 

analysis of the mock communities.  192 

Once samples had been processed, the phyloseq package (McMurdie & Holmes, 2013) was used 193 

to organize and store data of different types for analyses. Shannon diversity index values and richness 194 

were then calculated with the “estimate_richness_ function” from phyloseq, and Faith’s phylogenetic 195 

diversity index values were calculated using the Picante package (Kembel et al., 2010) based on 196 

phylogenetic trees created and optimized with Phangorn (Callahan et al., 2016; Schliep et al., 2016). The 197 

alignment was created with the DECIPHER package (Wright, 2016). We examined how these variables 198 

differed across tissue types and swab samples using mixed-effects ANOVAs with lizard ID as a random 199 

effect. We compared fecal and pre-defecation cloacal swab communities, as well as pre- and post-200 

defecation cloacal swab communities using separate paired t-tests. Richness was log-transformed to 201 

account for non-normal distribution when comparing pre- and post-defecation swabs. Phylogenetic 202 

diversity was log transformed when comparing tissue types.  203 

Pairwise distances between samples were calculated by the vegan package (Oksanen et al., 2019) 204 

using Bray-Curtis distances, and these distances were then used to generate non-metric multidimensional 205 

scaling (NMDS) plots. Using the trees described above, we used phyloseq to generate weighted UniFrac 206 

distances to compare phylogenetic community composition, and we used unweighted UniFrac distance to 207 

compare community membership of groups; both metrics were used to generate Principle Coordinate 208 

Analysis (PCoA) plots. For all distance metrics, dispersion between groups was first tested with the 209 

betadisper function from the vegan package, and then a PERMANOVA test (Adonis function from the 210 

https://www.zotero.org/google-docs/?nRYav8
https://www.zotero.org/google-docs/?x7rjfs
https://www.zotero.org/google-docs/?0JWMgr
https://www.zotero.org/google-docs/?paasV2
https://www.zotero.org/google-docs/?JUnKbT
https://www.zotero.org/google-docs/?Rgv5VH
https://www.zotero.org/google-docs/?xTizaH
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vegan package) was performed. Differential abundance was tested using the Corncob package (Martin et 211 

al., 2020). All plots were made with the GGplot2 package (Wickham, 2017).  212 

 213 

Results 214 

 215 

Study 1: Is the cloaca a uniquely specialized region of the gastrointestinal and reproductive tracts? 216 

 217 

 The Shannon diversity value was lowest in the cloacal tissue, on average, but was not statistically 218 

different across any tissue types or cloacal swabs (F = 1.32, df = 4,26, p = 0.425, Fig 1a). Similar non-219 

significant patterns were found when comparing richness (F = 2.07, df = 4,26, p = 0.114; Fig 1b) and 220 

phylogenetic diversity across tissue types (F = 1.30, df = 4,26, p = 0.297; Fig 1c). When comparing beta 221 

diversity, measured by Bray-Curtis distance, there was a significant difference in composition between all 222 

groups (F = 1.52, df = 4,33, p = 0.014), although the groups were dispersed similarly (F = 1.04, df = 4,33, 223 

p = 0.400, Fig 2a). When clustered using weighted UniFrac distances, community composition tended to 224 

differ across all tissue types (F = 1.87, df = 4,33, p = 0.060, Fig 2b), although the groups were dispersed 225 

differently (F = 4.12, df = 4,33, p = 0.008), which could account for the difference in distances. When 226 

clustered using unweighted UniFrac distances, community membership differed significantly between 227 

tissue types (F = 1.66, df = 4,33, p = 0.008, Fig 2c), and the tissue types showed similar dispersion (F = 228 

1.16, df = 4,33, p = 0.346).   229 

The most abundant family in all tissue types was Enterobacteriaceae (Figure 3; supplemental 230 

information). In the cloacal tissue, on average, Enterobacteriaceae made up 82.7 ± 10.8% (SE) of the 231 

whole community, while the next most abundant family (Helicobacteraceae) only made up 16.6 ± 10.9% 232 

and was > 0.1% in only 2 individuals. No other families made up more than 1% of the composition of the 233 

cloacal tissue. The lower intestine showed similar patterns: Enterobacteriaceae made up 64.7 ± 11.5% 234 

and the next most abundant family was Helicobacteraceae. However, the lower intestine had several 235 

families that made up between 1-5% of the community, including Bacteroidaceae, Ruminococcaceae, 236 

https://www.zotero.org/google-docs/?PIiwZJ
https://www.zotero.org/google-docs/?PIiwZJ
https://www.zotero.org/google-docs/?JoFe9c
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Tannerellaceae, Lachnospiraceae, and Desulfovibrionaceae. The upper intestine had the lowest percent 237 

composition of Enterobacteriaceae with only 34.9 ± 9.1%, closely followed by Ruminococcaceae which 238 

made up 32.9 ± 12.8% on average, and both Bacteroidaceae and Burkholderiaceae made up ~9% (± 7.5, 239 

± 9.0). The oviduct community was 54.9 ± 9.3% Enterobacteriaceae on average and had many families 240 

that were between 1-5%, but no others higher than 10%. 241 

A differential abundance analysis showed that the percentage of Enterobacteriaceae found in the 242 

cloacal tissue microbial community was similar to that in lower intestine (t = 0.156, p = 0.372) 243 

communities, and was significantly greater than that in the upper intestine (t = -3.09, p = 0.005) and 244 

oviduct (t = -2.06, p = 0.049) communities (supplemental information). It also showed that the cloacal 245 

tissue community had distinctly low percentages of Ruminococcaceae (lower intestine: t = 4.38, p < 246 

0.001; upper intestine: t = 7.94, p << 0.001; oviduct: t = 2.49, p = 0.019) and Bacteroidaceae  (lower 247 

intestine: t = 4.88, p < 0.001; upper intestine: t = 5.07, p << 0.001; oviduct: t = 3.59, p = 0.001).  248 

 249 

Study 2: How does sampling methodology (swab vs feces) affect recovered community composition?  250 

 251 

 Shannon diversity index values were significantly higher in fecal pellets than in pre-defecation 252 

cloacal swabs (t = 16.29, df = 7, p < 0.001; Fig 4a), as was richness (t = 8.39, df =,7, p < 0.001; Fig 4b) 253 

and phylogenetic diversity (F = 10.94, df = 7, p < 0.001; Fig 4c). Beta diversity analysis using Bray-254 

Curtis distance showed that the microbial composition of fecal pellets was significantly more similar to 255 

other fecal pellets than it was to that of the pre-defecation cloacal swabs (F = 9.65, df = 1,14, p = 0.001; 256 

Fig 5a). The groups were also dispersed differently (F = 5.54, df = 1,14, p = 0.034). Fecal pellets also 257 

differed from pre-defecation cloacal swabs in both UniFrac metrics (weighted: F = 18.91, df = 1,14, p = 258 

0.001, Fig 5b; unweighted: F = 15.13, df = 1,14, p = 0.001, Fig 5c), and dispersion of the communities 259 

also varied for each measurement (weighted: F = 13.83, df = 1,14, p = 0.002; unweighted: F = 4.78, df = 260 

1,14, p = 0.046). 261 
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The most abundant taxa recovered from fecal pellets was Lachnospiraceae, which made up 38.7 262 

± 5.2% on average (Fig 6). Enterobacteriaceae, Bacteroidaceae, and Ruminococcacea each accounted for 263 

~10% of the recovered communities, and several others made up between 1-5% of the recovered 264 

community including Tannerellaceae, Erysipelotrichaceae, Eggerthellaceae, Marinifilaceae, and 265 

Akkermansiaceae. Pre-defecation cloacal swab communities were dominated by Enterobacteriaceae 266 

(84.9 ± 5.3%), and the next most abundant taxa was Helicobacteraceae, which only accounted for 5.1 ± 267 

2.2% of the community. A corncob analysis confirmed that Lachnospiraceae was significantly more 268 

abundant (t = -7.20, p < 0.001) and Enterobacteriaceae was significantly less abundant (t = 3.83, p < 269 

0.001) in fecal samples compared to pre-defecation cloacal swabs.  270 

 There was no significant difference between pre- and post-defecation cloacal swabs in any alpha 271 

diversity metric (Shannon: t = 1.40, df = 7, p = 0.204; Richness: t = 1.45, df = 7, p = 0.190; Phylogenetic 272 

diversity: t = 1.72, df = 7, p = 0.129; Fig 4), although the post-defecation swabs tended to have higher 273 

diversity. Swab types did not cluster separately based on Bray-Curtis distances (F = 1.24, df = 1,14, p = 274 

0.231, Fig 5a), and the groups were dispersed similarly (F  = 2.57, df =1,14, p = 0.131). Pre-defecation 275 

swab communities differed from post-defecation swab communities in dispersion based on weighted (F = 276 

7.08, df = 1,14, p = 0.019, Fig 5b) and unweighted (F = 36.14, df = 1,14, p < 0.001, Fig 5c) UniFrac 277 

distances, as well as composition of unweighted UniFrac distance (F = 2.20, df = 1,14, p = 0.035), 278 

although this latter result could be due to differences in dispersion rather than true clustering of groups. 279 

The different swab types did not cluster separately based on weighted UniFrac distance (F = 1.14, df = 280 

1,14, p = 0.281). While the same two taxa dominated the pre- and post-defecation swabs, post-defecation 281 

Enterobacteriaceae was reduced to only 44.8 ± 13.2%, and Helicobacteraceae increased to 19.0 ± 9.5%. 282 

There was also an increase in the abundance of feces-associated taxa following defecation, particularly 283 

Lachnospiraceae which accounted for 15 ± 7.4% on average. However, there was a distinct bifurcation in 284 

the post-defecation cloacal swab samples. In five samples, Enterobacteriaceae and Helicobacteraceae 285 

account for >75% of the community, similar to the pre-defecation swabs, while the remaining three 286 
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samples had a more “feces-like” community, with a higher abundance of Lachnospiraceae and 287 

Bacteroidaceae.   288 

 289 

How well does each sampling method represent the gut microbiome?  290 

 291 

 Cloacal swabs recovered similar communities to that of the cloacal tissue and lower intestine: 292 

Enterobacteriaceae made up 69.8% ± 14.2, with Helicobacteraceae, Ruminococcaceae, Bacteroidaceae, 293 

Lachnospiraceae and Tannerellaceae all making up between 2-10% on average. A differential abundance 294 

analysis showed similar abundances of Enterobacteriaceae between cloacal swabs and cloacal tissue (t = 295 

-1.05 p = 0.304). In contrast, as described above, tissue from the oviduct and upper intestine had different 296 

major taxa and different relative abundances of Enterobacteriaceae relative to the cloacal swabs.  297 

Even though fecal pellets and tissues were collected from different animals, we compare their 298 

microbial communities descriptively. The three most abundant families in fecal pellets (Lachnospiraceae, 299 

Ruminococcaceae, and Bacteroidaceae) combined made up an average of 60% of the fecal microbial 300 

community, 43% of the upper intestine community, and less than 1% of the cloacal community 301 

(supplemental information). The similarity between fecal and the upper intestine communities is 302 

predominantly due to the high abundance of Ruminococcaceae and Bacteroidaceae in the upper intestine. 303 

However, despite the high abundance of Lachnospiraceae in fecal pellets, only about 1% of the upper 304 

intestine community was made up of Lachnospiraceae.  305 

At the phylum level, fecal pellet communities averaged 62% Firmicutes, 18% Bacteroidetes, and 306 

11% Proteobacteria (Fig 7). As we sampled from the oviduct and upper intestine to the lower intestine 307 

and cloaca, the percentage of Firmicutes and Bacteroidetes steadily decreased and the percentage of 308 

Proteobacteria increased, to the point of nearly totally dominating the cloacal community at an average of 309 

99% Proteobacteria found in cloacal tissues (Fig 7).  310 

 311 

Discussion 312 
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 313 

We found clear localization of the microbiome in the gut and reproductive tracts of gravid S. 314 

virgatus females. While localization has been seen in other reptiles (Colston et al., 2015; Costello et al., 315 

2010; Keenan et al., 2013; Kohl et al., 2017; Zhang et al., 2021), the cloaca in previously sampled reptiles 316 

was found to have relatively high diversity, in part because it contained bacterial species from all upper 317 

regions of the gut. This pattern may be expected as the cloaca is the terminus of the GI and reproductive 318 

systems, and is often assumed to be both inoculated by feces that pass through and influenced by sexual 319 

transmission during copulation (Videvall et al., 2018; Wen et al., 2021; White et al., 2011). Similarly, the 320 

reproductive tract of chickens shows increasing levels of diversity from oviducts to cloaca, which has the 321 

highest diversity (Wen et al., 2021). In contrast to these previously described patterns, the cloacal 322 

microbiome of S. virgatus lizards has low diversity, especially at the Family and Phylum level, at which it 323 

was dominated by Enterobacteriaceae and Protobacteria. It is distinct from upper intestine, oviductal, and 324 

fecal microbiomes. We propose strong selection for the specific cohort of bacteria found in the S. virgatus 325 

cloaca, as females deposit beneficial microbes on their eggs during oviposition that facilitate egg survival 326 

(Bunker et al., 2021). This function could be the driving force behind the winnowing of the microbiome 327 

in the cloaca, especially considering that many members of the Enterobacteriaceae family are known to 328 

have antifungal properties (Dhar Purkayastha et al., 2018; Gutiérrez-Román et al., 2015; Kalbe et al., 329 

1996). 330 

As we only have tissue from gravid females sampled immediately after shipment, it is possible 331 

that the localization of the gut microbiome is specific to the gravid condition or an artifact of stress. 332 

Although the degree of GI localization in response to these factors has not been well-examined, previous 333 

studies have found that fecal microbial complexity is reduced in females during pregnancy and gravidity 334 

(Koren et al., 2012; Trevalline et al., 2019b). However, we found similar microbial community structure 335 

recovered from swabs in Study 1 (gravid females) and Study 2 (pre-ovulation females and males) 336 

suggesting the S. virgatus cloacal microbiome is not highly dependent on reproductive condition (see 337 

https://www.zotero.org/google-docs/?9hOuhW
https://www.zotero.org/google-docs/?9hOuhW
https://www.zotero.org/google-docs/?eO0Mh9
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supplemental information). A more direct assessment of the seasonality of the cloacal microbiome is in 338 

progress.  339 

Cloacal swabs taken from a given individual lizard resulted in communities similar to the lower 340 

intestine and the cloacal tissue, and distinct from higher regions of the gut and reproductive tract. The 341 

cloacal swab community was predominantly Enterobacteriaceae but, like the lower intestine, had several 342 

families that made small but noticeable contributions to the community and was dispersed slightly 343 

differently than the cloacal tissue microbiome. The upper intestine and oviduct have different microbial 344 

communities than the lower sections of the intestinal tract but also have differences in major families 345 

from one another. Recent evidence has contradicted the long-accepted idea that embryonic development 346 

is sterile (Funkhouser & Bordenstein, 2013). Microbial communities similar to gut microbes have been 347 

found in chicken oviducts (Shterzer et al., 2020), and Trevaline et al. (2019a) found that microbes may 348 

colonize bird and lizard eggs from within the oviduct before the shell develops. The unique community in 349 

the oviduct here could indicate an internal egg microbiome which is seeded during egg development; the 350 

functional significance of this microbiome should be investigated further.  351 

In contrast to the adequate sampling of the cloacal and lower intestinal microbiome by cloacal 352 

swabs, fecal pellets contain strikingly distinct communities from all gut regions. Distinct fecal and GI 353 

tract microbiomes have also been found in mammals (Lkhagva et al., 2021; Sugden et al., 2021; 354 

Zoetendal et al., 2002). Additionally, fecal samples and pre-defecation cloacal swabs taken from the same 355 

S. virgatus individuals were found to have different microbial communities from one another by every 356 

metric we examined, aligning with evidence from birds that the two non-invasive techniques recover 357 

different communities (Berlow et al., 2020; Videvall et al., 2018). As described above, the microbiome of 358 

swabs was more similar to the cloaca and lower intestine, and largely dominated by Enterobacteriaceae. 359 

The microbiome of fecal samples was most similar to that found in the upper intestine, with a relatively 360 

high abundance of Ruminococcaceae and Bacteroidaceae, but was dominated by Lachnospiraceae which 361 

was largely absent from all regions of the gut, and lacked the high abundance of Enterobacteriaceae that 362 

https://www.zotero.org/google-docs/?M6UiD9
https://www.zotero.org/google-docs/?dmRQM9
https://www.zotero.org/google-docs/?broken=bGGc8M
https://www.zotero.org/google-docs/?i2fU1j
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was found across the gut. Overall, these patterns caution against the common practice of using fecal 363 

samples as a proxy for the gut microbiome without first validating this approach.  364 

While we detected some changes between pre- and post-defecation swab samples, those changes 365 

were largely non-significant, and were likely due to increased variation within the post-defecation swabs, 366 

as indicated by the samples differing more in dispersion than in composition. The variation is due to a 367 

distinct bifurcation in the communities recovered from post-defecation swabs, with most of these swabs 368 

mirroring cloacal tissue, with its high abundance of Proteobacteria, and a smaller portion displaying a 369 

more “feces-like” community. The variation seen in post-defecation cloacal swabs was also seen in the 370 

field swabs of gravid females; 5 of the 8 cloacal swab communities from Study 1 were made up of  >95% 371 

Enterobacteriaceae and Helicobacteraceae, while other samples were dominated by Lachnospiraceae 372 

and Bacteroidaceae, two feces-associated taxa. Because recovered communities from feces and pre-373 

defecation cloacal swabs were distinct, it seems unlikely that the cloaca is being inoculated with fecal 374 

microbes. Rather, a more likely explanation is that small amounts of fecal material may attach to swabs if 375 

they are taken shortly after defecation, which then masks the much less diverse cloacal community when 376 

it is sequenced. The idea of temporary contamination is further supported by the fact that the same lizards, 377 

when re-swabbed for a different study, often had comparatively lower diversity and a greater relative 378 

abundance of Enterobacteriaceae-associated ASVs (supplemental information). Some animals continued 379 

to vary between the feces-like and cloacal tissue phenotype when they were resampled by swabbing, 380 

likely due to repeated defecation events. Cloacal swabs often have been found to be inconsistent and 381 

unreliable (Videvall et al., 2018; Williams & Athrey, 2020), and potential contamination by fecal material 382 

could account for some of this variation. Indeed, cloacal swabs have been used to collect feces in the past 383 

(Stanley et al., 2015). The fact that these fecal microbes do not colonize and grow in the S. virgatus 384 

cloaca supports the hypothesis that the low microbial diversity of the cloaca is due to selection, and that 385 

there is a mechanism to maintain stability of the microbiome in that region. This type of selection has 386 

been seen in other species (Nyholm & McFall-Ngai, 2004; Zhang et al., 2016), and supports a model in 387 

which function is the driving force of microbiome diversity (Reese & Dunn, 2018). 388 

https://www.zotero.org/google-docs/?qwqCoX
https://www.zotero.org/google-docs/?BaLv4J
https://www.zotero.org/google-docs/?RIn0iy
https://www.zotero.org/google-docs/?LylK9y
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 At the phylum level, Bacteroidetes and Firmicutes are often considered to represent the core gut 389 

microbiome across vertebrates (Colston & Jackson, 2016; Ley et al., 2008). However, this dogma is based 390 

largely on studies that rely on fecal sampling in mammals and so may not accurately represent the GI 391 

microbiome of diverse vertebrate taxa. For instance, Bacteroidetes have been found to be relatively rare in 392 

some gut regions of wild reptiles and birds (Colston et al., 2015; Hird, 2017; Keenan et al., 2013; 393 

Kreisinger et al., 2015), and were relatively uncommon across all S. virgatus gut regions and even in fecal 394 

pellets, which were dominated by Firmicutes. Firmicutes and Proteobacteria were more equally 395 

represented in the S. virgatus upper intestine, though Proteobacteria were more common, and 396 

Proteobacteria increased in dominance down the GI tract to the cloaca, which was nearly entirely 397 

composed of this phylum. Proteobacteria have been found to be highly abundant in the gut of other non-398 

mammalian vertebrates (Colston & Jackson, 2016), particularly in studies that sampled directly from the 399 

GI tract rather than relying on fecal sampling alone, but its dominance in the S. virgatus cloaca appears to 400 

be extreme even in comparison to those systems. In gravid females, the lowest relative abundance of this 401 

cloacal community member was 96.9% with greater than 99% on average, and the majority of those reads 402 

belonged to a single family. The cloacal swabs were less consistent, as discussed above, although still 403 

82% Proteobacteria on average (across all samples), similar to that of the lower intestinal tissue.  404 

  Variation in the gut microbiome across taxa has been considered in relation to diet and other 405 

aspects of animal life history and ecology (Colston & Jackson, 2016; Ley et al., 2008). As descriptions of 406 

vertebrate microbiomes continue to accumulate, it will be interesting to examine the potential influence of 407 

reproductive mode (i.e., viviparity vs. oviparity), as this separates mammals from most non-mammalian 408 

vertebrates. We propose that oviparous species, and especially those without egg-tending, may have 409 

unique selective pressures on the cloacal microbiome to transfer antifungal or otherwise egg-protective 410 

bacteria to eggshells during oviposition. Future research will compare the cloacal microbiome of 411 

oviparous and viviparous Sceloporus lizards. 412 

  413 

Conclusions 414 

https://www.zotero.org/google-docs/?1AbjC2
https://www.zotero.org/google-docs/?LnHH8D
https://www.zotero.org/google-docs/?LnHH8D
https://www.zotero.org/google-docs/?9ACdFQ
https://www.zotero.org/google-docs/?tvDVk9


18 

 

 415 

The community structure and composition of the microbiome varies depending on tissue type in 416 

the gastrointestinal and reproductive tracts of S. virgatus, and is highly specialized at the cloaca. While 417 

environmental factors have been known to cause regional variation in the gut microbiome, in this case the 418 

difference may be due, in part, to selection for cloacal microbes that increase host fitness via the transfer 419 

of antifungal microbes from mother to eggshells during oviposition (Bunker et al., 2021). Additionally, 420 

although cloacal swabs and fecal samples are generally accepted methods of sampling the microbiome, 421 

neither was able to fully represent the entire community of the gut, and the two methods provided unique 422 

results. The cloacal swabs adequately sampled communities of cloacal and lower intestine tissues, 423 

whereas the fecal microbiome was a distinct community not representative of any sampled gut tissue. We 424 

also found that fecal microbes do not seed the cloaca after defecation. While there were few differences 425 

between swabs taken before and after defecation overall, there was evidence of possible fecal 426 

contamination of individual swabs. Care should be taken to account for this in future research by 427 

excluding samples with visible feces from analyses, and additionally by sequencing fecal pellets to 428 

identify a “fecal signature” that may be present on swabs even with no visible contamination. Studies that 429 

intend to use cloacal swabs or feces as a proxy for the gut microbiome must think carefully on whether 430 

these methods will accurately answer their question; in this study, biologically relevant variation in the 431 

microbiome could have been masked due to sampling method. 432 
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Figure Legends 629 

 630 

Fig. 1 Mean (A) Shannon diversity (B) richness and (C) Faith’s phylogenetic diversity of gravid female S. 631 

virgatus cloacal swabs and tissue types. Although cloacal tissue diversity was lower than the other tissue 632 

types and the swabs, this difference was not statistically significant in any measure. Error bars represent 633 

standard error 634 

 635 

Fig. 2 Beta diversity of gravid female S. virgatus cloacal swabs and tissue types. (A) Non-metric multi-636 

dimensional scaling (NMDS) plot created by using Bray Curtis distance to calculate pairwise distances 637 

based on community composition; 3 dimensions were used to calculate distances but only the most 638 

influential two are pictured here. Samples clustered using (B) weighted and (C) unweighted UniFrac 639 

distances were used to create Principal Coordinates Analysis (PCoA) plots. Hulls and ellipses are colored 640 

by sample type  641 

 642 

Fig. 3 Percent composition of bacterial families in cloacal swabs and tissue types from gravid female S. 643 

virgatus. Each vertical bar represents one sample. Colored portions of the bars represent the relative 644 
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abundance of the top ten most abundant taxa; the remaining taxa were combined into the “other” 645 

category. The y-axis indicates percent composition of total reads for that sample. Raw data are provided 646 

in the supplemental information      647 

 648 

Fig. 4 Effect of defecation on cloacal swab microbiome samples relative to the fecal pellet microbiome. 649 

(A) Shannon diversity index values, (B) richness, and (C) Faith’s phylogenetic diversity of S. virgatus 650 

cloacal swabs before and after defecation, and fecal pellets. The fecal pellets have significantly higher 651 

diversity than the pre-defecation swabs in all metrics, but there were no differences between pre- and 652 

post-defecation swabs. Error bars represent standard error 653 

 654 

Fig. 5 Beta diversity of S. virgatus cloacal swabs and feces. (A) Non-metric multi-dimensional scaling 655 

(NMDS) plots created by using Bray Curtis distance to calculate pairwise distances based on community 656 

composition of cloacal swabs of S. virgatus lizards before and after defecation, as well as fecal samples 657 

from the same individuals. 2 dimensions were used to calculate distances. Samples clustered using (B) 658 

weighted and (C) unweighted UniFrac distances to create Principal Coordinates Analysis (PCoA) plots. 659 

Hulls and ellipses are colored by sample type 660 

 661 

Fig. 6. Percent composition of bacterial families in pre- and post-defecation swabs, and fecal samples 662 

from S. virgatus females (F) and males (M). Each vertical bar represents one sample. Colored portions of 663 

the bars represent the relative abundance of the top ten most abundant taxa; the remaining taxa were 664 

combined into the “other” category. The y-axis indicates the percent composition of total reads for that 665 

sample. Raw data are provided in the supplemental information      666 

 667 

Fig. 7. Percent composition of the bacterial phyla known to dominate the vertebrate gut microbiome 668 

found in all S. virgatus samples from Study 1 and Study 2. Each vertical bar represents the mean percent 669 

composition for a given sample type. Raw data are provided in the supplemental information      670 


