UC San Diego
UC San Diego Previously Published Works

Title
Gut microbiota parallelism and divergence associated with colonisation of novel habitats

Permalink
bttgs:ggescholarshiQ.orgéucgitem41f17222d
Journal

Molecular Ecology, 32(20)

ISSN
0962-1083

Authors

Harer, Andreas
Mauro, Alexander A
Laurentino, Telma G

Publication Date
2023-10-01

DOI
10.1111/mec.17135

Copyright Information
This work is made available under the terms of a Creative Commons Attribution-
NonCommercial-NoDerivatives License, available at

bttgs:gécreativecommons.orgglicensesgbx-nc-ndﬂ.od

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1f1722zn
https://escholarship.org/uc/item/1f1722zn#author
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/

Title: Gut microbiota parallelism and divergence associated with colonization of novel habitats
Running title: Gut microbiota parallelism and colonization

Andreas Harer (AH)*

Alexander A. Mauro (AAM)**

Telma G. Laurentino (TGL)?

Erica B. Rosenblum (EBR)%*3

Diana J. Rennison (DJR)?!

1School of Biological Sciences, Department of Ecology, Behavior, & Evolution, University of California San
Diego, La Jolla, California, USA

2Department of Environmental Science, Policy, and Management, University of California Berkeley,
California, USA

3 Museum of Vertebrate Zoology, University of California Berkeley, California, USA

*These authors contributed equally to this work.

Corresponding authors:

Andreas Harer

School of Biological Sciences, Department of Ecology, Behavior & Evolution, University of California San
Diego

2214 Muir Biology Building

E-mail: ahaerer@ucsd.edu

Alexander A. Mauro
Department of Biology, Centre for Biodiversity Dynamics (CBD), Norwegian University of Science and
Technology (NTNU), N-7491 Trondheim, Norway

E-mail: evoecoalex@gmail.com



mailto:ahaerer@ucsd.edu
mailto:ahaerer@ucsd.edu

Abstract

An organism’s gut microbiota can change in response to novel environmental conditions, in particular
when colonization of new habitats is accompanied by shifts in the host species’ ecology. Here, we
investigated the gut microbiota of three lizard species (A. inornata, H. maculata, S. cowlesi) from their
ancestral-like habitat in the Chihuahuan desert and two colonized habitats with contrasting geological and
ecological compositions: the White Sands and Carrizozo lava flow. The host species and the lizards’
environment both shape gut microbiota composition, but host effects were overall stronger. Further, we
found evidence that colonization of the same environment by independent host species led to parallel
changes of the gut microbiota, whereas the colonization of two distinct environments by the same host
species led to gut microbiota divergence. Some of the gut microbiota changes that accompanied the
colonization of the White Sands were associated with shifts in diet (based on diet information from
previous studies), which is congruent with the general observation that trophic ecology has a strong effect
on gut microbiota composition. Our study provides insights into how shifts in host ecology accompanying

colonization of novel environments can affect gut microbiota composition and diversity.
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Introduction

When organisms colonize novel environments, the newly encountered abiotic and biotic conditions
impose selective pressures which can lead to changes across a variety of phenotypic traits (Dormontt et
al., 2011; Reznick et al., 2019) and ecological divergence of lineages (Grant et al., 1976; Parsons, 1983;
Schluter, 2000) as the colonizing populations adapt to the new environment. Natural settings in which
independent lineages repeatedly colonized ecologically similar environments and evolved similar
phenotypic traits (i.e., parallel or convergent evolution) (Bolnick et al., 2018), can be particularly useful
models to investigate the contributions of deterministic and stochastic components of evolutionary

change (Colosimo et al., 2005; Reed et al., 2011; Rosenblum et al., 2017).

One important ecological factor that animals may need to cope with when colonizing new
environments is a shift in availability and/or diversity of food resources. Trophic adaptation can be in part
facilitated by the trillions of microbes inhabiting a host organism’s gut (i.e., the gut microbiota) (Zepeda
Mendoza et al., 2018) because microbes play a crucial function in nutrient metabolism (Sommer &
Backhed, 2013; Turnbaugh et al., 2006). While gut microbiota composition is structured collectively by a
range of environmental (e.g., temperature, pH, exposure to environmental microbes) and host-associated
factors (e.g., genetics, physiology), diet is of particular importance (Amato et al., 2019; Benson et al., 2010;
Moeller et al., 2020; Sepulveda & Moeller, 2020; Spor et al., 2011). Gut microbial communities are highly
dynamic and their composition can shift rapidly in response to changes in their host’s diet and/or
environment (Baniel et al., 2021; Turnbaugh et al., 2009), which can help facilitate ecological niche shifts
(Des Roches et al., 2015) and affect evolutionary trajectories of hosts (Kolodny & Schulenburg, 2020;
Reznick & Ghalambor, 2001). Thus, uncovering the contributions of microbes to their hosts’ evolution is

essential for understanding how organisms adapt to novel environmental conditions.

We explored changes in gut microbiota composition and diversity by leveraging a natural system in

New Mexico, where three lizard species (Aspidoscleis inornata, Holbrookia maculata, and Sceloporus
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cowlesi) colonized the same environment, the White Sands, and one of these species (S. cowlesi) also
colonized another environment, the Carrizozo lava flow (Figure 1) (Krohn et al., 2019; Rosenblum, 2006).
The White Sands (less than 7,000 years old; Kocurek et al., 2007) and Carrizozo lava flow (roughly 5,000
years old; Dunbar, 1999) represent geologically young and unique habitats, which were presumably
colonized from the surrounding Chihuahuan desert habitat (hereafter referred to as ‘dark soil’ to be
consistent with previous research). While the highly contrasting substrate color is a striking characteristic
across three habitats (Figure 1A & B), we know that many other factors differ between the White Sands
and dark soil habitats (the natural history of the Carrizozo lava flow is less understood). For instance, the
White Sands differ from the dark soil regarding temperature, water availability, and predation intensity
(Dunbar, 1999; Gunderson et al., 2022; Rosenblum et al., 2017). Lizards inhabiting these contrasting
environments show adaptive phenotypic differences in coloration (Rosenblum et al 2017), morphology
(Robertson et al., 2011; Rosenblum, 2005), behavior (Robertson et al., 2011), and habitat use (Des Roches
et al., 2011; Rosenblum & Harmon, 2011). Most relevant for this study, differences in the prey community
and potentially trophic niche use between lizard populations in the White Sands and dark soil
environments led to higher diet diversity occurring in White Sands lizard populations (Des Roches et al.,
2015; Des Roches et al., 2016). Specifically, morphospecies richness is higher in the prey community of the
White Sands habitat compared to the dark soil habitat; this was reflected in the diet diversity of the lizard
populations as morphospecies richness in the stomach contents of lizards was higher in White Sands lizard
populations than in dark soil lizard populations. However, lizard populations from both environments still
consume a varied, arthropod-based, diet that includes many species (Des Roches et al., 2015; Des Roches
et al., 2016). Further, although the trend is for greater diet diversity in the White Sands, the magnitude of
dietary differentiation varies between species: the shift in diet is greater in A. inornata than in S. cowlesi
(Des Roches et al., 2016). These shifts in diet make White Sands lizards a compelling system for
investigating the gut microbiota dynamics accompanying ecological shifts associated with the repeated

colonization of this unique habitat.



In the present study, we determined the relative contributions of host species and environment on
structuring gut microbiota composition and diversity in lizard populations across desert habitats (Figure
1). Because environment and host ecology can be strong predictors of gut microbiota composition, we
hypothesized that colonization of the same novel environment, the White Sands, by A. inornata and S.
cowlesi would be accompanied by a pattern of gut microbiota parallelism whereas the isolated
colonization of the Carrizozo lava flow by S. cowlesi would reflect a pattern of gut microbiota divergence
(anti-parallelism). We further investigated three hypotheses motivated by previous studies of A. inornata
and S. cowlesi trophic ecology: (i) a higher diet diversity in White Sands populations has led to higher
within-population gut microbiota divergence compared to dark soil populations, (ii) stronger diet
differentiation between dark soil and White Sands populations of A. inornata compared to S. cowlesi is
reflected by stronger among-environment gut microbiota divergence in A. inornata, and (iii) higher
dissimilarity in trophic position among White Sands populations is accompanied by higher among-species

gut microbiota divergence.

Materials and Methods

Data collection

Adult male and non-gravid female lizards of three species (A. inornata, H. maculata, S. cowlesi) were
collected from the White Sands National Park (A. inornata: n =9, H. maculata: n = 15, S. cowlesi: n = 15),
nearby dark soil sites (A. inornata: n = 8, S. cowlesi: n = 10), and the Carrizozo lava flow (S. cowlesi: n = 13)
(Figure 1) in May and June of 2021 and 2022 using a pole and ‘slipknot lasso’ technique. Please note that
one A. inornata individual from the dark soil environment was collected at a distinct site (close to the
Carrizozo lava flow) compared to dark soil individuals of the same species (close to the White Sands)
(Figure 1). We found that whether this host was included or excluded from our analyses did not affect our

results qualitatively, hence, we included it in all of our analyses presented here. We were unable to find



dark soil H. maculata individuals during our study, hence, we only include data from this species when

conducting analyses among White Sands populations.

After capture, sterile cotton swabs were used to sample microbial communities by gently inserting the
tip into the cloaca and rotating several times. Lizards were then released at the site of capture. Cloacal
swabs allow for standardized and reliable sampling across individuals (in contrast, fecal sampling from
natural populations is more logistically challenging and can introduce noise due to variation in time since
defecation etc.) and is a minimally invasive sampling technique commonly used in lizards (Colston et al.,
2015; Jiang et al., 2017; Martin et al., 2010). Cotton swabs were immersed in RNAlater (Thermo Fisher
Scientific, Waltham, MA) and stored at -20°C until DNA extraction. Sampling protocols were approved
under permits WHSA-2022-SCI-0006, NMDGF Sci #3184, and IACUC AUP-2014-11-6857-2. Some studies
have shown that microbial communities can differ across sampling techniques (i.e., cloacal swabs, feces,
intestinal tissue), hence we warrant caution when comparing results among studies (Bunker et al., 2022;

Videvall et al., 2018).

DNA was extracted under sterile conditions in a laminar flow hood using the QIAGEN DNeasy Blood &
Tissue kit with some modifications (Qiagen, Hilden, Germany). Cotton swabs were air-dried and then fully
immersed in 285 pl buffer ATL and 30 pl proteinase K and incubated for one hour at 65°C. After that, 315
pl buffer AL and 315 pl 100% ethanol were added, samples were thoroughly vortexed and applied to a
DNeasy Mini spin column. The rest of our protocol followed the manufacturer’s recommendations. Next,
a 291 bp segment of the V4 region of the 16S rRNA gene was amplified using barcoded 515F and 806R

primer (see https://github.com/SchlossLab/MiSeq WetlLab SOP/blob/master/MiSeq WetLab SOP.md).

All PCRs were done in triplicate in a 10 ul reaction volume using the Q5 High-Fidelity 2X Master Mix (New
England Biolabs, Ipswich, MA) and subsequently pooled. We included negative controls of sterile swabs
during DNA extraction and of sterile H,O during PCR amplification; none of these yielded detectable DNA

concentrations after PCR amplification. The PCR protocol consisted of an initial denaturation step for 60 s
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at 98 °C, 35 amplification cycles with 10 s at 98 °C, 20 s at 56 °C and 60 s at 72 °C, and a final elongation at
72 °Cfor 10 min. We confirmed amplification specificity by gel electrophoresis (2% agarose). Using a Qubit
4 Fluorometer (Thermo Fisher Scientific, Waltham, MA), we measured DNA concentrations of amplicons,
and libraries were constructed by pooling barcoded samples in an equimolar manner. At the UC Davis
Genome Center, libraries were purified by bead clean-up, quality checked using a Bioanalyzer and

sequenced on the lllumina MiSeq 600 (PE300) platform.

Data filtering

We recovered low sequencing depths for several samples (Table S1) and merging of forward and reverse
reads further decreased coverage due to filtering of reads during the merging step. Thus, we decided to
use the forward reads for our analyses (250 bp), as these had consistently higher sequence quality
compared to reverse reads yet encompassed 86% of the target locus (250 out of 291 bp). Our data set
consisted of a total of 3,413,048 raw reads (mean: 48,758 reads/sample; Table S1), that were imported
into QIIME2 (Bolyen et al., 2019). We used the QIIME2 plugin dada2 to check the sequence data quality,
correct sequencing reads, filter chimeric sequences and get amplicon sequencing variants (ASVs) (Callahan
et al., 2016). Next, a bacterial phylogeny was produced with FastTree 2.1.3 (Price et al., 2010), and
taxonomy was assigned based on the SILVA 138 ribosomal RNA (rRNA) database with a 99% similarity
threshold (Quast et al., 2013). Before conducting downstream analyses, we removed low-abundance ASVs
(< 10 reads) that were only present in one sample, could not be assigned below the phylum level, or were
chloroplasts, mitochondria, cyanobacteria, or archaea (Table S1). After these filtering steps, a total of
2,471,580 reads remained (mean: 35,308 reads/sample; Table S1). ASV counts were normalized through
scaling using ranked subsampling (SRS) with a Cmin of 4642 reads (Beule & Karlovsky, 2020) and ASV

richness ranged from 18-259 among hosts (mean: 94.3 ASVs/sample).



Gut microbiota alpha and beta diversity

To test for effects of host species identity, environment, host sex, and sampling year on alpha diversity
(ASV richness, Faith’s phylogenetic diversity, Shannon diversity), we used type Il ANOVA followed by non-
parametric Wilcoxon rank-sum tests for pairwise comparisons (Wilcoxon, 1945). P-values obtained from
Wilcoxon rank-sum tests were corrected for multiple testing using Bonferroni correction. We used multiple
alpha diversity metrics to capture different aspects of gut microbiota diversity. ASV richness is purely a
richness measure that captures the number of bacterial ASVs, Faith’s phylogenetic diversity further
incorporates the phylogenetic diversity of bacterial lineages, and Shannon diversity takes into account
evenness in abundance of bacterial lineages. For the visualization of microbiota taxonomic composition
for host populations (Figure 2A) and individual hosts (Figure S1), only phyla that on average comprised
more than one percent of the bacterial community in any of the populations were included. We further
visualized gut microbiota composition based on bacterial families and, again, only families comprising
more than one percent in any of the populations were included (Figure S2). Differential abundance of
bacterial phyla was assessed by analysis of composition of microbiomes (ANCOM) (Table S2). For each
colonization event, we further determined the ASVs present in ancestral and derived populations and 49
of these ASVs were shared across the three colonization events. We then assigned taxonomy on the family
level and used Fisher’s exact test to identify bacterial families that were overrepresented among these
shared ASVs. Effects of the aforementioned factors on microbiota divergence (beta diversity; non-
phylogenetic: Bray-Curtis dissimilarity, phylogenetic: unweighted and weighted UniFrac) were
investigated by PERMANOVA using the adonis2 function of the R package ‘vegan’ (Anderson, 2001;
Lozupone & Knight, 2005; Lozupone et al., 2011). Similar to alpha diversity, we applied multiple beta
diversity metrics which provides insights into the features of the gut microbiota (e.g., relative abundance
and phylogenetic diversity) that might explain the observed patterns. To test for differences in the extent

of gut microbiota divergence within and among populations, we calculated beta diversity dispersion by



calculating the distance of each host from the centroid of its respective group (betadisper function in vegan
package). We used the adonis2 function (vegan package) to calculate P-values for the comparison of beta

diversity values between groups (Table S6).

Gut microbiota vector analysis

We determined microbiota (non)parallelism with multivariate vector analysis using the R package
‘multivarvector’ (Harer & Rennison, 2022; 2019). Multivariate vector analysis was originally developed for
studying morphological traits (Adams & Collyer, 2009; Collyer & Adams, 2007), and has been used for the
study of parallel evolution using both genetic and phenotypic data (Bolnick et al., 2018). This method has
recently been proposed to be used more widely in microbiota research (Harer & Rennison, 2022), but thus
far has only been applied for studying the gut microbiota of threespine stickleback fish (Rennison et al.,
2019). Briefly, multivariate vectors were calculated by connecting the population means (centroids) of
PCoA scores to test for (non)parallelism associated with (i) the repeated colonization of the White Sands
by S. cowlesi and A. inornata (y1 in Figure 4A) and (ii) the colonization of the White Sands and lava flow by
S. cowlesi (y, in Figure 4A). Then, we measured angles between these pairs of vectors, whereas the vector
directions were consistently estimated from ancestral (dark soil) to derived (White Sands or lava flow)
environments. These angles represent quantitative measures of microbiota (non)parallelism associated
with the colonization of novel environments; smaller angles (below 90°) indicate parallelism, angles
around 90° indicate orthogonal change and larger angles (above 90°) indicate divergence (anti-
parallelism). For more detailed discussions on interpreting the distribution of angles and the limitations of
this method we refer to Bolnick et al. (2018) and Watanabe (2022). We compared our data to distributions
of random angles in multidimensional space (which is centered at 90°) and used Monte Carlo simulations
(with 10° iterations) to test for (anti-)parallelism. All statistical analyses were done in R v4.2.1

(R_Core_Team, 2021).



Results

To investigate gut microbiota changes associated with the colonization of novel environments, we tested
whether alpha diversity (ASV richness, Shannon diversity, Faith’s phylogenetic diversity) and beta diversity
(Bray-Curtis dissimilarity, unweighted UniFrac, weighted UniFrac) differed between lizard populations
from ancestral (dark soil) and derived (White Sands for A. inornata, White Sands and Carrizozo lava flow
for S. cowlesi) environments. In addition, we included a White Sands population of H. maculata to test for

differences in gut microbiota diversity among the three lizard species within a shared environment.

Host and environment affect alpha diversity, which might be reduced upon colonization of White Sands

The most abundant phyla were largely shared across host populations, but their relative abundances
differed strongly across host species (Figure 2A; see Figure S2 for taxonomic bar plots of bacterial families)
and some variation was also observed among individuals of the same population (Figure S1). Across all
host populations, Actinobacteria, Epsilonbacteraeota, Firmicutes, Tenericutes, and Proteobacteria
differed in their abundance among host species whereas only Chloroflexi were differentially abundant
among environments (ANCOM; Table S2). When focusing specifically on the different colonization events,
Chloroflexi were more abundant in the dark soil population compared to the White Sands and the
Carrizozo lava flow in S. cowlesi (Table S2), but no phyla were differentially abundant between the dark

soil and White Sands populations of A. inornata.

Across A. inornata and S. cowlesi, ASV richness differed between host species (ANOVA; F=7.863, P =
0.007) and environments (F = 3.332, P = 0.044), but there were no effects of host sex or sampling year
(Table S3). While ASV richness appeared to be lower for White Sands populations in both species (Figure
2B), pairwise tests revealed no differences in ASV richness for A. inornata and only suggestive evidence
for differences between dark soil and White Sands populations for S. cowlesi (Wilcoxon rank-sum test; W
=112.5, P = 0.080). Faith’s phylogenetic diversity was also affected by host species (F = 5.856, P = 0.019)

and environment (F = 4.571, P = 0.015) (Table S3), and pairwise comparisons showed lower diversity in
10



White Sands populations compared to dark soil populations of A. inornata (W = 60, P = 0.021) and S.
cowlesi (W =119, P=0.027) (Figure S3A). Results differed for Shannon diversity, where we detected effects
of host species (F = 12.439, P < 0.001) and host sex (F = 4.115, P = 0.022) (Table S3), and no differences
between ancestral and derived populations based on pairwise comparisons (Figure S3B). Overall, these
results suggest that colonization of the White Sands might have been accompanied by a loss in alpha
diversity in both host species (based on Faith’s phylogenetic diversity), whereas we found no evidence for
such an effect for the S. cowlesi colonization of the Carrizozo lava flow. Focusing on the lizard gut
microbiota of the three species inhabiting the White Sands, we observed higher alpha diversity for two
metrics in S. cowlesi compared to A. inornata (ASV richness: W = 25, P = 0.037, Faith’s phylogenetic
diversity: W =19, P=0.008) and potentially also compared to H. maculata (ASV richness: W=57, P=0.067,

Faith’s phylogenetic diversity: W = 46, P = 0.015), but no differences in Shannon diversity were detected.

Evidence for a core microbiota but the majority of bacteria were acquired in the colonized environment

Next, we quantified the proportion of bacterial lineages (ASVs) shared between populations from ancestral
and derived environments of the same species to look at the changes in gut microbiota composition
accompanying the colonization events. Overall, only a small proportion of ASVs were maintained in the
derived populations (White Sands A. inornata: 20.49%, White Sands S. cowlesi: 18.47%, lava flow S.
cowlesi: 23.25% (Figure S4). A total of 317 ASVs were shared between ancestral and derived populations,
and 49 of these were found across all three colonization events (Figure S4, Table S4). Three bacterial
families were enriched among these 49 core ASVs: the Burkholderiaceae (Fisher’s exact test: P < 0.001),

Corynebacteriaceae (P = 0.002), and Enterobacteriaceae (P < 0.001).

Host and environment shape differences in gut microbiota composition (beta diversity)

We then investigated whether colonization of novel environments was associated with divergence of gut
microbiota composition (beta diversity). Patterns were largely similar across the three metrics used, and

we present statistical results for Bray-Curtis dissimilarity in the main text unless results were inconsistent
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(see Table S5 for test statistics for all three metrics). Bacterial communities differed between host species
(PERMANOVA; Bray-Curtis dissimilarity: F = 12.453, r? = 0.167, P = 0.001) and environment (Bray-Curtis
dissimilarity: F = 4.021, r» = 0.108, P = 0.001) for all three metrics (Figure 3 & Table S5), but not between
sexes and only unweighted UniFrac showed differences between sampling years (F = 1.950, r?=0.033, P =
0.004). When specifically testing between ancestral and derived populations of each colonization event
separately, only dark soil and White Sands populations of S. cowlesi showed consistent differences across
the three metrics (Bray-Curtis dissimilarity: F = 4.565, r? = 0.165, P = 0.005). Additionally, dark soil and
White Sands A. inornata (F = 1.385, r? = 0.084, P = 0.032) as well as dark soil and lava flow S. cowlesi (F =
1.922, r’ = 0.083, P = 0.004) differed based on unweighted UniFrac. Further, host sex had effects on gut
microbiota composition in S. cowlesi between dark soil and White Sands (F = 3.150, r? = 0.113, P = 0.033)
as well as lava flow populations (F = 2.660, r’ = 0.111, P = 0.043) based on weighted UniFrac (Table S5).
Considering only the three White Sands populations, gut microbiota composition differed across species
for all three metrics (Bray-Curtis dissimilarity: F = 12.517, r? = 0.410, P = 0.001) (Table S5). Overall, there
was evidence for effects of host species and the environment on bacterial community composition, but
this appeared to be mainly driven by changes of the S. cowlesi gut microbiota after colonizing the White

Sands.

Repeated colonization of White Sands was likely accompanied by gut microbiota parallelism

Next, we tested for gut microbiota (non)parallelism associated with the colonization of novel
environments using multivariate vector analysis (Adams & Collyer, 2009; Bolnick et al., 2018; Collyer &
Adams, 2007; Harer & Rennison, 2022; Rennison et al., 2019). In accordance with our prediction, we found
some, but inconsistent, evidence that the repeated colonization of the White Sands from the dark soil in
S. cowlesi and A. inornata (y1 in Figure 4A) was accompanied by parallel gut microbiota changes. For all
three metrics, the angles were smaller than or at the lower end of a distribution of random angles but

evidence for parallelism was only suggestive for Bray-Curtis dissimilarity (77.18°, P = 0.062) and stronger
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for unweighted UniFrac (56.95°, P < 0.001) (Figure 4C). In contrast, and consistent with our prediction, the
colonization of the White Sands and lava flow by S. cowlesi (y; in Figure 4A) was accompanied by divergent
gut microbiota changes based on Bray-Curtis dissimilarity (117.46°, P < 0.001) and weighted UniFrac
(115.74°, P < 0.001) (Figure 4B & D). Yet, unweighted UniFrac provided conflicting results as there was
strong evidence for gut microbiota parallelism (46.75°, P < 0.001) (Figure 4C). In sum, while results were
somewhat inconsistent across metrics, we found some evidence for gut microbiota parallelism associated
with the repeated colonization of the White Sands by A. inornata and S. cowlesi and gut microbiota
divergence associated with the colonization of the contrasting habitats of the White Sands and the

Carrizozo lava flow by S. cowlesi.

Some gut microbiota changes are consistent with shifts in diet after colonizing the White Sands

To test for potential associations between gut microbiota diversity and trophic ecology (obtained from
previous work; Des Roches et al., 2015; Des Roches et al., 2016), we investigated the extent of gut
microbiota divergence (beta diversity distances) within and among dark soil and White Sands populations.
For Bray-Curtis dissimilarity, beta diversity was larger in dark soil populations compared to White Sands
populations in S. cowlesi (PERMDISP; F = 4.026, r? = 0.149, P = 0.044) and there was suggestive evidence
for a similar pattern in A. inornata (F = 3.263, r? = 0.179, P = 0.081) (Figure 5A & Table S6) which was
contrary to our prediction based on increased diet diversity in the White Sands lizard populations. Yet,
unweighted UniFrac showed the opposite trend with marginally larger distances within the White Sands
population of S. cowlesi compared to the dark soil population (F = 3.505, r? = 0.132, P = 0.062) (Table S6)
whereas Weighted UniFrac distances did not differ between environments for any of the two species.
Among the White Sands populations of A. inornata vs. S. cowlesi, beta diversity was larger compared to
among the dark soil populations only for unweighted UniFrac (F = 4.080, r? = 0.093, P = 0.035, Figure 5B),
which was concordant with our prediction based on higher dissimilarity in trophic position among White

Sands populations i, but no differences were found for the other two metrics. Lastly, , , beta diversity
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distances among populations of the same species from dark soil and White Sands environments were
larger in A. inornata compared to S. cowlesi, for Bray-Curtis dissimilarity (F = 4.919, r? = 0.110, P = 0.026,
Figure 5C), which is concordant with our prediction based on stronger diet differentiation between dark
soil and White Sands populations of A. inornata compared to S. cowlesi. However, no differences were

detected for the other two metrics (Table S6).

Discussion

Host and environmental factors collectively shape microbial communities, but their relative contributions
are still debated, and they can strongly vary across study systems (Goodrich et al., 2014; Rothschild et al.,
2018; Youngblut et al., 2019). Our study provides the first insights into the gut microbiota dynamics
associated with the independent colonization of the White Sands by two lizard species (A. inornata and S.
cowlesi), allowing us to investigate if repeated adaptation to novel ecological niches is accompanied by
predictable changes in gut microbial communities. Incorporating ecological data for these lizards (Des
Roches et al., 2015; Des Roches et al., 2016), we found (i) that the gut microbiota is predominantly
structured by host species and, to a lesser degree, by the environment and (ii) evidence that the
independent colonization of the White Sands by A. inornata and S. cowlesi likely led to parallel shifts in the
community composition of the gut microbiota. The low replication of lineages within species in our study
prohibits any stronger conclusions regarding parallel shifts in the gut microbiota due to colonization and
conclusions regarding the role of the gut microbiota during colonization writ large. However, our study is
the first description of gut microbiota in this classic system for ecology and evolution (Rosenblum, 2006;
Rosenblum & Harmon, 2011), shedding light on the various host-environment-microbiota interactions
within it. Further, our experimental approach and results provide resources that future studies can use to
investigate the drivers of gut microbiota changes and whether these changes might have any adaptive

significance for lizards colonizing this novel environment and other novel environments.
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Host and environment together shape gut microbiota composition in A. inornata and S. cowlesi

The host species (Amato et al., 2019; Brooks et al., 2016) and the environment (independent of host
species) can affect the gut microbiota (Vasconcelos et al., 2022), and the relative contribution of both
factors is often compared. Overall, we found the strongest evidence for gut microbiota divergence

between host species, whereas the environmental effect was present but weaker (Table S5).

Across A. inornata and S. cowlesi from the ancestral and derived environments, the most abundant
phyla in both species were Proteobacteria, Actinobacteria, Epsilonbacteraeota and Firmicutes, which is
concordant with previous studies on lizards (liang et al., 2017; Kohl et al., 2017; Montoya-Ciriaco et al.,
2020; Ren et al., 2016; Zhang et al., 2018). Yet despite the major phyla being shared across species, their
relative abundances varied strongly between species (Figure 2A). In terms of the role of the environment
in shaping the gut microbiota, we found contrasting evidence. Within species, relative abundances of the
major microbiota phyla were similar among populations in different environments, suggesting that host
species plays a strong role in shaping the gut microbiota across New Mexico lizards. However, at the level
of ASVs, only 18.47% to 23.25% of ASVs were maintained by host populations after the colonization of a
novel environment (Figure S4), suggesting that the environment can have a distinct influence on the gut
microbiota. Among the ASVs that were shared between populations from the ancestral and derived
environments across the three colonization events (Figure S4), Burkholderiaceae, Corynebacteriaceae, and
Enterobacteriaceae were significantly enriched. Because the derived environments differ significantly in
all three colonization events, it suggests that these bacterial families are tightly associated with their hosts,
independent of ecological and environmental differences. Overall, these results suggest that in these study
species, both the host and the environment shape gut microbiota composition. However, without
understanding the significance of different microbial families on host function we cannot speculate as to
whether these changes in the microbiota composition were reflective of an adaptive shift during or after

the colonization process. This is because taxonomically distinct microbes can provide the same functional
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role for their host (Louca et al., 2018).Hence, investigating the functional role of the microbial communities

in this study (and in many microbiome systems) is an important avenue for future research.

Divergence in diet diversity partially explains gut microbiota variation within and among populations

One crucial factor that is consistently associated with gut microbiota composition is diet and even distantly
related host lineages with similar diets can show convergent microbial communities (Brooks et al., 2016).
There can also be gut microbiota divergence between host populations within the same species when
those populations differ in diet, as is the case between populations of omnivorous and insectivorous
Podarcis lizards (Lemieux-Labonte et al.,, 2022). To specifically investigate gut microbiota dynamics
associated with changes in diet in our system, we focused on A. inornata and S. cowlesi populations from
the White Sands and dark soil habitats because we could utilize data on their trophic ecology from prior
studies (Des Roches et al., 2015; Des Roches et al., 2016). Because the diet data were collected years ago
from different individuals than included in our study, we cannot make direct inferences about the
association of diet and the microbiota at the individual host level, and rather consider population-level
differences. Additionally, we cannot be sure that the diet of the individuals in our study matches the diet
of the individuals sampled in the previous studies due to temporal variations in diet, which could weaken
our ability to detect associations between diet and gut microbiota composition. However, we attempted
to minimize these effects by sampling during the same season (late May to early July) and locations as the
referenced diet studies. Further, we found no evidence for an effect of sampling year on our microbiome

data (Table S3) which suggests annual effects may be minimal.

Based on increased diet variation in the White Sands populations compared to dark soils populations
(Des Roches et al., 2015), we hypothesized that there is higher within-population microbiota divergence
in White Sands populations. Support for this hypothesis was inconsistent across metrics. Counter to our
hypothesis, there was evidence for higher microbiota divergence in the dark soil population compared to

White Sands population in both species when using Bray-Curtis dissimilarity. However, the reverse pattern,
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and thus support for our hypothesis, was found when using unweighted UniFrac in S. cowlesi (Figure 5A).
Bray-Curtis dissimilarity incorporates information on the proportion of shared bacterial lineages and their
abundance, the UniFrac metrics incorporate phylogenetic diversity of bacterial communities whereas
weighted UniFrac also takes into account abundance. Thus, the discrepancies we found across metrics
suggest that there is higher similarity in the overlap and relative abundance of bacterial communities in
the dark soil environment for both species whereas the gut microbiota of the S. cowlesi White Sands
population appears to be more phylogenetically diverse compared to the dark soil population. It is possible
that environmental factors other than diet affect different aspects of the gut microbiota differently. The
dark soil habitat is generally more variable than the White Sands across a myriad of ecological factors
(temperature, water availability, flora/fauna community) (Rosenblum et al., 2017), which could have led
to stronger differences in the identity and abundance of bacterial lineages (as measured by Bray-Curtis
dissimilarity) but not so much in their phylogenetic diversity (as measured by UniFrac). Hypotheses with
regards to which environmental and host-associated factors are impacting different aspects of the gut

microbiota should be explicitly tested in the future.

Next, we hypothesized that there is higher between-species microbiota divergence in the White Sands
lizard community compared to the dark soil lizard community due to increased trophic dissimilarity in the
White Sands (Des Roches et al., 2016). Results matched our prediction only for unweighted UniFrac (Figure
5B), suggesting that the stronger divergence in trophic ecology among lizard species in the White Sands
might have shaped the phylogenetic diversity of the gut microbiota, but did not necessarily have strong
effects on the abundance of bacterial lineages. Our results based on unweighted UniFrac are in line with
prior studies showing strong effects of host diet divergence on gut microbiota composition (Baldo et al.,
2017; Youngblut et al., 2019). Lastly, A. inornata shows stronger diet differences between White Sands
and dark soil habitats compared to S. cowlesi (Des Roches et al.,, 2016). Hence, we tested whether

microbiota divergence is larger between White Sands and dark soil populations for A. inornata compared
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to S. cowlesi. Results were variable across metrics, and we only detected lower divergence in A. inornata
based on Bray-Curtis dissimilarity (Figure 5C) suggesting that identity and abundance of bacterial lineages
but not the overall phylogenetic diversity of the gut microbiota differed between populations of these host
species. In sum, due to inconsistencies across beta diversity metrics the observed gut microbiota changes
were only partially in agreement with predictions based on diet, suggesting that other environmental or
host factors such as geographic structuring, genetic divergence, and/or environmental heterogeneity

might have stronger effects than diet on these lizards’ gut microbiota.

White Sands colonization has led to parallel shifts in gut microbiota composition

The repeated colonization of the White Sands by A. inornata and S. cowlesi has led to a classic pattern of
phenotypic parallelism (Rosenblum, 2006). This phenotypic parallelism appears to have been accompanied
by parallel shifts in gut microbiota composition (Figure 4). In contrast, the colonization of White Sands and
lava flow by S. cowlesi led to divergence of the gut microbiota between the two populations of this lizard
species. The main assumption of this type of analysis is that shared selection pressures lead to more
determinism in microbial community assembly and, therefore, stronger parallelism. Indeed, empirical and
theoretical work has shown that genetic and morphological parallelism is expected to be stronger when
parallelism of the selection landscape is high (Stuart et al., 2017; Thompson et al., 2019). In our study
system, we predicted lizard populations colonizing the same novel White Sands environment would
undergo parallel shifts of their gut microbial communities (Baldo et al., 2017; Ley et al., 2008; Muegge et
al., 2011) as a result of a shift in their diet occurring because of a change in the prey community and/or
trophic niche use in the White Sands (Des Roches et al., 2015; Des Roches et al., 2016). This prediction was
supported as we found evidence for gut microbiota parallelism between ‘ancestral’ dark soil populations
and White Sands populations in S. cowlesi and A. inornata. Further, we found divergent gut microbiota
changes between independent colonization events of the White Sands and lava flow by dark soil S. cowlesi.

This suggests that the parallelism we found at the White Sands is not simply due to the act of colonizing a
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novel environment alone, but potentially a response to shared selection pressures in the colonized
environment. It remains to be determined whether gut microbiota parallelism in the White Sands is mainly
driven by parallelism of host factors such as trophic ecology or by a shift in shared abiotic conditions.
However, because we detected evidence for parallel shifts of the gut microbiota by two species, and
similar patterns have been found in threespine stickleback (Rennison et al., 2019), we hypothesize that

some of the observed shifts might be adaptive.

Conclusion and future directions

Studying host populations that have adapted to similar conditions via convergent evolution offer a great
opportunity to study the repeatability of gut microbiota changes (Laurentino et al., 2022). By leveraging
the colonization of the White Sands by multiple lizard species from the dark soils habitat (A. inornata and
S. cowlesi in this study), we investigated how host species, the environment, and diet/trophic ecology
shape the gut microbiome. Generally, we found evidence that all these factors influenced the gut
microbiota. Conflicting results between ways of measuring diversity and specific diversity metrics highlight
that these factors are overly reductive and future studies are needed to understand which specific aspects
of diet, the host species, and the environment affect the microbiota. Future work will also be necessary to
determine whether the observed gut microbiota variation is advantageous for their hosts in the different
environments (e.g., by improving the host’s capability to metabolize a broader range of resources). Such
studies could include reciprocal transplants or experimental manipulation of the gut microbiota (though
these types of studies are challenging in non-model organisms and in natural populations). Such
experiments will be critical in determining if the observed gut microbiota variation is due largely to the
colonization process itself or rather subsequent local adaptation post-colonization. Ultimately,
disentangling the relative contributions of host and environment in structuring the composition and
diversity of gut microbial communities has the potential to improve our understanding of how host-

microbiota interactions can affect the hosts’ ecology and evolution, potentially facilitating or constraining
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diversification. Natural colonization events, such as the ones of New Mexico lizards inhabiting geologically

young environments, have the potential to greatly contribute to this field.
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Figure 1: Map of the study area with sampling locations (A), examples of the respective habitats and
photos of the three lizard species (B & C). The White Sands and Lava Flow habitats were colonized from
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the surrounding desert within the last 7,000 years. The habitats where samples were collected are
indicated by symbols and lizard species by colors (A).
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Figure 2: Taxonomic bar plots showing the relative abundances of the eight major phyla (mean proportion
of >1% in any population). The lizards’ gut microbiota were largely comprised of Proteobacteria,
Actinobacteria, Epsilonbacteraeota and Firmicutes, but relative abundances differed across species. The
position of phyla follows the order indicated in the box on the right (A). Further taxonomic bar plots are
shown for individual hosts on the phylum level in Figure S1 and for host populations on the family level in
Figure S2. Bacterial alpha diversity (ASV richness) was largely similar across populations from different
habitats, but there was a tendency for lower values in the White Sands populations of A. inornata and S.
cowlesi (B). DS: dark soil, WS: White Sands, LF: Carrizozo lava flow, Asin: A. inornata, Scco: S. cowlesi,
Homa: H. maculata. 'P < 0.1.
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Figure 3: Principal coordinate analysis of the three lizard species (indicated by colors) from different
habitats (indicated by symbols) based on Bray-Curtis dissimilarity. The three species are clearly separated
along the first two axes, and there also is some clustering by habitat in S. cowlesi.
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Figure 4: Multivariate vectors are calculated from PCoA scores based on gut microbiota beta diversity
metrics. Vectors connect the population means (centroids) between ‘ancestral’ and colonizing populations
to estimate a quantitative measure of microbiota (non)parallelism associated with the colonization of
White Sands by A. inornata and S. cowlesi (y1) and White Sands and lava flow by S. cowlesi (y2) (A). The
calculated angles (vertical dashed lines) were compared against the multidimensional distribution of
random angles (solid curve), and the shape of the curves depends on the number of PCoA axes. There was
suggestive evidence for parallelism during the colonization of White Sands by A. inornata and S. cowlesi
based on Bray-Curtis dissimilarity (B), and stronger evidence based on unweighted UniFrac (C). For the
colonization of White Sands and lava flow by S. cowlesi, divergence was detected for Bray-Curtis
dissimilarity (B) and weighted UniFrac (D), but parallelism was found based on unweighted UniFrac (C).
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Figure 5: Solely analyzing beta diversity within and among A. inornata and S. cowlesi populations from the
dark soil and White Sands habitats revealed some evidence that unweighted UniFrac distances might be
larger within White Sands populations for S. cowlesi (A). Unweighted UniFrac distances were also larger
among White Sands populations of the two species (B), and Bray-Curtis distances were larger among White
Sands and desert populations of A. inornata compared to S. cowlesi (C). Yet, results differed across beta
diversity metrics for these comparisons and here we illustrated results that were in accordance with our
predictions (all test statistics can be found in Table S6). (Wilcoxon rank-sum test, ¥ P < 0.1, *P < 0.05)
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