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ABSTRACT
Many cellular processes and organismal behaviours are time-dependent, and asynchrony of these phenomena can facilitate 
speciation through reinforcement mechanisms. The Mojave and Sonoran desert tortoises (Gopherus agassizii and G. morafkai 
respectively) reside in adjoining deserts with distinct seasonal rainfall patterns and they exhibit asynchronous winter brumation 
and reproductive behaviours. We used whole genome sequencing of 21 individuals from the two tortoise species and an outgroup 
to understand genes potentially underlying these characteristics. Genes within the most diverged 1% of the genome (FST ≥ 0.63) 
with putatively functional variation showed extensive divergence in regulatory elements, particularly promoter regions. Such 
genes related to UV nucleotide excision repair, mitonuclear and homeostasis functions. Genes mediating chronobiological (cell 
cycle, circadian and circannual) processes were also among the most highly diverged regions (e.g., XPA and ZFHX3). Putative 
promoter variants had significant enrichment of genes related to regulatory machinery (ARC-Mediator complex), suggesting that 
transcriptional cascades driven by regulatory divergence may underlie the behavioural differences between these species, lead-
ing to asynchrony-based prezygotic isolation. Further investigation revealed extensive expansion of respiratory and intestinal 
mucins (MUC5B and MUC5AC) within Gopherus, particularly G. morafkai. This expansion could be a xeric-adaptation to water 
retention and/or contribute to differential Mycoplasma agassizii infection rates between the two species, as mucins help clear 
inhaled dust and bacterial. Overall, results highlight the diverse array of genetic changes underlying divergence, adaptation and 
reinforcement during speciation.

1   |   Introduction

Adaptive divergence underlies the origin and maintenance of 
habitat and niche differences among speciating lineages (Sobel 

et al. 2010; Weissing, Edelaar, and Van Doorn 2011). While pro-
tein coding changes are often emphasised in analyses across 
phylogenies (i.e., dN/dS), changes in transcriptional and trans-
lational regulatory sequences, such as enhancers, promoters 
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and untranslated regions (UTRs), can also cause meaningful 
phenotypic differences that facilitate ecological differentiation 
(Franchini et al. 2019; Santos et al. 2007). For example, the dele-
tion of a tissue-specific Pitx1 enhancer in stickleback fish results 
in the loss of pelvic spines in some lineages (Chan et al. 2010). 
And in the Midas cichlid fish radiation, novel microRNAs (miR-
NAs) evolved between recently diverged species that regulate 
differential expression of genes associated with macromolecule 
modification and protein synthesis (Franchini et  al.  2019). In 
such cases, it is the regulation of protein products that underlies 
phenotypic divergence.

Changes in regulatory sequences generally do  not affect the 
resultant amino acid sequence, but they can affect: (i) the tim-
ing and signalling mode of transcription including during de-
velopment, (ii) the magnitude of transcription (Cong, Liu, and 
Tanksley 2002), (iii) the tissue or cell specificity of transcription 
(Chan et al. 2010), (iv) the residence time of the transcript in the 
cell and amount of translational product (Franchini et al. 2019), 
(v) localisation of the transcript within the cell (Ahmed 
et al. 2010) and (vi) which protein isoform is produced (Matlin, 
Clark, and Smith  2005) (reviewed in Figure  S2). Importantly, 
some ecological adaptations require a suite of coordinated phe-
notypic changes that may be more efficiently met by regulatory 
changes that cascade to shape expression of a suite of related 
genes. For example, time-dependent (i.e., chronobiological) pro-
cesses that depend on internal pace-making, such as cell cycle 
regulation, circadian (daily) rhythms and circannual (annual) 
rhythms, are based on a set of core pace-maker genes that com-
municate an internal temporal oscillator to a suite of genes and 
in doing so underlie core biological functions such as sleep and 
digestion (Tahara and Shibata 2014). It seems reasonable then 
that regulatory changes may be important to the evolution of 
such genes. It is often regulatory modifications that coordinate 
the transcription of pace-maker genes to external cues (called 
zeitgebers; Page et al. 2020). Therefore, regulatory changes may 
play an important role in adaptive divergence between speciat-
ing lineages who have chronobiological differences.

Beyond functional changes related to the ecologies of diverg-
ing species, several other types of genes are expected to diverge 
early in speciation and play a role in genomic reinforcement (the 
genetic mechanisms that impede cross-lineage reproduction). 
Among these are genes related to immune function because the 
host immune system is in an arms-race with the rapid evolu-
tion of local pathogens (Loker 2012). Immune gene copy num-
ber (Malmstrøm et  al. 2016) and immune gene diversification 
(Loker 2012) are associated with speciation. Proteins involved 
in sperm–egg recognition and other reproductive incompatibili-
ties, such as chromosome pairing, are also expected to accumu-
late during reinforcement to form pre- and post-zygotic isolation 
mechanisms (e.g., Baty et al. 2024; Coyne and Orr 2004). Pre-
zygotic isolation mechanisms can arise through factors like 
divergent sexual selection (Boughman  2001), different mating 
times (Taylor and Friesen 2017) or when sperm cannot fertilise 
an egg. Postzygotic incompatibilities can cause lower fitness of 
hybrids in the environment and can occur via misregulation of 
cell cycle or mitonuclear interactions in hybrids.

Agassiz's and Morafka's desert tortoises (referenced here as the 
Mojave and Sonoran desert tortoises respectively), Gopherus 

agassizii and G. morafkai, are a good system to study regula-
tory changes in the context of ecological adaptation. Divergence 
began about 5 Mya and they are presumed to be in the later 
stages of speciation (Figure  1, Lamb and Lydeard  1994), of-
fering a good comparison with other more recent speciation 
systems. Evidence shows they differ in aspects of ecology, 
life history, reproduction and morphology; many of these dif-
ferences are time-dependent processes that we hypothesise 
could be underpinned by regulatory changes. They inhabit the 
Mojave and Sonoran deserts respectively (Murphy et al. 2011), 
and likely diverged in parapatry or allopatry with reduced gene 
flow from formation of the Colorado River as well as adaptation 
to regional climate disparities formed by the North American 
Monsoon (Dolby, Dorsey, and Graham  2019; Edwards, Tollis, 
et al. 2016; Edwards, Vaughn, et al. 2016). The deserts differ in 
the amount and timing of rainfall, and this results in different 
vegetation communities which germinate at different times 
(Germano  1994; Germano et  al.  1994). The tortoises differ in 
growth rate (Curtin, Zug, and Spotila 2009), size (Curtin, Zug, 
and Spotila  2009), mating and egg laying season(s) (Averill-
Murray  2002; Averill-Murray, Christopher, and Henen  2018; 
Ruby and Niblick  1994; Wallis, Henen, and Nagy  1999) and 
clutch size (Averill-Murray, Christopher, and Henen  2018; 
Wallis, Henen, and Nagy  1999). The species also present dif-
ferent susceptibility to the Mycoplasma agassizii infection that 
causes Upper Respiratory Tract Disease (URTD; Dickinson 
et al. 2005; Gov 2015). URTD has contributed to population de-
clines of the Mojave Desert tortoise, which is Threatened under 
the US Endangered Species Act (ESA) (US Fish and Wildlife 
Service 1994; Sandmeier et al. 2009). The two species exhibit a 
narrow zone of hybridisation at the ecotone of the Mojave and 
Sonoran deserts in western Arizona and populations of both 
species are expected to be impacted by the effects of global cli-
mate change (Edwards et al. 2015; McLuckie et al. 1999; Smith 
et al. 2023; Weiss and Overpeck 2005).

FIGURE 1    |    Published studies that used whole genome sequencing 
to study speciation. Estimated age of divergence and number of 
generations since divergence from other studied speciation events. 
Tortoises (this study) are thought to have been diverged for a greater 
number of generations than other well-studied speciation events. For a 
list of data sources see Methods.
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In this study we sequenced 10 genomes from the central range 
of each of the two species along with an outgroup Texas tortoise 
(G. berlandieri) individual. We estimate historical effective pop-
ulation sizes, genome diversity and analyse the genomic regions 
of differentiation that might underpin the ecological divergence 
of these lineages. We find strong divergence in regulatory re-
gions (primarily in promoters) of genes related to immune, 
osmoregulatory and chronobiological processes. We also find 
a lineage-specific expansion of Mucin 5 genes in the Sonoran 
Desert tortoise.

2   |   Methods and Materials

2.1   |   Speciation Literature

To put this speciation event in context of other speciation studies 
we collected species divergence and generation time estimates 
from published studies that used genome-wide sequence data 
to study speciation. Generation time and divergence data were 
collected for angiosperms (Choi, Purugganan, and Stacy 2020; 
Guo et  al.  2018; Koch and Matschinger  2007; Koornneef and 
Scheres 2001; Wang et al. 2020), arthropods (Becking et al. 2019; 
Becking, Gilbert, and Cordaux  2020; Chen et  al.  2015; Maebe 
et al. 2016; Sadd et al. 2015; Sowilem, Kamal, and Khater 2013), 
birds (Cornetti et al. 2015; Ericson et al. 2019; Joseph et al. 2009; 
Leroy et al. 2021), corals (Császár et al. 2010; Mao, Economo, and 
Satoh 2018), mammals (Figueiró et al. 2017; Kumar et al. 2017; 
K. Li et al. 2020; Shanas et al. 1995) and snails (Chueca, Schell, 
and Pfenninger 2021). We recorded the generation time (in Mya) 
and author-reported divergence age for each study (Table S1).

2.2   |   Sampling and Sequencing

We downloaded sequence data for 10 individuals representing 
the geographical centre of the G. agassizii range from Scott 
et  al.  (2020) (collected from the centre of the Mojave Desert, 
Figure S1). We sequenced 10 additional G. morafkai individuals 
located 50 km north of Tuscon, AZ from prior collections that 
followed University of Arizona IACUC protocols (Taylor IACUC 
00-084) and state collecting permits (Edwards SCP # SP606722). 
These samples comprised populations from Picacho Mountain 
and West Silverbell Mountain also in the geographic middle of 
the Sonoran Desert tortoise range. An outgroup sample of the 
Texas tortoise (G. berlandieri) was provided by the Amphibian 
and Reptile Diversity Research Center at the University of Texas 
at Arlington. Samples were shipped to Yale Center for Genomic 
Analysis for genomic DNA extractions, Illumina library prepa-
rations (150 PE) and sequencing on the Illumina HiSeq 2500.

2.3   |   Data Processing

To assess quality of raw sequencing reads we used FastQC 
v0.11.9 (Andrews  2010) and MultiQC v1.8 (Ewels et  al.  2016), 
after which we trimmed samples for quality and to remove 
adaptors using BBDuk ‘ktrim=r k=21 mink=11 hdist=2 tpe 
tbo’ from BBMap v38.79 (Bushnell 2014). We mapped reads to 
the gopAga2.0 reference genome (Dolby et al. 2020) using BWA 
mem v0.7.17 (Li and Durbin 2009) and used Samtools v1.10 (Li 

et al. 2009) to fix mate pairs and sort BAM files, in both cases 
using default parameters. We marked duplicates with Picard 
v2.22.8 (Broad Institute n.d.) before conducting INDEL realign-
ment with GATK v3.7 (McKenna et al. 2010).

2.4   |   Population Statistics and Demography

For analyses requiring called genotypes, which included princi-
pal components analysis (PCA) and historical demographic anal-
ysis, we first calculated genome-wide sequencing coverage with 
Mosdepth (Pedersen and Quinlan 2018) to use in downstream 
filtering. We jointly called variants per scaffold across samples 
in the 21-individual dataset using a three-step process in GATK 
v4.1.7 (McKenna et al. 2010). First, we used HaplotypeCaller to 
preliminarily call variants in each sample, outputting a gVCF 
file. We then combined gVCFs using GenomicsDBImport and 
finally jointly genotyped samples with GenotypeGVCFs. To 
generate a PCA for the 21-individual dataset, we combined the 
VCFs for all scaffolds larger than 10 Mbp using BCFtools v1.10.2 
concat module (Li et al. 2009). We used Plink v1.90b6.12 (Purcell 
et al. 2007) for linkage disequilibrium-based SNP pruning with 
the options ‘--indep-pairwise 50 10 0.1’.

To calculate sliding window statistics along the genome for the 
20-individual dataset (no G. berlandieri outgroup), we used gen-
otype likelihoods in ANGSD v0.921 which handles low coverage 
sequencing (Korneliussen, Albrechtsen, and Nielsen 2014). With 
these likelihoods, we calculated FST and genetic diversity (θ) in 
sliding windows using a window size of 50,000 bp, a step size of 
10,000 bp and parameters: ‘-dosaf 1 -gl 1’. To calculate genetic di-
versity, we ran ‘-doThetas 1 -doSaf 1 -GL 1 -fold 1’ assuming go-
pAga2.0 as the ancestral state. Finally, we generated a PCA for 
the 20-individual dataset based on genotype likelihoods using 
ANGSD and ngsTools (Fumagalli et al. 2013, 2014). We calcu-
lated fixed major and minor allele frequences from the likeli-
hoods. Posterior Genotype probabilities were calculated using 
the frequency as the prior. We only used biallelic sites with a 
minimum mapping quality of 20, a minimum base quality of 20 
and with data in at least 11 individuals (to avoid species-specific 
missing data).

2.5   |   Genomic Diversity

We calculated genome-wide mean genetic diversity (θ) per spe-
cies using ANGSD (‘realSFS -fold 1’ and ‘thetaStat do_stat -win 
50000 -step 10000’) in 50-kb windows with a 10-kb step size. 
From these values we calculated present-day effective popu-
lation size (Ne) using θ = 4Neμ using a mutation rate of 1.1E−9 
mutations/site/year (Tollis et al. 2018) and a generation time of 
20 years to convert the mutation rate to generations.

2.6   |   Effective Population Size

For each species, diploid consensus sequences were obtained 
for one individual from the mapped BAM files for all scaffolds 
over 10 Mbp in length using BCFtools v1.10.2 mpileup and call 
modules, and vcfutils vcf2fq module (Li et  al.  2009). We only 
retained sites with a minimum mapping quality, base quality 
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and root-mean-square mapping quality of 30. We applied the 
following depth cut-off filters with vcfutils: a minimum depth 
of four and maximum depth of 21 (approximately five times the 
genome-wide average) for G. agassizii and G. morafkai, and a 
minimum depth of eight and maximum depth of 37 for G. ber-
landieri. We then used filtered consensus sequences in Pairwise 
Sequential Markovian Coalescent (PSMC) analysis (Li and 
Durbin 2011) with parameters ‘-N30 -t6 -r5 -p “4+30*2+4+6+10”’ 
(Nadachowska-Brzyska et al. 2015) to assess changes in effec-
tive population size through time. We applied a generation time 
of 25 years (US Fish and Wildlife Service 1994) and a mutation 
rate of 2.675e−8 substitutions per site per generation (Tollis 
et al. 2017) to scale the PSMC results. We assessed the variance 
of effective population size (Ne) estimates with 50 bootstraps in 
randomly sampled segments with replacement.

In a second approach, we estimated changes in effective pop-
ulation size through time for G. agassizii and G. morafkai using 
SMC++ (Terhorst, Kamm, and Song 2017). SMC++ calculates the 
site frequency spectrum (SFS) relative to a ‘distinguished individ-
ual’ selected from the pool of samples against which all other sam-
ples are compared. We generated 10 SMC++ formatted files per 
scaffold greater than 10 Mbp in length for each species, with a dif-
ferent sample serving as the ‘distinguished individual’ in each. We 
converted input data from a VCF file filtered for a minimum depth 
of four and genotype quality of 30 to SMC++ formatted input files 
using the vcf2smc script masking contiguous stretches of homo-
zygosity greater than 30 kbp. We calculated a single composite 
likelihood estimate for each species from the product of estimates 
across each scaffold and ‘distinguished individual’. We conducted 
runs assuming a mutation rate of 2.675e−8 substitutions per site 
per generation, 20 knots (inflection points), 50 EM iterations and 
a polarisation error of 0.5. We limited the time interval of infer-
ence to between 300 and 500,000 generations before present. We 
applied a generation time of 25 years to scale the SMC++ results.

2.7   |   Variants per Genic Element

Based on the FST results from ANGSD, we conservatively chose 
the 1% of windows with the highest FST values between the 
two species to constitute highly diverged regions. These re-
gions were intersected using BEDTools v2.24.0 (Quinlan and 
Hall 2010) with the genome annotation file for G. agassizii (Dolby 
et al. 2020) to determine which genes or genic elements were in 
highly diverged regions (hereafter called ‘diverged genes’).

We removed duplicates from the overlapping windows of the inter-
sected dataset and characterised polymorphisms based on which 
genic element they occurred in (see Data Accessibility for scripts). 
Because promoters were not annotated for these taxa, polymor-
phisms within 1000 bp upstream of the annotated start site of the 
gene were assumed to be in the promoter of that gene (estimate 
based on Sur and Taipale 2016). However, promoter lengths vary 
across the genome and this approach has the potential to both in-
clude non-promoter sequence and exclude some portions of pro-
moters (see Figure S5A), depending on the gene. We also note that 
5′ UTRs were not annotated for all genes, so this region includes 
5′ UTRs for some genes (for reference, the average length of an-
notated 5′ UTRs among highly diverged genes in the G. agassizii 
genome was 181 bp). This could potentially underestimate 5′ UTR 

divergence, but these are limitations of genome annotations for 
non-model species. Polymorphisms not part of the gene or poten-
tial promoter region were considered intergenic.

2.8   |   Validation of Diverged Genes

For a handful of genes, the gene ID of a high FST gene occurred 
more than once in the annotation. We validated these to check 
for duplications and for signs of pseudogenisation, which could 
present as high FST. To do so, we blasted the human orthologue 
for these genes to the G. agassizii proteins and retained the top 
blast hit as the true orthologue. In three situations (PRDM10, 
TRDC and ZNF236) the e-values were identical, so we viewed 
the matches in IGV (Freese, Norris, and Loraine 2016); if a tan-
dem duplication seemed plausible (i.e., genes were next to each 
other) we retained them (PRD10 and ZNF236). Finally, we vali-
dated the most diverged genes and those of particular biological 
interest (VCX3a, XPA, MED12, MUC5AC and MUC5B) for signs 
of pseudogenisation by checking the annotated genome tran-
scripts for incomplete reading frames, internal stop codons and 
missing final stop codons. We labelled any transcripts that did 
not pass as a pseudogene. Data visualisation was done in R with 
tidyverse (Wickham et al. 2019) and ggplot2 (Wickham 2011).

2.9   |   Functional Enrichment

We determined biologically enriched processes within the 112 
highly diverged genes that contained putatively functional vari-
ants (defined here as variants in the promoter, UTR or exons) with 
two approaches. First, we ran that list of de-duplicated functional 
diverged genes through g:Profiler v.e109_eg56_p17_773ec798 to 
perform statistical enrichment analysis. We then re-ran g:Profiler 
by genic feature (Raudvere et al. 2019) to determine if there was 
element-specific GO term enrichment, using the g:SCS method for 
adjusted p-values in both cases. Because each high FST gene was 
effectively tested twice for enrichment (once as part of the whole 
list and once as part of a gene element list), we manually corrected 
for multiple tests using the Bonferroni method which gave a re-
vised alpha significance threshold of 0.025 (instead of 0.05).

We took a complementary approach to functional interpreta-
tion by examining thematic clusters of genes whose products 
are known to interact within the cell or organism by running 
the final functional diverged gene list through the STRING 
Interaction Database (Szklarczyk et al. 2023). We then manually 
curated the network to look for biologically meaningful clusters 
(subnetworks). We used human as the reference because of its 
extensive functional annotation, did not allow the addition of 
genes and set the minimum required interaction score to me-
dium confidence which is the default setting (0.4).

2.10   |   Mucin 5 Re-Annotation and Synteny

During the validation process (see Validation of diverged genes), 
we discovered that Mucin 5 returned several hits, many of which 
contained complete ORFs. To determine the best orthology of 
the MUC5B and MUC5AC genes on the diverged list, we anal-
ysed the synteny and relatedness of all genes in the MUC-2-5-6 
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mucin array, defined as the genomic region between TOLLIP and 
APA2A, for six additional species downloaded from NCBI (Gallus 
gallus, Mus musculus, Malaclemys terrapin, Trachemys scripta el-
egans, Chelonoidis niger abingdonii and G. evgoodei), along with 
the long-read reference genome of G. morafkai (Baty et al. 2024). 
We checked predicted transcripts of genes in this array for ORFs 
and used annotations to manually map synteny based on visual-
isations in IGV. We examined the mouse, terrapin and tortoise 
annotations for unannotated mucin genes by blasting G. agassizii 
transcripts to the genome within the TOLLIP to APA2A syntenic 
region (Altschul et al. 1990). Finally, to estimate whether variants 
in the diverged mucin genes were potentially functional, we iden-
tified protein domains using analysis of the predicted transcripts 
through SMART, which searched for PFAM domains, signal pep-
tides and internal repeats (Letunic, Khedkar, and Bork 2021). We 
recorded when SNPs and INDELs from our highly diverged gene 
list co-located within these protein domains.

2.11   |   Mucin 5 Gene Tree Reconstruction

To determine relatedness of genes in the re-annotated mucin 
array, we used gene sequences from the synteny analysis to 
make a mucin phylogeny for G. agassizii, G. morafkai, G. ev-
goodei, Chelonoides niger abingdonii, Malaclemys terrapin with 
Mus musculus as an outgroup. We imported sequences into 
Geneious 2023.2.1 (https://​genio​us.​com), translated and aligned 
using Clustal Omega (Sievers et  al.  2011). The protein align-
ment was fed into ModelTest-NG (Darriba et al. 2020) where a 
VT+I+G4 model was selected based on lowest AICc score. The 

alignment was then transformed into a NEXUS file for MrBayes 
v.3.2.7 (Ronquist et al. 2012) which we ran for 20,000,000 gen-
erations each over three runs with four chains per run and a 
20% burn-in. Tracer v.1.7.2 was used to assess convergence of the 
MCMC chains (Rambaut et al. 2018).

2.12   |   3′UTR Differentiation

We evaluated whether the variants in 3′ UTRs of diverged 
genes mapped to known miRNA-binding sites and therefore 
could affect post-transcriptional and translational regulation. 
We downloaded conserved miRNA sequences from TargetScan 
8.0 (Agarwal et al. 2015; McGeary et al. 2019) and used the re-
verse complement of the 6-8mer seed region of the miRNAs as 
the potential-binding site in the mRNA. We then pulled the 3′ 
UTR sequences of G. agassizii genes in high FST regions that 
had 3′ UTR changes and blasted the miRNA sequences to these 
mRNAs, retaining coordinates of blast hits. Finally, we cross-
referenced the blast hit coordinates with the locations of the SNP 
and INDEL variants, accounting for strandedness.

3   |   Results

3.1   |   Pairwise FST, Genetic Diversity, Ne

Gopherus agassizii and G. morafkai are strongly differentiated 
in the PCA, though they fall closer to each other than the out-
group berlandieri (Figure  2A) and remain separate with the 

FIGURE 2    |    Principal components analysis of whole-genome variation for (A) Mojave Desert tortoise (Gopherus agassizii), Sonoran Desert tortoise 
(Gopherus morafkai) and outgroup Texas tortoise (Gopherus berlandieri), and (B) solely within G. agassizii and G. morafkai.

TABLE 1    |    Statistics on data generated in this study including sample size, sequence coverage, nucleotide diversity, effective population size, 
number of polymorphic loci and number of genes found in the 1% of the genome most diverged between Gopherus agassizii and Gopherus morafkai.

G. agassizii G. morafkai G. berlandieri

Sample size (N) 10 10 1

Sequence coverage per sample (range) 2.9× (2.4–4.2×) 4.5× (3.4–5.8×) 7.5×

Genetic diversity (θ) 0.003 0.005 —

Effective population size (Ne) 34,000 57,000 —

Number genes in diverged regions (genes with 
putatively functional variants)

458 (127) —
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outgroup removed (Figure 2B). Mean genome-wide pairwise 
FST between G. agassizii and G. morafkai was 0.34 and the 1% 
cut-off gave a highly diverged FST threshold of ≥ 0.63. After 
filtering there were 22,145 total variants in the top 1% of di-
verged regions (Table 1). Genetic diversity (θ) in G. morafkai 
was nearly double that of G. agassizii (0.005 vs. 0.003), equat-
ing to estimates of higher Ne (57,000 vs. 34,000). These are cor-
roborated by reconstructions of historical Ne, which remained 
higher for G. morafkai throughout the last million or so years 
(Figure 3, Figure S3). Their historical Ne patterns were similar 
with a decline ~50 kya, an increase ~12 kya and additional 
decline ~9 kya for G. morafkai which led these trends ahead 
of G. agassizii. Sampling covered a similar geographic area in 
the centre of each range and diversity differences are there-
fore unlikely to be a sampling artefact; in fact, the sampling 
range for G. morafkai was slightly smaller but yielded much 
higher diversity. We note that differences in sequencing cover-
age could impact diversity estimates (G. agassizii samples had 
2.9× average coverage, whereas G. morafkai samples had 4.5× 
average coverage), although ANGSD is relatively robust to low 
sequence depth (Lou et al. 2021).

3.2   |   Variants per Genomic Element

The high FST regions included 458 unique genes based on an 
intersection with the G. agassizii reference genome (Table  1). 
About 80% of the high FST variants mapped to the flanking in-
tergenic regions within these windows for which we have no 

evidence for functional importance (Figure  4a). INDEL and 
SNP variants showed identical distributions (Figure 4a). In total 
there were 3637 genic (defined here as promoter, UTR, exonic 
and intronic) SNPs and 15,393 intergenic SNPs (to see the dif-
ference between flanking variation versus promoter variation, 
see Figure S5). Removing genes with only flanking intergenic 
or intron changes left 127 genes with promoter, UTR or exon 
changes (Figure 4b; Table 1). The number of 5′ UTR variants is 
likely undercounted as not all genes had annotated 5′ UTRs, and 
these would be considered under promoter divergence in our 
classification scheme. Hereafter, we refer to promoter, UTR, or 
exon variants as ‘functional’ or ‘putatively functional’. Of those 
variants that occurred within the 3′ UTR, none localised to con-
served 3′ UTR miRNA-binding sites, but this does not consider 
species-specific miRNA-binding sites, which are unknown for 
these taxa.

3.3   |   Functional Enrichment

We ran G:profiler on the entire functional gene list and on 
each functional element individually (defined here as the 
promoter, 5′ UTR, exon and 3′ UTR; see Table 2). Processes 
enriched from the entire list were transferase activity and car-
bohydrate derivative binding. For promoter variants, transfer-
ase activity (p value = 0.027) and nucleotide excision repair in 
xeroderma pigmentosum (p value = 0.025) were not significant 
at the Bonferroni corrected alpha value (α = 0.025). Exon vari-
ants were enriched for the DRIP complex, the ARC92-Mediator 

FIGURE 3    |    Historical demography for the three Gopherus lineages (A) using PSMC. Note difference in scale of y-axis between panels, G. morafkai 
is shown twice (on right) for clarity, and x-axes are log scale. Analysis assumes a 25-year generation time and mutation rate of 2.7 × 10−8. Pleistocene 
glacial cycles (peak glacial periods) are depicted in greyscale. Effective population size is much higher for G. morafkai (middle). (B) Historical 
demography of G. agassizii and G. morafkai based on 10 low coverage genomes per species in SMC++.
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complex as well as the ARC complex. Transcription coregula-
tor activity was not significant at the corrected alpha value 
(p-value = 0.026).

The STRING interaction analysis produced a network with 112 
nodes and 54 edges. The average node degree was 0.96 and the 
average local clustering coefficient was 0.28. The genes inter-
acted significantly more than expected by chance with a pro-
tein–protein interaction (PPI) enrichment p-value of 0.017.

3.4   |   Mitonuclear Divergence Genes

Nine diverged genes formed a STRING cluster relating to mi-
tochondrial function that included the mitochondrial ribo-
some (mitoribosome) and the cytosolic ribosome (pink cluster, 
Figure  5). Nuclear-mitochondrial dysregulation is a noted 
source of incompatibility and cytonuclear discordance in hy-
brids (Burton, Pereira, and Barreto  2013). Genes in this clus-
ter included Mitochondrial Translation Release Factor 1-like 

FIGURE 4    |    Distribution of how variants in the 1% most-diverged genomic regions map to genomic elements. (A) Most variants map to flanking 
intergenic regions as expected; (B) of variants that mapped to genic regions in (a), these are the total variants mapping to genic elements according to 
the annotation for Gopherus agassizii. Variants mapped to promoter, UTRs or exons are considered ‘functional’ in downstream analyses. Promoter 
is defined as 1 kb immediately upstream of the annotated start site of the gene.

TABLE 2    |    Statistically enriched gene ontology (GO) categories for genes most diverged between Gopherus agassizii and Gopherus morafkai based 
SNPs and INDELs in promoter, UTR, and exon regions.

GO name GO ID Adjusted p Associated genes

Promoter

Transferase activity, transferring phosphorus-
containing groups^

GO:0016772 2.75E-02 OAS1, FCSK, MST1R, TRPM6, 
ACVR1, PRKAR2A, PNPT1, PARP3, 
POLQ, POLD4, MYO3B, HGS, TK1

Nucleotide excision repair in xeroderma 
pigmentosuma

WP:WP5114 2.53E-02 XPA*, POLD4, XAB2, GPS1

Exon

Transcription coregulator activitya GO:0003712 2.59E-02 MED12*, DYRK1A, SIN3B, 
MED26*, ZNF541, BRD8

DRIP complex CORUM:548 5.70E-03 MED12*, MED26*

DRIP complex CORUM:549 5.70E-03

ARC92-Mediator complex CORUM:909 5.70E-03

ARC complex CORUM:288 6.64E-03

ARC complex CORUM:232 7.65E-03

Entire dataset

Transferase activity, transferring phosphorus-
containing groups

GO:0016772 2.40E-04 PRKRA, PAPSS2, CLK1, STK17B, 
OAS1, FCSK, DYRK1A, MST1R, 

TGFBR3, TRPM6, ACVR1, 
PRKAR2A, PNPT1, PARP3, POLQ, 

POLD4, MYO3B, HGS, TK1

Carbohydrate derivative binding GO:0097367 5.18E-03 TGFBR3, LAYN*, CLEC4G, CYR61, 
MST1R, FCSK, RAB2B, RAC3, TK1, 

ACVR1, PRKAR2A, TTLL12

Note: Asterisks indicate the 13 genes with the highest number of variants.
aProcesses not significant after Bonferroni correction.
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(MTRF1L, 3′ UTR +2 bp INDEL) which plays a role in termina-
tion of mitochondrial translation; 3′ UTR INDELs may lead to 
divergent post-transcriptional modification, perhaps to change 
the transcript residence time or localisation within the cell. 
SLC25A38 similarly had a 3′ UTR INDEL (+5) as well as pro-
moter SNP and INDEL variants. SLC25A38 transports glycine 
into the mitochondrial matrix while PNPT1 (one SNP) localises 
to the intermembrane of the mitochondrion and plays a role in 
the transport of RNA into the mitochondrion and its degrada-
tion (Liu et al. 2018), suggesting changes to mitochondria-RNA 
interactions. Two additional genes (MSTO1 and ARMCX3) had 
several changes each and both function in the distribution of 
mitochondria within the cell (Donkervoort et al. 2019; López-
Doménech et al. 2012).

Also in this cluster were genes involved in the processing 
of ribosomal RNA transcripts and structure of the 40S sub-
unit of the cytosolic ribosome (TSR1, RRP9 and RPSA). TSR1 
(four 3′ UTR and two exon SNPs) and RRP9 (one exonic SNP 
and two exonic INDELs) variants suggest differences in both 
the protein and post-translational modification of these pre-
ribosomal proteins. They interacted with ZPR1 and WDR6, 
which are implicated in positive and negative cell cycle reg-
ulation respectively, and TK1, which performs cell-cycle 
dependent salvaging of dTTP—a nucleoside necessary for 
DNA replication and repair. Together, these genes can affect 
mitochondrial and non-mitochondrial translation as well as 
nuclear–mitochondrial interactions. However, addition of mi-
tochondrial data could better resolve potential mito-nuclear 
incompatibilities.

3.5   |   Chronobiological Genes

3.5.1   |   UV DNA Repair, Cell Cycle, Circadian Rhythm

UV causes damage to DNA that must be repaired for progression 
through the cell cycle, and circadian rhythms of the cell are cou-
pled to the cell cycle through shared regulatory proteins. We found 
many diverged genes at the intersection of these three processes 
(yellow cluster, Figure 5). Transcription coupled (TC) and Global 
Genome (GG) Nucleotide Excision Repair (NER) pathways are 
critical for repairing UV DNA damage, and we find NER pathways 
significantly enriched among these genes (REAC:R-HSA-5696398, 
WP:WP5114). At the hub of this cluster was XPA (XPA, DNA dam-
age recognition and repair factor; two 5′ UTR and 11 promoter 
SNPs, Table 3) which is a core gene in the DNA repair response 
to UV damage. It accumulates at damaged DNA, acting as a scaf-
fold for proteins of the NER excision complex to bind (Borszéková 
Pulzová, Ward, and Chovanec 2020). XAB2 (XPA-Binding Protein 
2, one promoter SNP) co-regulates transcription of XPA and plays 
a role in the TC-NER response to UV DNA damage (Borszéková 
Pulzová, Ward, and Chovanec 2020; Kuraoka et al. 2008; Nakatsu 
et al. 2000) and interacts with RNA polymerase II (Mirastschijski 
et al. 2019). A core circadian pacemaker gene controls XPA, which 
exhibits a 24-h cycling of its concentration between the cytoplasm 
and nucleus (Dakup and Gaddameedhi 2017). This circadian pro-
cess is interrupted at the occurrence of UV DNA damage (Dakup 
and Gaddameedhi  2017) and could therefore be related to the 
significant differences in UV DNA exposure between the deserts 
(Baty et al. 2024) and/or associated with circadian behavioural dif-
ferences, which are not well documented.

FIGURE 5    |    STRING interaction network of genes within highly diverged FST windows that interact based on available evidence. Clusters with 
biologically meaningful themes are colour-coded (see Section 4). Each node is a gene, edges are weighted to reflect the degree of confidence of 
node–node interactions. All genes shown were in the highly diverged regions with putatively functional variants; nodes are scaled by the number of 
variants in putatively functional regions (promoter, exons or UTR). Non-interacting genes are not shown.
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UV radiation also causes DNA strand breaks. The gene POLD4 
(DNA polymerase Delta 4 Accessory Subunit) was in the same 
STRING cluster. POLD4 is central to genome replication and 
repair, plays a role in NER (Blank, Kim, and Loeb 1994) and 
response to UV damage (Kojima et al. 2021). In this cluster, 
POLQ (DNA Polymerase Theta; two promoter SNPs) is re-
sponsible for the error-prone translesion repair synthesis that 
is necessary for replicating a genome with strand breaks and 
is thought to release stalled DNA replication forks (Costantino 
et  al.  2014). PARP3 (five promoter SNPs and one INDEL) is 
also involved in DNA strand break recognition and genome 
stability. Another cluster of genes (orange, Figure 5) were in-
volved in the skin barrier and skin remodelling related to UV 
damage (COL12A1, EGR1, VCAN and OAS1). Skin is the main 
target of UV exposure, and the hub of this cluster was Matrix 
Metalloprotease 3 (MMP3), which cleaves collagen for degra-
dation in response to UV damage (Mirastschijski et al. 2019). 
Overall, there are strong results related to differences in skin 
and DNA damage resulting UV exposure, which differs be-
tween the deserts (Baty et al. 2024).

In eukaryotes, the G2/M checkpoint is a critical cell cycle check-
point that prevents a damaged nuclear genome from continu-
ing to mitosis by stalling and allowing time for DNA repair 
(Löbrich and Jeggo 2007). While POLD4 function is necessary 
for this progression (Huang et  al.  2010), the same UV cluster 
(yellow, Figure 5) contained Cell Division Cycle 23 (CDC23)—
which encodes a protein also necessary for progression past the 
G2/M checkpoint and which is normally highly conserved in eu-
karyotes (Zhang et al. 2011). (It is also key for spindle assembly 
during mitosis and meiosis (Harper, Burton, and Solomon 2002; 
Zhou et  al.  2020)). POLD4 had several promoter SNPs and 
INDELs and CDC23 had a promoter INDEL (+2 bp), changes 
that could alter binding specificity, timing or magnitude of 

transcription of these DNA repair/cell cycle checkpoint genes. 
They could together coordinate to regulate the cell-cycle-UV 
damage response due to UV differences between the deserts in 
a time (circadian)-dependent way. All of these genes occurred in 
the most diverged genomic regions.

3.5.2   |   Signal Transduction and Chromatin 
Remodelling

There was significant divergence in a cluster of genes related 
to transcription signal processing and perhaps environmental 
cues (teal, Figure 5). GPS1 is suppressive to immune-response 
signal transduction, and STK17B is also involved in intracellu-
lar signal transduction as well as positive regulation of apopto-
sis. NFRKB (four promoter SNPs) is thought to be a regulator 
of the INO80 chromatin remodelling complex that displaces 
nucleosomes to improve access to DNA for transcription, re-
pair and replication (Eustermann et al. 2018). Similarly, at least 
one isoform of BRD8 alters nucleosome structure within chro-
matin, increasing accessibility of DNA for positive regulation 
of transcription. Some human BRD8 isoforms interact with 
thyroid hormone receptors (THRs) to increase thyroid-related 
transcription activity, such as metabolism. Thyroid hormone 
and its regulation are proposed to play a key role in circannual 
pace-making (Hazlerigg and Lincoln 2011; Lomet et al. 2018). 
This cluster of interacting genes documents divergence in the 
regulatory apparatus of genes involved in nucleosome remod-
elling and signal transduction that affect the thyroid-mediated 
physiological behaviours (which can be seasonal). If the tran-
scriptional of nucleosome remodellers is altered, this could af-
fect the transcription of functionally unrelated neighbouring 
genes, while changes in transcription related to THR could 
have cascading effects along signalling pathways.

TABLE 3    |    Genes with the greatest number of potentially functional variants (SNPs or INDELs) in promoter (pr), 5′ UTR, exon, 3′ UTR regions 
where promoter is defined as 1 kb immediately upstream of each annotated gene. Nonzero values are bolded.

Gene name Gene function

Number of changes

Pr. 5′ UTR Exon 3′ UTR

IGHV3-11 Antigen recognition 6 0 18 4

IGHV3 Adaptive immunity 10 0 13 0

MED12 RNA polymerase II transcription mediator 16 1 1 0

CLEC1A Cell signalling, adhesion; immune response 1 2 2 13

XPA DNA damage repair 11 2 0 0

CASP14 Apoptosis 13 0 0 0

TRDV3 T-cell receptor 5 0 6 0

LAYN Hyaluronic acid binding 10 0 0 0

MUC5B Gel-forming mucin production 0 0 10 0

TRAV18 T-cell receptor 3 0 6 0

GTF2IRD2 Transcription regulation 9 0 0 0

DER Oxidoreductase 9 0 0 0

ARMCX3 Tumour suppression 0 0 0 8
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3.5.3   |   Transcriptional Regulation and Circadian/
Circannual Rhythms

We observed divergence in regulatory regions within a cluster of 
genes relating to transcription initiation and circadian rhythm 
(green, Figure 5), along with significant divergence in the ARC/
Mediator transcriptional complexes based on exon changes 
(CORUM288, CORUM:909 and others, Table  2). MED12 and 
MED26 are components of the Mediator, which facilitates the 
start of transcription by interacting with  transcription fac-
tors and binding to RNA pol II, helping it localise to the core 
promoter. Surprisingly, MED12 had extensive changes (one 5′ 
UTR SNP, 13 promoter SNPs, 3 promoter INDELs and 1 exon 
SNP) despite being a highly evolutionarily conserved sub-
unit (Fondell  2013; Figure  6); MED26 had exon and promoter 
variants.

Interacting with the Mediator genes was ZFHX3 (one exon 
SNP, three promoter variants), a transcription factor of, and 
highly expressed in, the Suprachiasmatic Nucleus (SCN) of 
the hypothalamus. The SCN plays the critical and primary 
role in regulation of circadian rhythms based on zeitgebers 
(external cues, often photoperiod). Variants in ZFHX3 affect 
circadian rhythm clocks (Parsons et  al.  2015), circadian-
related response to light (Hughes et al. 2021) and sleep cycles 
(Balzani et al. 2016) in mice. Though much less well under-
stood, the hypothalamus–pituitary axis may also shape cir-
cannual seasonal rhythms (Hazlerigg and Lincoln 2011; Wood 
and Loudon 2014), such as periods of mating or torpor. These 
are controlled at least in part through changes in thyroid hor-
mone and THRs; BRD8 (prior section) interacted with these 
receptors in the network and could play a role in the strong 
seasonal behavioural differences observed between these 
species. Also in this cluster was SIN3B, which negatively reg-
ulates RNA polymerase II, transcription and plays a role in 
circadian clock-dependent heterochromatin formation (hub 
gene, yellow cluster; Zhu and Belden 2020).

3.6   |   Homeostasis: Water and Energy 
Balance Genes

Five genes associated with the lung mucosa and/or blood–
brain barrier (BBB; blue, Figure  5). Of these, two members 
of the Solute Carrier Family 2 (SLC27a1, SLC2a3 [3′ UTR 
changes]) are integral parts of the facultative transport of glu-
cose across the blood–brain barrier (Deng et al. 2015; Hoskin 
et  al.  2003). SLC27a1 (five promoter SNPs and two 5′ UTR 
SNPs) is involved in the transport of lipids across the blood–
brain barrier (Mitchell et al. 2011). The BBB is selectively per-
meable, allowing nutrients to reach the brain while blocking 
pathogens (Zhao et al. 2022). The abundance of 3′ UTR and 
promoter changes in these genes could play a role in transcrip-
tional or post-transcriptional regulation of energy balance and 
differences in the metabolism and transport of energy mol-
ecules across the BBB; they could also relate to blocking of 
pathogens across the barrier. Also in this cluster was Carbonic 
Anydrase 9 (CA9), a zinc metalloenzyme that forms bicarbon-
ate. Related genes in the CA family are integral to forming 
cerebrospinal fluid, and while CA9 primarily localises to 
the gastrointestinal mucosa in humans, it is present in the 

cerebellum and may play a role in pH regulation of cerebrospi-
nal fluid, potentially linking the BBB to pathogen defence in 
the lung and gut mucosa.

Genes related to lung mucosal properties and host innate im-
munological defence were MUC5AC (one promoter SNP) and 
MUC5B, which are gel-forming secreted mucin proteins spe-
cific to the lung and nasal epithelia. MUC5B had 10 exon SNPs, 
six of which were nonsynonymous and all 10 located in func-
tional protein domains. They were not identified as interacting 
in the STRING network with CA9, but data indicates CA9 and 
MUC5AC are highly co-expressed (Spearman correlation of 
0.98; prote​inatl​as.​org). In the lung, CA9 could form the bicar-
bonate needed to change calcium ion concentrations necessary 
to stimulate the release of both mucins (Hansson 2019). Upon 
secretion the mucin proteins expand in volume over 1000-fold 
(Hansson 2019) and bind and sequester water to form a diffusion 
barrier (Hansson 2019; Schade, Flemström, and Holm 1994), po-
tentially playing a significant role in xeric-adapted water reten-
tion and pathogen defence.

3.7   |   Structural Variation in Mucin Gene 
Family Arrays

Based on reference genome analysis, we identified major struc-
tural differences in the gene family arrays of lung-specific 
Mucins across taxa. Of the MUC5-MUC2-MUC6 array, the 
outgroup (C. abingdonii) had five MUC genes, G. evgoodei had 
six, G. agassizii had nine, of which five had complete ORFs 
and four were pseudogenised (Figure  6D), and G. morafkai 
had 16 mucin genes—15 with complete ORFs and only one 
pseudogenised. Therefore, an expansion of MUC5-2-6 genes 
appear specific to desert tortoises, but G. morafkai shows a 
large, lineage-specific expansion while G. agassizii appears 
to have lineage-specific pseudogenisation of its somewhat ex-
panded array. Two of those functional genes (one MUC5AC 
and one MUC5B) were on the list of highly diverged genes. 
MUC6 in Gopherus agassizii and C. n. abingdonii did not have 
complete ORFs. For both G. agassizii and G. morafkai dupli-
cations occurred across the array, instead of at the ends of the 
array like in other chelonians.

The phylogenetic reconstruction for mucin genes converged 
with an effective sample size of 35,177 according to Tracer. The 
mucin phylogeny had five clades (Figure 6C) with MUC6 and 
MUC2 forming clear, distinct groups. In the MUC6 group there 
were two genes annotated as MUC2 (from G. evgoodei and M. 
terrapin), but they locate to the end of the mucin array next to 
MUC6 and based on synteny are probably annotation errors. 
The MUC5 clade included a MUC5B group and a MUC5AC 
group. The MUC5AC group had two subgroups, a ‘core’ 
MUC5AC group and a more conglomeratic MUC5AC/MUC5B 
group which we infer to be duplicated from a MUC5AC ances-
tor. The homology of the mixed MUC5AC group is difficult to 
resolve and could have arisen through or been complicated by 
gene conversion during DNA repair-based recombination (Chen 
et al. 2007). The ‘core’ MUC5AC subgroup contained only an-
notated MUC5ACs except for two that were labelled as MUC5B. 
The conglomeratic subgroup contained genes that were anno-
tated as MUC5B, MUC5AC and MUC2.
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FIGURE 6    |     Legend on next page.
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4   |   Discussion

In this study we examined 20 genomes from sister desert tortoise 
lineages, along with an outgroup individual, to understand ge-
nomic diversity and identify regions of potential adaptation dif-
ferentiating the two lineages. These lineages have been diverged 
for more generations than many other speciation genomic study 
systems (Figure  1); this, combined with the many phenotypic 
differences between species, suggests they might be considered 
to be in the later stages of speciation. Consistent with this, we 
found a mean genome-wide pairwise FST of 0.34 (Figure S4), re-
flecting species-level differentiation (Araya-Donoso et al. 2022).

We found Sonoran Desert tortoises have much higher genetic 
diversity and current and historical Ne than Mojave Desert 
tortoises, which is consistent with their current conservation 
statuses under the US Endangered Species Act (USFWS 2010, 
2022). A previous study found higher Ne estimates using only 
transcriptomic data, but with broader geographic sampling 
(Edwards, Tollis, et al. 2016). In the top 1% of diverged genomic 
regions, 80.5% of SNP and INDEL variants mapped to inter-
genic regions flanking genes, and 17% mapped to introns, leav-
ing only 2% falling in putatively functional regions (promoters, 
UTRs and exons). Of the 458 genes identified in the diverged 
regions, 331 had only intergenic or intronic variation. This dis-
tribution is consistent with these regions having low selective 
constraint, but we note that these regions can contain many 
regulatory and other functional elements (Christmas et al. 2023; 
Nobrega et  al.  2003; The ENCODE Project Consortium  2012). 
However, like many other non-model species, these regions have 
not been annotated for our species so we do not interpret them 
here. Among putatively functional regions, we find extensive 
divergence in promoters of genes related to chronobiological 
processes, such as circadian rhythm, circannual rhythm and 
cell cycle progression. Promoter divergence could affect tran-
scription of pace-maker genes that regulate chronobiological 
functions, implying a meta-transcriptional contribution to rein-
forcement and speciation through potential differential regula-
tion of key behavioural phenotypes.

4.1   |   Sonoran Desert Tortoises Have Higher 
Genetic Diversity

The census sizes (N) of Mojave Desert and Sonoran Desert 
tortoises were previously estimated at ~336,000 (Allison and 
McLuckie  2018) and 470,000–970,000 (Arizona Ecological 
Services Field Office  2015), respectively. Based on genetic di-
versity, our estimates of effective population size (Ne; 34,000 
and 57,000 respectively) are proportional to these census sizes. 
Consistent with the ESA listing decisions for both species, the 
Mojave Desert tortoise has much lower (almost half) the genetic 

diversity of the Sonoran Desert tortoise (Table 1, Figure 2). Both 
species were sampled within similarly small geographic extents 
within their ranges, so this is unlikely to be a consequence of 
sampling bias. Lower sequencing coverage of the Mojave in-
dividuals could affect results, though we picked analysis tools 
generally robust to this. Historical Ne was consistently higher 
for Sonoran Desert tortoises (Figure  3), with fluctuations that 
may be attributed to range changes during glaciations. The ter-
rain of the two species' ranges differs, with the Sonoran Desert 
having greater topographic relief and mountain chains that 
could offer suitable microclimates during periods of climate 
change, whereas Mojave Desert tortoises mainly live in bajadas 
and creosote flats. Sonoran Desert tortoises are bounded by the 
Colorado River, Colorado Plateau and Grand Canyon, limiting 
northward migration in the face of climate change. Montane 
microclimates could provide suitable habitat in lieu of latitudi-
nal shifts. We note that these habitat features can shape both 
census population size and population structure, the latter of 
which can strongly impact estimates of effective population size 
(Charlesworth 2009; Mazet et al. 2016).

4.2   |   Putatively Non-Functional vs. Functional 
Variants

The mean genome-wide pairwise FST was high (0.34) 
(Figure  S4), reflecting species-level differentiation (Araya-
Donoso et al. 2022). The vast majority (80%) of variants found in 
highly diverged regions (FST ≥ 0.63) were in intergenic flanking 
regions and are not associated with any annotated functional 
regions. In total, 331 of 458 genes in these highly diverged re-
gions had only linked (flanking) or intronic variation. While 
some flanking variants probably occur in enhancers and could 
affect gene transcription, it seems unlikely that is true of most. 
Introns can be retained in final protein products and play regu-
latory roles in some genes, though to what degree and in what 
genes introns have this role in Gopherus is unknown (Rose 2019; 
Schmitz et al. 2017). Annotating regulatory RNA genes and reg-
ulatory elements, particularly enhancers, in the genomes of non-
model organisms remains a challenge and is a current limit of 
such studies, including this one. Genome-wide FST analysis is a 
common way to study diverging lineages and can reveal regions 
of potential evolutionary importance beyond coding changes, 
including promoter and UTR changes. However, we note that 
transcriptomic or proteomic data is necessary to test whether 
changes in such candidate regions actually affect expression of 
those genes. Our results advise caution that when interpreting 
genes in high-FST regions as putatively adaptive, mapping the 
variation to genic elements is necessary for making functional 
interpretations and avoiding false positives (Amato et al. 2009; 
Hebert, Renaut, and Bernatchez  2013); adding expression or 
protein data is also needed to validate predictions.

FIGURE 6    |    Characterisation and summary of diverged genes. (A) Manhattan plots showing FST of highly diverged genes discussed in the text 
(red): Mediation Complex Subunit 12 (MED12), DNA Damage Recognition and Repair Factor (XPA) and Mucin 5B (MUC5B). Outliers in black 
contained ‘non-functional’ variants and are not discussed. (B) Characterisation of promoter INDEL variants of MED12 as well as the variant 
proportion in Gopherus agassizii (left) and Gopherus morafkai (right) relative to the G. agassizii reference allele. (C) Phylogenetic reconstruction 
of the MUC2-5-6 gene array based on predicted proteins from mucin genes identified in this study and (D) synteny of the mucin gene array based 
showing the expansion of MUC5 genes in G. morafkai. Gene colours are based on original annotations and coloured boxes are homology estimations 
based on the phylogeny in C. Genes with white centers are pseudogenized.
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4.3   |   Divergence in Regulation of Chronobiological 
Processes

We found extensive divergence in core chronobiological pro-
cesses, namely circadian rhythm, cell cycle regulation and cir-
cannual rhythms (yellow, teal, green clusters, Figure  5). The 
core hub gene in our analysis, XPA, is positively regulated by 
BMAL1—a key circadian clock gene (Dakup et al. 2018). In fact, 
cell cycle and cellular circadian biorhythms are strongly coupled 
through shared regulator genes: circadian clock gene BMAL1 
regulates key members of the G2/M transition (and UV repair, 
XPA) meanwhile cell cycle genes (CDK1 and NR1d1) feedback to 
regulate BMAL1 (Gaucher, Montellier, and Sassone-Corsi 2018; 
Yan and Goldbeter  2019). From an evolutionary view, diver-
gence in regulatory regions of a cohort of UV-cell-cycle and cir-
cadian rhythm genes could provide an important reinforcement 
mechanism whereby the regulation of biorhythms at the cellu-
lar level are mis-timed in hybrids, leading to cellular instability 
(summarised in Figure 7, Figure S2). This mechanism would be 
a classic example of Bateson–Dobzhansky–Mueller incompati-
bility (reviewed in Mack and Nachman 2017; Payne et al. 2022).

Sonoran Desert tortoises will bask in the sun and emerge to 
drink during winter while Mojave Desert tortoises brumate 
throughout winter (Sullivan et  al.  2014). These differences in 
winter precipitation and temperature have been hypothesised to 
contribute to niche separation between the two tortoise species 
(Edwards et al. 2015). Timing of mating and egg-laying differ: 
Mojave Desert tortoises mate in spring/summer and lay April–
July while Sonoran Desert tortoises mate in early fall following 
the summer monsoon and lay in summer (Averill-Murray 2002; 
Averill-Murray, Christopher, and Henen  2018; Ruby and 
Niblick  1994; Wallis, Henen, and Nagy  1999). Sonoran Desert 
tortoises have at most one clutch per year while Mojave Desert 
tortoises may adopt a bet-hedging strategy and have additional 
clutches (up to three)—a behaviour thought to be tied to the un-
predictability of rainfall over their distribution (Averill-Murray, 
Christopher, and Henen 2018; Germano 1993).

A common zeitgeber is photoperiod, mediated by melatonin and 
light cues to the hypothalamus. The Mojave and Sonoran deserts 
are at roughly the same latitude and thus have similar photope-
riods. The zeitgeber in this case could be precipitation, where 
summer monsoon/non-monsoon rainfall asynchrony cues 
offset seasonal behaviours, forming prezygotic isolation barri-
ers (Hau et al. 2017; Quintero et al. 2014). Studies done in the 
Sonoran Desert have shown that concentrations of testosterone 
and luteinising hormone increase during summer monsoons, 
when breeding occurs (Deviche et al. 2006; Small, Sharp, and 
Deviche 2007). Precession-driven rainfall differences have been 
the zeitgeber for divergence among African giraffes (Coimbra 
et al. 2021; Thomassen et al. 2013). Divergence in regulatory el-
ements underlying these chronobiological molecular processes 
may encode such behavioural differences, if those differences 
manifest at the transcriptional level.

Some studies pose that cell cycle, circadian and circannual 
rhythms are coupled (Abrieux et al. 2020; Gaucher, Montellier, 
and Sassone-Corsi  2018; Hazlerigg and Lincoln  2011; Wood 
and Loudon 2014). Divergence in regulatory regions of MED12, 
MED26, ZFHX3 and SIN3B (which regulate gene transcription 

by different mechanisms) could manifest meta-transcriptional 
effects through the divergence of genes that control downstream 
regulation of suites of genes. Regulatory changes in chromatin 
remodelling complexes and hormone pathways may bring cas-
cading transcriptional effects. It makes intuitive sense that regu-
latory changes may mediate the molecular processes that control 
chronobiological behaviours, where it is likely to be the timing 
or signalling of transcription, rather than changes in the specific 
proteins, that matter. This is highlighted by the regulatory diver-
gence in transcription factor ZFHX3, which coordinates tran-
scription to zeitgebers, in this case perhaps rainfall seasonality 
(Deviche et  al.  2006; Small, Sharp, and Deviche  2007), which 
is thought to underlie behavioural reproductive differences of 
these lineages (Figure 7B).

4.4   |   Evolution of Cytonuclear Discordance

Cytonuclear discordance is proposed to play an important role 
in speciation via selection against hybrids (reviewed in Burton, 
Pereira, and Barreto 2013). While mitochondria are maternally 
inherited, the mitochondria-related genes diverged here are 
encoded by the nuclear genome. Given the documented mito-
chondrial divergence between the species (Edwards, Vaughn, 
et al. 2016), hybridisation of these lineages would allow for mito-
nuclear misalignment where nuclear-encoded genes of core mi-
tochondrial functions interact poorly with the mito-genome of 
the other lineage. In this case, mito-nuclear interactions would 
be a natural target of selection. Mitochondrial genomes evolve 
faster than nuclear genomes; however, nuclear genes encoding 
core mitochondrial functions could be under associated selec-
tion pressure to maintain functional parity with the mitogenome 
of its own nascent species (Burton, Pereira, and Barreto 2013). 
Our results suggest divergence in the localisation of mitochon-
dria within the cell (MSTO1 and ARMCX3), transportation of 
proteins related to mitochondrial functions (SLC25A38 and 
PNPT1) and mitoribosomal translation (MTRF1L). MTRF1L 
and SLC25A38 had 3′ UTR INDELs, implying potential post-
transcriptional differences between the species.

4.5   |   Expansion of Lung Mucins in Gopherus

We find extensive expansion of the MUC5 group in desert tor-
toises compared with less xeric tortoises and turtles (Figure 6D). 
The Mojave Desert tortoise has three more mucin copies 
in this array than G. evgoodei (nine total, four of which are 
pseudogenised; Figure  6D). The Sonoran tortoise has 16 total 
with only one pseudogenised. The transcript lengths of MUC5s 
vary greatly, indicating that if they are transcribed, they may 
have different functions. In humans, this region of the genome 
frequently recombines (Rousseau et al. 2004) and duplications in 
other species have resulted in tissue-specific expression (Sveen 
et al. 2017), potentiating greater pathogen specialisation (Padra 
et  al.  2014). In desert tortoises, evolution of the lung mucosal 
barrier could aid in sequestration of water to limit loss, and this 
could relate to the difference in drought duration between the 
deserts. The addition of transcription data would help determine 
which mucin genes are being expressed, and whether expression 
level is proportional to copy number or if dosage compensation 
has evolved to equalise transcript levels.
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Mucin 5 polymers also play a critical role in host defence by bind-
ing and trapping inhaled pathogens and could, therefore, play 
a role in adaptation to different pathogen challenges. A related 
diverged gene was ARMC4 (four exon SNPs and two promoter 
SNPs), which localises to the ciliary of respiratory epithelium 
and contributes to motor function of the cilia. Cilia transport 
mucus and foreign bodies (including pathogens) out of the lungs 
(Howell et al. 2023). Additionally, both deserts experience dust 
storms and MUC5B has been shown to be upregulated in re-
sponse to dust storms in humans (but not MUC5AC; Kim, Ye, 
and Shin 2011).

Taken together, there may be adaptive differences in brain–
lung homeostasis (see results) related to dietary energy and 
osmoregulation through lung and nasal mucosa that may be 
motivated by water and pathogen differences between the des-
erts. The species may be evolving differently in response to 
Mycoplasma agassizii (Brown et al. 1994), the causative agent 
of URTD, which presents with nasal discharge and lesions of 
the upper respiratory tract mucosa (Brown et al. 1999). URTD 
disproportionately affects Mojave Desert tortoises and con-
tributes to their population declines, many of which are below 
viability (Gov  2015; USFWS  2010). While the prevalence of 
M. agassizii among Sonoran Desert tortoises is also high, 

reports of URTD in wild Sonoran Desert tortoises are rare 
(Berry et al. 2015; Gov 2015; Jones n.d.). Given the differences 
in structural variation, genetic diversity and effective sizes 
(Table  1), Mojave Desert tortoises may be less able to adapt 
to novel pathogens or respond to greater drought challenges. 
Conversely, mucus formation requires water, so the lower 
MUC expansion in G. agassizii could be a response to lower 
water availability.

5   |   Conclusion

Analysis of genome-wide divergence of speciating desert tor-
toises revealed extensive differentiation in promoter regions as 
well as an expansion of mucin genes. Parsing the distribution 
of SNPs and INDELs across genic elements (promotor, UTRs 
and exons) indicate divergence among these lineages in energy 
and water homeostasis, UV-related DNA damage repair and 
cell cycle checkpoints, and environmental signal transduction 
coupled to chromatin conformation, transcription initiation 
and circadian rhythm. Cell cycle checkpoint and circadian 
and circannual processes are biorhythms critical to organism 
function which underlie key behavioural and reproductive dif-
ferences between these species. It would make sense that some 

FIGURE 7    |    Schematic showing evolutionary divergence in the regulatory regions of chronobiological processes. (A) XPA plays a key role in 
nucleotide excision repair of UV DNA damage and exhibits a circadian rhythm regulated by the clock gene BMAL1. XPA and its regulator XAB2 
showed extensive regulatory divergence which may relate to differences in circadian rhythm and DNA repair. Offsetting of internal clocks between 
the two species could results in hybrid incompatibilities. Circadian differences of tortoises shown here are only suggestions. (B) MED12 and MED26 
(part of the Mediator Complex, grey) and ZFHX3 all have promoter changes; ZFHX3 is a transcription factor expressed in the Suprachiasmatic 
Nucleus of the Hypothalamus that is directly involved in the regulation of sleep–wake cycles and circadian rhythms. Regulatory changes can impact 
the timing, specificity, or magnitude of transcription that underlie known seasonal differences in the timing of mating, laying and brumation 
behaviours of the tortoise species. Cell cycle, circadian and circannual rhythms are proposed to be coupled (see Section 4.22).
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adaptations, particularly temporal adaptations, be mediated 
through divergence in the timing and conditions under which 
genes are expressed. Results here suggest desert tortoises have 
speciated in part through divergence of regulatory elements that 
may control the expression timing of time-keeping genes and/
or hormone signalling, which can in turn have knock-on effects 
at the cellular and organismal level. Additional transcriptomic 
and proteomic data will be critical for testing this hypothesis in 
the future.
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