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Abstract

In 2011, the first high-quality genome assembly of a squamate reptile (lizard or snake) was published for the green anole. Dozens of genome
assemblies were subsequently published over the next decade, yet these assemblies were largely inadequate for answering fundamental
questions regarding genome evolution in squamates due to their lack of contiguity or annotation. As the “genomics age” was beginning to hitits
stride in many organismal study systems, progress in squamates was largely stagnant following the publication of the green anole genome. In
fact, zero high-quality (chromosome-level) squamate genomes were published between the years 2012 and 2017 However, since 2018, an
exponential increase in high-quality genome assemblies has materialized with 24 additional high-quality genomes published for species across the
squamate tree of life. As the field of squamate genomics is rapidly evolving, we provide a systematic review from an evolutionary genomics
perspective. We collated a near-complete list of publicly available squamate genome assemblies from more than half-a-dozen international and
third-party repositories and systematically evaluated them with regard to their overall quality, phylogenetic breadth, and usefulness for contin-
uing to provide accurate and efficient insights into genome evolution across squamate reptiles. This review both highlights and catalogs the
currently available genomic resources in squamates and their ability to address broader questions in vertebrates, specifically sex chromosome
and microchromosome evolution, while addressing why squamates may have received less historical focus and has caused their progress in
genomics to lag behind peer taxa.
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History and background The argument for why sequencing lizard genomes is neces-
sary, as a departure from human- and laboratory model-centric
taxa, was first made in 2005 (Losos et al. 2005). Five years
later, the green anole (Anolis carolinensis) genome appeared
on NCBI and the paper published the following year (Alfoldi
et al. 2011). However, genomics in squamate reptiles (lizards
and snakes) has lagged behind most other vertebrate groups
and all other amniote lineages (Hotaling et al. 2021). Another
7 yr passed until the second high-quality squamate genome
was made available through the intervention of the DNAZoo
sequencing initiative, with the re-scaffolding of the Burmese
python (Python bivittatus) genome into a chromosome-level
assembly (Fig. 1; Castoe et al. 2013; Dudchenko et al. 2017,
2018). Herein, we roughly define “high-quality” genomes as
those scaffolded into representative chromosomal linkage
groups (scaffolds) but acknowledge that this ignores the con-
tiguity of the primary assembly (contigs), which is possibly

Genome sequencing has revolutionized biology in every group
of organisms; however, some organismal groups have better
representation, genomically, than others. In the intervening
years between the first lizard karyotype (Tellyesniczky 1897)
and first published lizard genome (Alfoldi et al. 2011), many
questions have been raised where squamate reptiles stand to
provide unique insight into the patterns and processes of ge-
nome evolution including those character states shared with
other organismal groups (e.g. Pinto et al. 2019a; Perry et al.
2021) and those unique to squamates (e.g. Gamble 2019).
Namely, squamates provide an invaluable model system for 2
areas of active research: 1) the evolution of sex chromosomes
(Gamble et al. 2015a) and 2) the evolution and function of
microchromosomes (Perry et al. 2021). We start by briefly
reviewing the development of the history of squamate geno-
mics since its inception.
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more important for assembly accuracy and suggest readers
incorporate this metric when both assembling/publishing new
assemblies or choosing an available assembly for use. As of
12 July 2022, we had identified 73 “publicly available” ge-
nome assemblies across squamate reptiles, 8 1% of which were
published in the last 5 yr (2018 to present). Further, it’s been as
many years since the last review of squamate genomics (Deakin
and Ezaz 2019). Due to this lag behind other vertebrate groups,
such as birds—who recently surpassed 500 genome assemblies
(Bravo et al. 2021) for the approximately 11,162 available bird
species, squamates have largely been overlooked as a key evolu-
tionary group for genomics studies, with ~11,300 species until
just recently represented by the lone A. carolinensis genome
(Rhie et al. 2021; Hotaling et al. 2021; Uetz et al. 2022). Thus,
to help refresh this mindset, we provide an up-to-date review to
acclimate scientists, from taxonomically focused biologists to
computational biologists, on the state of genomics within squa-
mate reptiles—a key, yet understudied, model group to address
important biological questions in an evolutionary context.

Squamate genomics today

In Appendix I, we aggregated a near-complete list of squa-
mate genome assemblies and assembly information to la)
characterize why squamate genome assemblies have lagged
behind other groups and 1b) identify specific taxonomic
groups within the field that are lacking, 2) interrogate various
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assembly metrics across taxa to identify potential trends in
data generation and assembly, and 3) discuss how currently
available squamate genomes, although lacking in phyloge-
netic density (number of taxa), still possess the phylogenetic
breadth to revise how we think about vertebrate geno-
mics, specifically 3a) sex chromosome evolution and 3b)
microchromosome evolution. As of mid-2022 (the data col-
lection cutoff date for this manuscript), among all available
squamate genome assemblies, snakes outnumbered all others
combined (37 snake vs. 34 lizard assemblies). However, when
accounting for only high-quality assemblies the numbers re-
verse (9 snake vs. 16 lizard assemblies). Importantly, all but
one of these assemblies was published in the last 5 yr (Fig. 1).

One important factor in the historical lag in squamate ge-
nomics behind other amniotic groups is likely, at least in part,
due to faith placed in large-scale sequencing initiatives that
have then prioritized other groups. In short, the future of
high-quality squamate genome generation is in the hands of
those with a keen interest in reptiles. Large-scale sequencing
initiatives with large resource pools, such as the Vertebrate
Genome Project (VGP) consortium, have largely neglected
this speciose group of amniotes (Genome 10K Community
of Scientists 2009). For scale, according to the IUCN Red
List (i.e. Uetz et al. 2022), there are more non-avian reptiles
(11,690) than avian (birds; 11,162)—even approaching
twice as many species of squamates (11,300) than mammals
(6,578)—however, as of mid-2022 of the 129 amniote

High-quality genome assemblies (by year)
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Fig. 1. Chronological breakdown of genome assemblies published peryear and proportion of the assemblies that are chromosome-level (top panel)
or annotated (bottom panel). Importantly, not all chromosome-level genomes are annotated and most chromosome-level assemblies that improve a

previously annotated assembly do not publish updated annotations.
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genomes available through the VGP 33% (43/129) were
birds and 21% (27/129) were mammals, with a staggering
1.5% (2/129) and 3% (4/129) for squamates and non-avian
reptiles, respectively (https://hgdownload.soe.ucsc.edu/hubs/
VGP). Without changes to these trends, there appears to be
little hope for squamate genomes to be generated en masse
through these types of initiatives. Funding agencies appear
to be responding to this need and funding genome projects
by smaller research groups who are excited about, and com-
mitted to, assembling reptile genomes (authors pers. obs.).
One issue that continues to inhibit accurate character-
ization and analysis of squamate genomes broadly, is the
lack of centralization, or even a semi-centralization, of
the available genomic resources (Appendix I). While most
genomes have made their way to NCBI’s GenBank or other
international government-sponsored analogs (e.g. ENI,
CNCB), many remain scattered throughout unincorporated
repositories that remain difficult to track down a priori
(e.g. Figshare, GigaDB, DNAZoo, ctc.). However, we be-
lieve this issue is larger than researchers simply not wanting
to centralize these data for broader ease of access. From
a researcher perspective, submitting a genome to GenBank
(or similar repository) is a nontrivial task and becomes ex-
tremely cumbersome when attempting to accompany the
genome assembly with annotation information generated
“in-house.” Indeed, while it is a trivial task to upload a
gzipped FASTA and GFF file to a third-party data repos-
itory (e.g. Figshare), or even simply a FASTA genome file to
GenBank, uploading the GenBank-specific formatted as-
sembly/annotation has multiple challenges. For example,
most annotation programs don’t generate the required files
for downstream use, and it then falls on researchers to then
generate these files post hoc, opt for a third-party data re-
pository to save significant time and effort, or some hybrid
between the 2—with the assembly cataloged on a govern-
ment server and the annotation housed in a third-party re-
pository. Although there are a few available programs that
attempt to bridge this gap by piping necessary annotation
software together, they are not without their difficulties
(Cantarel et al. 2008; Hoff et al. 2019; Palmer 2020;
Banerjee et al. 2021). There remains a need to centralize
genome assemblies with consistent, high-quality annota-
tion information. At present, the ideal situation appears
to be submitting a genome to NCBI and inquiring with
RefSeq about providing annotation, which will generally
provide high-quality genome annotations assuming suffi-
cient RNAseq data is available. However, this avenue can
only progress once the genome has been publicly released
and can take many months due to an ever-growing queue.
Accompanying high-quality genome assemblies with com-
plimentary genome annotation is essential for drawing sig-
nificant biological insights from new high-quality, reference
genome assemblies. Thus, we must forewarn that although
the increased quality of DNA sequencing technologies and
genome assembly tools have caused a “boom” in genome
assembly generation across the tree of life, the subfield of
squamate genomics may “bust” under its own weight if
steps are not taken soon to address the laborious nature
of genome annotation and data dissemination. We see po-
tential avenues for cloud computing to lessen this burden
for individual research groups as databases, such as NCBI’s
Sequence Read Archive (SRA), move to becoming avail-
able on the cloud (https://anvilproject.org/ncpi). It is widely
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known that NCBI’s GenBank, for example, provides exten-
sive curation services and continues to expand its functions
and utility, such as recently adding the NCBI Datasets
(https://www.ncbi.nlm.nih.gov/datasets/) for  querying
data across studies and the Comparative Genome Viewer
(https://ncbi.nlm.nih.gov/genome/cgv) for understanding
synteny across reference assemblies. We hypothesize that
these functions will only increase in utility if the activation
energy for data uploading were to be reduced in some way.

Why have squamate genomics lagged behind
other groups?

Two major factors appear to have synchronously contributed
to the lag in squamate genome sequencing relative to other ver-
tebrate groups: genome size and funding. For most vertebrate
groups, genomic investigations have benefited from either small
genome sizes (i.e. could accomplish more with less) and/or sub-
stantial funding models (i.e. could accomplish more with more).
For example, birds (637 assemblies representing 11,162 spe-
cies; Bravo et al. 2021) and fishes (594 assemblies representing
32,000 species; Randhawa and Pawar 2021) each possess some
of the smallest vertebrate genomes described—most within the
~0.4 to 1.4 Gb range. While far larger genome sizes occur in
mammals (~2.5 to 3.5 Gb), applied funding from health and ag-
ricultural sources (far exceeding that allocated to other verte-
brate groups, such as squamates) have offset similar phenomena
in the field of mammal genome sequencing (Supplementary
Table 1). In the most extreme case, amphibian genomes are even
larger and suffer more greatly than squamates due to this form
of genome size bias, however, further extrapolation here is be-
yond the scope of the current article. At a glance, squamates
have an average genome size of 1.73 Gb (N = 71), ranging from
1.1 Gb in Crotalus pyrrhus assembly (Gilbert et al. 2014) to 2.86
Gb in Sceloporus occidentalis. However, this estimate is fraught
with bias due to an overabundance of low-quality short-read
assemblies that likely skew the genome size estimates lower than
reality (Supplementary Figs. 2 and 3). We can roughly account
for this by discarding all genome size estimates from primary
assemblies derived from short-read technologies, assuming long-
read primary assemblies are better representations of the repeat
content within a genome (Rhoads and Au 2015). This provides
a revised estimate of the approximate average genome size in
squamates of 1.86 Gb (N = 17), ranging from 1.39 Gb in Lacerta
agilis to 2.86 Gb in S. occidentalis. Thus, the larger genome sizes
in squamates, albeit on average still ~0.8 to 1 Gb smaller than
mammals, combined with less overall funding than mamma-
lian taxa, has likely led to a stagnation in high-quality genome
assemblies in squamates—that is until the cost of sequencing
decreased exponentially over the past 5 yr (Wetterstrand 2021).
Thus, as sequencing costs have declined exponentially, requiring
less funding to accomplish more sequencing, the subfield of
squamate genomics has finally erupted and is beginning to
flourish (Fig. 1).

What taxonomic groups remain unsampled?

An overarching theme of the current state of squamate ge-
nomics is that, while few groups are adequately represented
in terms of genomic resources (such as elapid snakes—15
genomes from 395 species), most squamate groups are in dire
need of additional high-quality genomic resources (such as
geckos, from our very biased point-of-view, which include
2,186 species, but only 6 genomes). However, there are many

€202 1snbny {7z uo Jasn Ateiqi] meT Ajsiaaiun apenbuely Aq G2 1L601L2/SY1/S/1 )L L/B1oe/patayl/wod dno-olwapede//:sdiy woly papeojumoq


https://hgdownload.soe.ucsc.edu/hubs/VGP
https://hgdownload.soe.ucsc.edu/hubs/VGP
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad023#supplementary-data
https://anvilproject.org/ncpi
https://www.ncbi.nlm.nih.gov/datasets/
https://ncbi.nlm.nih.gov/genome/cgv
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad023#supplementary-data
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad023#supplementary-data
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad023#supplementary-data

448

extremely diverse and evolutionarily important groups that
are completely absent, such as chameleons (222 species),
amphisbaenids (182 species), and scincomorphs (1,886 spe-
cies) (Fig. 2). In fact, approximately 5 yr ago, a high-quality
multitissue transcriptome was published for the veiled cha-
meleon (Chamaeleo calyptratus) with an accompanying call
for additional genomic resources to be generated for this ex-
tremely interesting clade (Pinto et al. 2019b). However, to
date, there has yet to be a single genome assembly of any
quality, made publicly available for a chameleon—with a sim-
ilar situation at play in scincomorphs and many other squa-
mate families (Fig. 2). Indeed, of the 46 squamate families
that appear in Fig. 2, 31 families including all chameleons and
scincomorphs—occurring globally, except Antarctica—have
no publicly available reference genomes. Future directions in
squamate genomics should focus on including these missing
taxa as important players in the investigations in the geno-
mics of vertebrates.

Trends in data generation and assembly

Regardless of sequencing methodology implemented, most
empiricists have become aware that the quality of sample
collection and preparation can “make or break” a genome
assembly experiment. This includes every stage of sample
preparation up to its conversion from bases to bytes, in-
cluding, but not limited to: tissue selection, dissection,
storage, extraction, library prep, sequencing, and assembly
(Dahn et al. 2022; Pinto et al. 2022, 2023a). Many squamate
species are rare/hard to collect, have a limited distribution
(Meiri et al. 2018), and lack material in museum collections
adequate for long-read sequencing or chromatic-contact
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sequencing (HiC). Most species will need new specimens to
be collected specifically for a genome sequencing project.
Fortunately, relative to some other animal groups (e.g fresh-
water bivalves (Smith 2021) and Xiphophorus fishes [author’s
pers. obs.]), squamate DNA appears to remain remarkably
stable throughout this process, which provides some relief
for field collection and suboptimal tissue conditions—prefer-
ring blood or liver tissue when available (Dahn et al. 2022;
Pinto et al. 2022, 2023a). These factors prime squamates to
benefit from recent advances in sequencing technology—Ilike
long, accurate sequencing reads—that have opened new
doors in genome assembly. Just as the publication of the first
human reference genome at the turn of the century signaled
the beginnings of the “genomics age,” the recent publication
of the complete human telomere-to-telomere (T2T) genome
assembly has signaled a “rebirth” of the genomics age, where
now all model systems can be subject to high-quality refer-
ence genomes for relatively low cost, including squamates
(Rhie et al. 2021; Sun et al. 2021; Nurk et al. 2022; Pinto et
al. 2022, 2023a). Recent advances in increasing contiguity of
primary genome assemblies has been driven by third gener-
ation sequencing technologies, including Pacific Biosciences
(PacBio) and Oxford Nanopore platforms (e.g. Peona et
al. 2020; Nurk et al. 2022). For the past 2 yr, PacBio High
Fidelity (HiFi) reads have shown that high-accuracy reads
(~20 kb; phred quality scores ~20+) can outperform longer
reads with lower accuracy (~40 kb+; phred quality scores
~10) in many cases—certainly at the cost-per-base (Lang et
al. 2020; Peona et al. 2020; Vollger et al. 2020). However,
recent data also confirmed that some genomic regions re-
quire ultra-long-read lengths to overcome extremely long
stretches of repetitive DNA, some lengths of which may still
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be unachievable, but certainly enforces a hard ceiling for the
“coverage-to-contiguity” ratio at around 30x when using
HiFi data alone (Sun et al. 2021; Pinto et al. 2023a). That
said, Oxford Nanopore’s forthcoming Q20 chemistry (Kit 14
with the R10.4.1 flowcell) may provide the missing link in
completing T2T genome assemblies that makes them more
approachable to squamate researchers on a tight budget.
One way of accelerating genome assembly generation
across squamates would be to decentralize sequencing and
assembly. This is currently how squamate genomics has ad-
vanced and assisting the field in this endeavor is one goal of
this manuscript. However, it is far from as decentralized as one
might imagine. Indeed, when delving into where lepidosaur
(squamates and the tuatara) genome assemblies are derived
from, the research group doing the sequencing (inferred via
first and last authorships), and the vast majority of assemblies
come from research groups in the “global north” (75%; 55/73)
and China (21%; 15/73); totaling 96% of all assemblies
(70/73). This leaves only 3 assemblies having been generated
by the rest of the global community. Importantly, these num-
bers do not account for the middle-author contributions to
projects made by members of the global south, which are no
doubt significant. In response to these types of devastating
numbers, organizations, such as GetGenome (getgenome.net),
may be helpful in reducing this disparity between the global
north and south. Importantly, organizations like this that for-
mally empower groups to conduct this work in-house, instead
of outsourcing to a consortium, will likely produce greater
innovation using these data in the long run (e.g. Hofstra et al.
2020) and could help more broadly mitigate the current state
of scientific exclusion of the global south within the subfield.
As such, it is important to note that since the subfield of squa-
mate genomics is relatively young we are in an optimal posi-
tion to lead an equitable globalization effort moving forward
with regard to data generation and usage—an important step-
pingstone for the herpetological field more broadly.

Practical considerations regarding sex chromosomes in
squamate genomics

More generally, as genome sequencing technologies are ca-
pable of producing both long and accurate sequence reads, an
important step to genome assembly is producing fully phased,
or haplotype-resolved, genome assemblies in place of tradi-
tional chimeric assembly where alleles are assembled together
(Cheng et al. 2021, 2022). This may allow for the resolution
of divergent genomic regions of biological importance, such
as polyploid genomes, heterozygous inversions, alternative
splice variants, and sex chromosomes (XY or ZW). Indeed,
once haplotype-resolved genomes become common within
squamates, sex chromosomes within the assemblies will be
phased—as they are in the human genome and some others
(Webster et al. 2019; Nurk et al. 2022).

Once both sex chromosomes (X and Y or Z and W) are
present in the reference assembly, researchers will need to
specifically assess and account for the sex chromosome com-
plement when conducting bioinformatic experiments, such
as read mapping and variant calling (Webster et al. 2019;
Olney et al. 2020; Carey et al. 2022; Pinto et al. 2023b).
To effectively account for sex chromosome complement
in an assembly, haplotypes of the sex chromosomes must
be resolved. In tandem with this paper, the first attempt at
generating a haplotype-resolved genome of a squamate, a
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temperature-dependent sex-determining gecko—the leopard
gecko, Eublepharis macularius, was published (Pinto et al.
2023a). With this along with other recent assemblies, the ad-
vent of reference quality, phased genomes for squamate taxa
has become achievable for the average research group and
bodes well for the future study of sex chromosomes across
squamates.

Genomics and sex chromosomes in squamates
Squamates are an invaluable model system for studying sex
chromosome evolution. Within their ranks all 3 major modes
of vertebrate sex determination occur: environmentally de-
termined sex (temperature dependence) and genetic sex de-
termination (both male heterogamety [XX/XY] and female
heterogamety [ZZ/ZW] systems), with multiple independent
transitions among the 3 mechanisms (Gamble et al. 2015a;
Stock et al. 2021). Studying squamates provides a powerful
system to better understand the gaps in our knowledge of sex
chromosome evolution broadly; specifically questions such as
1) are some linkage groups more likely to be recruited as a
sex-determining role than others?, 2) are ancient sex chro-
mosome systems an evolutionary trap that species cannot
escape?, and 3) how do mechanisms of dosage balance and
compensation between the sexes evolve? (e.g. Gamble et al.
2015a; Rupp et al. 2017; Nielsen et al. 2019; Kratochvil et al.
2021). We explore these topics framed by how modern squa-
mate genomics stand to help answer these questions.

(1) Are some linkage groups more likely to be recruited as a
sex-determining role than others?

The identification and characterization of sex chromosome
systems are perhaps the most well-reviewed aspect of squa-
mate genomics—whose study has also been intimately as-
sociated with the advent of genomics in squamates—with
progress increasing exponentially in recent years (Gamble
2010; Gamble et al. 2015a, 2017, 2018; Kratochvil et al.
2021; Stock et al. 2021; Pinto et al. 2022). Four species-rich
clades, with known, conserved sex chromosome systems—
pleurodonts (iguanas, spiny lizards, and anoles, excluding
corytophanids); caenophidian snakes; skinks; and lacertids—
make up approximately 60% of squamate species (Rovatsos
et al. 2014, 2015, 2019c¢; Nielsen et al. 2019; Kostmann et
al. 2021). The remaining 40% of squamate species are in
clades with varying levels of sex chromosome conservation,
although transitions are likely common in many of these
groups (Gamble et al. 2015a, 2017; Nielsen et al. 2018;
Keating et al. 2022; Pinto et al. 2022). Given the available
data it has been suggested that linkage group recruitment as
sex chromosomes is nonrandom, i.e. some linkage groups are
more likely to be recruited as a sex chromosome than others
(Kratochvil et al. 2021). However, the pattern was weak
and the discovery of additional linkage groups acting as sex
chromosomes in geckos and dibamids requires a reevaluation
(Pinto et al. 2022; Rovatsos et al. 2022; Pensabene et al.
2023). Additionally, inferences that all taxa within a clade
share an ancestral sex chromosome, i.e. knowing 5% of
taxa sex chromosome systems and inferring that we know
~60%, is drawn from Occam’s razor using sparse sampling
(Kostmann et al. 2021), but in squamate sex chromosome
evolution, where sex chromosome turnovers are common-
place, this kind of assumption has been shown to be un-
true (e.g. Gamble et al. 2017). Thus, it stands to reason that
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this 60% figure may be an overestimate. Fortunately, recent
advances in DNA sequencing technologies have allowed us
to sample more broadly and ask finer-scale questions about
how sex chromosomes originate, degenerate, and turnover
(e.g. Gamble et al. 2015a, 2017, 2018; Nielsen et al. 2018,
2019, 2020; Acosta et al. 2019; Rovatsos et al. 2019b, 2022;
Keating et al. 2020; Kostmann et al. 2021; Pinto et al. 2022);
so the intertwined nature of developing squamate genomics
and sex chromosome evolution presents great promise for fu-
ture work in identifying and characterizing sex chromosome
linkage groups across squamates.

The most conclusive evidence of shared ancestry of a sex
chromosome system is the identification of a conserved pri-
mary sex determiner (or primary sex-determining [PSD] gene)
among focal taxa (such as Sry in therian mammals; Graves
2008). However, no prior publication has yet assembled the
X/Z chromosome and then identified a putative PSD in a
squamate, until now. Indeed, high-quality genome assemblies
and annotations are only recently allowing us to confidently
implicate putative PSDs in squamates. The first example
to our knowledge being the Puerto Rican leaf-litter gecko,
Sphaerodactylus townsendi (Box 1). It’s worth noting that
previous implications of PSDs in squamates (Pogona vitticeps
(Sr1) and anguimorphs (Amh): Varanus komodoensis and
Heloderma suspectum) were based on incomplete catalogs of
Z-linked genes (Deakin et al. 2016; Rovatsos et al. 2019b;
Webster et al. 2023). In an ideal world, assembling both the
complete X/Z and Y/W would yield the best possible candi-
date PSD. Beyond implicating a candidate PSD, 1 downstream
issue that is in the process of being overcome is that even
upon the identification/confirmation of a putative PSD, we
have limited capability to perform functional tests to confirm
a putative sex-determining gene. Although there is significant
progress happening on this front with the first successful gene
editing in an Anolis lizard and a gecko (Rasys et al. 2019; Abe
et al. 2023). High-quality genome assemblies and annotations
are crucial to expanding the utility of functional genomic tools
in squamates. Thus, although high-quality genomes are now
allowing us to better characterize putative PSDs in squamates,
we are still a few years away from using gene editing to con-
firm these putative PSDs in different squamate species.

(2) Are ancient sex chromosome systems an evolutionary
trap that species cannot escape?

Early sex chromosome work highlighting mammalian and
avian taxa suggested that perhaps ancient sex chromosome
systems may become so entangled in the biology of the
organisms’ development that it served as an “evolutionary
trap,” to which there was little chance of escape (Bull 1983;
Bull and Charnov 1985; Pokornid and Kratochvil 2009;
Gamble et al. 2015a; Nielsen et al. 2019). Indeed, many
taxa that possess an ancient, ancestral sex chromosome
system appear to remain evolutionarily ensnared within it,
including mammals (XY), birds (ZW), Drosophila (XY),
lepidopterans (ZW), and “advanced” snakes (ZW) (Ohno
1967; Graves 2008; Bachtrog et al. 2014; Rovatsos et al.
2015; Gambleet al. 2017; Webster et al. 2023). To our knowl-
edge, there are few empirical examples of taxa escaping
old, degenerated sex chromosome systems (Rovatsos et al.
2019a; Terao et al. 2022). However, 1 possible example
within squamates are the basilisk and casque-headed lizards
(Corytophanidae) that possess a different sex chromosome
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Box 1. Sex chromosomes and sex
determination in squamates, a case for
high-quality genome annotations

In 2021, the chromosome-level genome of Sphaerodactylus
townsendi helped elucidate the dynamic evolution of sex
chromosomes within this genus of geckos (Pinto et al. 2022).
However, when examining the annotated gene content within
the identified sex-determining region (SDR) in the initial anno-
tation [MPM_Stown_v2.2], we found no sign of a putative sex-
determining gene (gene known to have a consequential role in
the vertebrate sex-determining pathway). Through collaboration
with NCBI RefSeq, this genome was re-annotated using only
existing RNAseq data (i.e. no new transcriptomic data were
generated between annotations) using the NCBI Eukaryotic
Genome Annotation Pipeline. NCBI Annotation Release 100 of
MPM_Stown_v2.3 provided significant improvements to the an-
notation quality (BUSCO completeness of annotated peptides
from 61.5% to 92.5% using BUSCO [v5.12]). When reexamining
the SDR of S. townsendi using this new annotation, a candi-
date primary sex-determining (PSD) gene became clear, anti-
Miillerian hormone receptor 2 (AMHR2). Indeed, AMHR2
has been identified as the independently evolved PSD genein
at least 2 groups of fish, fugu and ayu (Kamiya et al. 2012;
Nakamoto et al. 2021) and its inactivation causes male-to-female
sex reversal in the Northern Pike (Pan et al. 2022). This exam-
ple supports that—even without generation of additional data—
high-quality annotations can be generated for divergent species
with minimal available transcriptomic data. However, it is also
likely that this high level of quality for genome annotation is be-
yond the reach of many (if not most) biology-focused research
groups, as it was for us (Pinto et al. 2022). We suggest that this
may serve as motivation for the generation of the development
of additional genome annotation pipelines or the adaptation of
existing pipelines to be more approachable “lay-empiricists” in-
terested in answering these fundamental types of questions in
newer model systems.

system than all other pleurodonts. Phylogenetic uncertainty
plagues this claim as a conclusive case of escaping the trap
and more work is needed (Acosta et al. 2019; Nielsen et
al. 2019). However, as more and more transitions among
sex-determining systems have been identified it is unclear
whether all sex chromosomes are destined to become
traps. Because they have a variety of sex-determining sys-
tems with numerous transitions among them (Ezaz et al.
2009; Pokorna and Kratochvil 2009; Gamble et al. 2015a,
2017) squamates are an excellent model to investigate this
question.

(3) How do mechanisms of dosage balance and
compensation between the sexes evolve?

Perhaps the scarcest data available regarding sex chromosomes
in squamates lies in how these animals deal with gene dosage
changes that evolve in response to the degeneration of the
sex-limited sex chromosome. In many well-characterized an-
imal model systems, such as the XY systems of mammals and
fruit flies or the ZW systems in birds and moths, differences
in gene copy number between the sex chromosomes can result
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in myriad disparate outcomes (Vicoso and Bachtrog 2009;
Bachtrog et al. 2014; Gu and Walters 2017). Sex chromosome
dosage work contains 2 interrelated questions specific to genes
within the non-recombining region of the sex chromosomes,
1) what is the gene dosage between the sexes, relative to each
other, known as dosage balance, and 2) what is the gene
dosage of the sex chromosomes in each sex relative to the
ancestral (autosomal) condition, known as dosage compen-
sation (Gu and Walters 2017). For instance, in mammals and
moths there are mechanism(s) to globally silence one of the 2
X/Z chromosomes in homogametic individuals to balance the
dosage between the sexes; however, although global expres-
sion between the sexes is equal, expression in both sexes is
lower than the ancestral condition. In other words, mammals
and moths possess dosage balance mechanisms, but not those
for dosage compensation. Meanwhile, sex chromosomes in
fruit flies are both balanced and compensated for, and birds
are neither balanced or compensated (Gu and Walters 2017).
Because the outcomes of changes in gene dosage are dispa-
rate across taxa, more naturally occurring “evolutionary
experiments” are desperately needed to better understand the
underpinnings of these phenomena.

Due to the lability of sex chromosomes across squamates,
they may again play a pivotal role in deciphering the broader
mechanistic underpinnings of sex chromosome gene dosage.
Indeed, a unique characteristic of squamates relative to most
other amniotes is that, due to the high rates of sex chromo-
some turnover, one can more easily infer the ancestral, au-
tosomal gene expression level of multiple sex chromosome
systems using closely related species (e.g. Keating 2022) in-
stead of using distant proxies, which may introduce addi-
tional uncertainty (e.g. Webster et al. 2023). This concept has
been used across taxonomic groups to elucidate the evolu-
tionary history of a variety of traits (e.g. Blount et al. 2018;
Sackton and Clark 2019; Smith et al. 2020; Neemuchwala et
al. 2023). In squamates specifically, this concept has been used
to study many other independently evolved traits such as ad-
hesive digits (Gamble et al. 2012) and photic activity patterns
(Gamble et al. 2015b; Pinto et al. 2019a), among many others.
Thus, to more effectively study how dosage compensation
mechanisms evolve in amniotes, squamates are an important
model system to utilize. However, to-date the lack of genomic
resources have especially hindered these investigations. This
is a direct result of the lack of high-quality genomic resources
available for squamates prior to 2018—because knowing
how genes are linked together is necessary information to
investigate dosage (Vicoso et al. 2013; Keating et al. 2022;
Webster et al. 2023).

As stated in the introduction, the only high-quality ge-
nome available prior to 2018 was the 4. carolinensis genome
(Alfoldi et al. 2011), as such, we know that 4. carolinensis
possesses both dosage balance and compensation (Marin et
al. 2017; Rupp et al. 2017). Clever application of the Anolis
genome to similar analyses in snakes also identified relatively
early on that caenophidian, so-called “advanced,” snakes, like
birds, lack both dosage balance and compensation (Vicoso et
al. 2013), which was later confirmed using additional high-
quality snake resources (Schield et al. 2019). More recently,
conceptually similar approaches to those used by Vicoso et al.
(2013) have led to an increase in transcriptomic data mapped
to a distant relative genome to elucidate presence/absence of
dosage balance in corytophanid (Pleurodonta), pygopodid
(Gekkota), and anguimorph lizards (Nielsen et al. 2019;
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Rovatsos et al. 2019b, 2021). Additional work, including ad-
ditional genomic data, have led to additional findings that
both anguimorphs and diplodactylids (Gekkota), similar to
birds and snakes, appear to lack both dosage balance and
compensation (Keating 2022; Webster et al. 2023). Indeed,
given the sheer diversity within Squamata our knowledge
of how these animals handle dosage differences between the
sexes is exceptionally sparse.

Trending with previous sections regarding the necessity of
high-quality annotations to accompany high-quality genome
assemblies (e.g. Box 1) also apply ad infinitum to studying
sex chromosome dosage. When examining dosage there are
essentially 2 scales one can use to examine differences be-
tween the sexes 1) global and 2) positional scales. 1) Global
can only be used to study dosage balance at a broad scale,
where comparing gene expression differences between males
and females on different linkage groups (e.g. Nielsen et al.
2019; Rovatsos et al. 2019b, 2021). However, as the name
might imply, this scale provides little insight into the fine-scale
processes of sex chromosome evolution. Indeed, when a high-
quality reference is available for a given species (or close rel-
ative) one can conduct 2) finer-scale, positional examinations
of gene expression across the pseudo-autosomal (PAR)
boundary and decrease noise from “misplaced” genes that are
no longer linked in the focal taxon, even if they are in a dis-
tant relative such as chicken or Anolis (Schield et al. 2019;
Webster et al. 2023). Further, when examining expression
on smaller chromosomes with relatively few genes, missing
genes due to poor annotation quality can decrease statistical
power to detect changes in dosage significantly (e.g. Keating
2022; Webster et al. 2023). Thus in addition to addressing
broader questions, such as those discussed above, high-quality
annotations are necessary to accompany new reference
genomes being generated to better understand how sex chro-
mosome dosage evolves, identify putative sex-determining
genes (Box 1), and more generally to better characterize the
“sexomes” of squamate reptiles (Stock et al. 2021).

Microchromosome evolution

In chicken, early 20th century cytologists identified 12 easily
distinguishable large chromosomes and an additional 18+
smaller, dot-like chromosomes; Dr. Nettie Stevens notably
prefaced this finding in her laboratory notebook with, “im-
possible to tell how many small ones” (Boring 1923; Hance
1924). Later work coined the term “microchromosomes” to
describe these “innumerable” small chromosomes and their
larger counterparts as “macrochromosomes” (Yamashina
1944; Newcomer 1957; Ohno 1961). However, no univer-
sally agreed upon definition of a microchromosome has yet to
be established in the literature, certainly not since the advent
of high-quality genome assemblies in reptiles (Boring 1923;
Newcomer 1957; Ohno 1961; Fillon 1998). Indeed, at the
advent of genome sequencing in birds, chicken chromosomes
were arbitrarily grouped as macrochromosomes (1 to 5), in-
termediate chromosomes (5 to 10), and microchromosomes
(11+) (Hillier et al. 2004). Subsequent studies have either
used these criteria, grouping macrochromosomes and inter-
mediate chromosomes as macrochromosomes, ranging in
size from ~23 to ~200 Mb (O’Connor et al. 2019), or es-
tablished their own criteria for an arbitrary cutoff, such as
10, 30, or 50 Mb (Perry et al. 2021; Srikulnath et al. 2021;
Waters et al. 2021; Karawita et al. 2023). However, these
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arbitrary categorizations—enforced across vertebrates—
make direct comparisons between taxa difficult and may
encourage spurious correlations from these artifacts. These
factors, among others, warrant a re-analysis of “what is a
microchromosome?” and “why are they important?” and we
demonstrate how squamate genomics provides vital insight
into these questions.

Microchromosomes, no matter how they are defined, are
present in most vertebrate groups (Srikulnath et al. 2021).
However, their evolution remains murky—they have ei-
ther been inherited from a common ancestor and lost inde-
pendently multiple times or gained and lost independently
multiple times. Since microchromosomes have historically
been inhibitively difficult to assemble prior to long-read
sequencing technologies, studies detailing finer-scale analyses
have been lacking. Importantly, studies have lacked proper
controls in an evolutionary context. No analysis to-date of
microchromosomes using genomic sequence data has included,
and specifically accounted for, the 2 squamate lineages that
are known to not possess microchromosomes, i.e. geckos and
lacertids (Tellyesniczky 1897; Olmo 1986; Olmo et al. 1990;
Srikulnath 2013; Deakin and Ezaz 2019; Pinto et al. 2022).
Indeed, past studies excluding these groups have shown that
microchromosomes have a set of distinct properties relative
to macrochromosomes, including higher GC content, higher
gene density, and a distinct nuclear architecture (Perry et al.
2021; Srikulnath et al. 2021). Here, we take a fresh look across
vertebrates (mostly reptiles) as a primer to better understand
the biology of microchromosomes and their evolution.

Are microchromosomes conserved across reptiles?

Microchromosomes were likely present in the ancestor of
all reptiles, including birds (Waters et al. 2021). However,
within squamates, the hypothesis that the MRCA possessed
microchromosomes has never been explicitly examined with
synteny analyses including both geckos and lacertids. Support
for an ancestral lack of microchromosomes in squamates would
appear as strong conservation of linkage groups between geckos
and lacertids regarding microchromosome fusions, which we
do not see (Fig. 3). Instead, we observe lineage-specific fusions
of microchromosomes to different macrochromosomes in
geckos and lacertids. Furthermore, there is a near 1:1 rela-
tionship of microchromosomal synteny across snakes, teiids,
and anguimorphs—spanning the phylogenetic breadth of non-
gekkotan squamates and extending to birds (Fig. 3). Thus, geckos
and lacertids have most likely lost microchromosomes twice in-
dependently. Additionally, when losing microchromosomes in
both taxa it is apparent that, although their absolute size tends to
fluctuate between taxa, their relative sizes tend to stay the same
(i.e. small chromosomes tend to stay small}—unless they be-
come fused to other chromosomes, which contrasts the patterns
seen in some birds, such as chicken—which has gained multiple
microchromosomes relative to the inferred ancestral karyotype
(O’Connor et al. 2019). Given the currently available data, these
additions to the microchromosome evolution discourse provide
some insight into the evolutionary processes involved in the
gains/losses of microchromosomes in certain vertebrate lineages.

What is a microchromosome?

A null prediction of genomic composition of a chromosome
might suggest, since the majority of an animal’s DNA is non-
coding—all else being equal—that smaller chromosomes
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should have higher gene density. Similarly, GC-biased gene
conversion may also lead to overall higher GC content on
smaller chromosomes (Fullerton et al. 2001)—since smaller
chromosomes also have less space to recombine this GC bias
should, in-turn, scale with chromosome size. Therefore, to
truly deviate from this null expectation, a“microchromosome”
should deviate from what’s observed from closely related spe-
cies that do not possess microchromosomes. These expecta-
tions are supported by a strong linear relationship between
chromosome size and gene content/GC content in species
without microchromosomes, which is exactly what we see in
the gecko (Pearson’s r: gene content = 0.865***/GC content =
—0.781***) lacertid (gene = 0.699**/GC = —0.727*%), al-
ligator (gene = 0.936***/GC = —0.720%), and even human
(gene = 0.857***/GC = —0.598%*) (Supplementary Fig. 1,
panels A-D).

With a null expectation between chromosome size, gene and
GC content established, we examine deeper when/if deviations
occur in taxa that possess microchromosomes. We find that
non-avian reptiles do not deviate from the expectation of
GC content based solely on chromosome size. Evidence for
this observation is 2-fold, 1) the overall range of GC content
remains constant in non-avian reptiles, from about 42% to
52% genome-wide, and 2) the correlation between GC con-
tent chromosome size remains constant (Pearson’s » >—0.6)
and significant in all taxa except the snake (Supplementary
Fig. 1, panels E-H), which has distinct distribution of data—
compared with all other taxa—with an apparent break be-
tween chromosomal GC content between 40% and 42%
(Supplementary Fig. 1, panel G). Since the extremely high GC
content and presence of immensely small microchromosomes
(<10 MD) in birds are both independently derived since their
divergence with their closest extant relatives (crocodilians
and testudines, respectively), it is difficult to draw broader
conclusions from analyzing bird genomes alone. In this con-
text, birds also do not appear to deviate from the expectation
set by other vertebrates, however, the shear diminutiveness
of their microchromosomes appears to have caused them to
increase GC content much higher than non-avian vertebrates
have attained, ranging from 40% to 63% (Supplementary
Fig. 1, panels I-L). For birds, this excessive GC content in
microchromosomes may be related to the presence of both
endothermy and microchromosomes, as higher GC content is
associated with thermostability of DNA molecules (Bernardi
and Bernardi 1986).

Since the advent of HiC in squamates (2018 to present,
e.g. Shield et al. 2019; Pinto et al. 2022) new understandings
of microchromosome evolution have begun to emerge, yet
are still being explored at a fundamental level. As the lines
between macro- and microchromosomes somewhat blur
in the age of chromosome-level genome assemblies, re-
cent work has begun exploring the nuclear organization of
microchromosomes in reptiles (Perry et al. 2021). Specifically,
HiC data implicate a distinct intracellular compartmentaliza-
tion of microchromosomes in the nucleus (Perry et al. 2021;
Waters et al. 2021). Importantly, previous investigations
were either missing data from geckos and lacertids or used
arbitrary cutoffs to infer the presence of microchromosomes
when they were not present (Fig. 4).

It is difficult to generalize across study systems when
using arbitrary numerical cutoffs for what makes a
microchromosome in different taxa. We briefly explored this
concept in available bird data (chicken, zebra finch, and black
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swan; Supplementary Fig. 1, panels I-K). Specifically, we used
2 arbitrary cutoffs to group macro/micro chromosomes 1)
microchromosomes <30 Mb and 2) microchromosomes < 10
Mb. We can see that chromosomes <10 Mb possess far
more extreme values of gene and GC content than those
>10 Mb more-or-less meeting the a priori expectations of
microchromosomal composition. However, using a <30 Mb
cutoff is more representative of the original karyotypic “def-
inition” of a microchromosome (Boring 1923). Importantly,
when investigating the correlation between chromosome
size, GC content, and chromosomal interaction within a
single species, the black swan showed a disassociation be-
tween chromosome size and 1) higher GC content and 2)
chromatin conformation that are both generally associated
with microchromosomes (Fig. 4A; Supplementary Fig. 1,
panel K). We see that although a < 30 Mb cutoff is repre-
sentative of the karyotypic definition of microchromosome,
only chromosomes at a < 15 Mb cutoff appear to be enriched
for the predicted microchromosomal interaction that
“true” microchromosomes are expected to possess (Fig. 4A;
Perry et al. 2021). Thus, it is unclear how to best navigate
categorizing chromosomes as macro/micro and the down-
stream implications on studying the innate properties of these
entities.

These inconsistencies bring up a logical conflict as to the
nomenclature of microchromosomes. At this point, there
are 2 equally valid ways to “define” a microchromosome, 1)
the historical definition of small dot-like chromosomes that
are difficult to pair cytogenetically (e.g. Boring 1923; Hance
1924) or 2) a grouping of relatively small chromosomes
within a genome that possess a distinct nuclear organization
(Fig. 4; Perry et al. 2021; Waters et al. 2021). It is important
to note that, like in the tegu (Fig. 4B), these definitions do not
necessarily conflict, however, like in the swan (Fig. 4A), they
may. By either definition, it is clear that some taxa possess
microchromosomes and others do not (Fig. 4; Olmo et al.

1990; Perry et al. 2021; Srikulnath et al. 2021; Pinto et al.
2022). Thus, it is important to resolve these conflicts by using
specific language that conveys these intricacies. We suggest
that rather than attempt to redefine what a microchromosome
is a posteriori, we qualify the evidence weighted to how we
describe microchromosomes. Specifically, at least until we
better understand the nuclear function of the observed nu-
clear organizations of microchromosomes, we can retain
the historical definition 1) of microchromosomes and specif-
ically preface those microchromosomes that are isolated in
the nucleus as “organized microchromosomes.” For an ex-
ample under this framework, the black swan (Fig. 4A), all
chromosomes <30 Mb (10 to 28) are microchromosomes,
but only chromosomes <15 Mb would likely be considered
“organized microchromosomes”; however, in the tegu (Fig.
4B) all microchromosomes would be considered organized
microchromosomes. This type of classification may help
clarify communication regarding microchromosomes and any
potential functional role these sequestered microchromosomal
foci may have across taxa. Further investigations into the ev-
olution of microchromosomes are necessary and likely on-
going, however, to fully understand how microchromosomes
evolve the field will need access to additional genomic data
from across squamates.

Conclusion

In conclusion, as prices in genome sequencing continue to
fall, squamate genomics will exponentially increase (see also
Card et al. 2023). However, keeping up with this progress will
not be a trivial task. We show here that the currently avail-
able reference genomes, however sparse, are phylogenetically
broad enough to make significant contributions to our under-
standing of genome evolution in vertebrates and additional
data will only serve to deepen this understanding. We caution
that high-quality genomes without high-quality annotations
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are limited in their utility to the broader field, but this is an
area that needs additional attention from both funding sources,
program developers, and empiricists; we see potential for cloud
computing as a resource for this work. Current work in sex
chromosome and microchromosome evolution (among others)
stand to make great strides in coming years as high-quality ge-
nomic data become more prevalent in additional taxa. Thus,
squamate genomics as a field has blossomed in recent years
and this presents a bright outlook for the future of genomics of
these often overlooked, yet speciose and charismatic animals.

Methods

We compiled a near-complete list of all available lepidosaur
genome assemblies from GenBank (NCBI), Ensembl (EVI),

DNA Zoo (Dudchenko et al. 2017), National Genomics
Data Center (CNCB), and individual paper data repositories
(e.g. Figshare and GigaDB). We noted the disclosed
technologies used to acquire the assembly (from either the
database, when available, or the primary article) whether
each assembly had an accompanying annotation file avail-
able from the download source. We then downloaded each
assembly to confirm its existence/availability and calcu-
lated basic statistics on each using assembly-stats [v1.0.1]
(https://github.com/sanger-pathogens/assembly-stats).
We then conducted a literature search to identify the sex-
determining system of each species (if known), the linkage
group (in Gallus gallus), the sex-determining region loca-
tion (if known), and putative sex-determining genes. We
used this information to assess whether each assembly was
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considered to be “chromosome-level” or not (in squamates
generally, if the scaffold L50 <8 but varies by species) and
analyzed this subset using BUSCO [v5.1.2] (Simdo et al.
2015) on the gVolante web server [v2.0.0] (Nishimura et al.
2017). Further, for the 4 genome assemblies of species that
were not annotated, which also had an outdated assembly
that was annotated, we used Liftoff [v1.6.3] (Shumate and
Salzberg 2021) and uploaded them to an archived repository
for public availability and reuse (https://doi.org/10.6084/
m9.figshare.20201099). All counts of number of species
per clade were collected from Reptile Database (Uetz et al.
2022).

To better understand the genomic composition of reptiles,
we used the aforementioned information to best inform which
taxa would be the most informative to 3 downstream analyses.
1) We compiled summary information for representative
genomes across amniotes with per chromosome information
for number of genes and GC content from NCBI (a lizard,
Podarcis muralis; 2 birds, G. gallus and Taeniopygia guttata; a
turtle, Mauremys mutica; and human, Homo sapiens), with a
few exceptions that were not directly available through NCBI
including gene numbers for other representative squamates:
Shinisaurus crocodilurus (Liftoff), S. townsendi, and Naja
naja. In addition, we calculated gene number and GC con-
tent for Alligator sinensis (Liftoff) and GC content only for
Cygnus atratus. For each species, we conducted Bayesian and
frequentist correlation analyses using JASP (JASP Team 2022)
between each of 3 variables: GC content, gene number, and
chromosome size (the latter 2 normalized by dividing each by
the mean value for each). 2) From a representative number of
taxa with chromosome-level reference genomes, we generated
a synteny map across squamates, rooted with chicken. We
generated corresponding peptide files from each genome using
gffread (Pertea and Pertea 2020) and calculated the synteny
map using Genespace (Lovell et al. 2022). 3) We then collated
chromatin-contact information from the DNAZoo for a bird
(C. atratus) and squamate (Salvator merianae) and used the
recently published contact map from the leopard gecko, E.
macularius (Pinto et al. 2023a). For P. muralis, we had to gen-
erate a contact map (that had not been previously published)
from the published genome data (PRINAS515813; Andrade et
al. 2019). We used Juicer and 3D-DNA to generate the contact
map (Dudchenko et al. 2017) and generated images (Fig. 4)
at a standardized resolution using Juicebox Assembly Tools
[v1.11.08] (Durand et al. 2016).

Supplementary material

Supplementary material is available at Journal of Heredity
online.
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Data availability

As indicated above, our cutoff for finding and including ad-
ditional genomes to the dataset for this paper was 12 July
2022 and the information used for this study is summarized
in Appendix I. However, we have continued aggregating
genomes to the summary table beyond this date and have
appended them to a live document available here (https://
drpintothe2nd.weebly.com/squamates.html). We will con-
tinue updating this spreadsheet for the foreseeable future,
likely either until genomes become too numerous to keep up
with or a better resource is made available. Please feel free to
reach out to BJP via email to incorporate additional resources
or make corrections to the list.
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