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Abstract
A combined approach based on karyology and DNA taxonomy allowed us to characterize the taxonomic
peculiarities in 10 Mesoamerican lizard species, belonging to six genera and five families, inhabiting two
Biosphere Reserve in Chiapas, Mexico: La Sepultura Biosphere Reserve, and Montes Azules Biosphere. The
karyotypes of four species, Phyllodactylus sp. 3 (P. tuberculosus species group) (2n = 38), Holcosus festivus (Lichtenstein et von Martens, 1856) (2n = 50), Anolis lemurinus Cope, 1861 (2n = 40), and A. uniformis Cope,
1885 (2n = 29–30) are described for the first time, the last one showing a particular X1X1X2X2/X1X2Y condition. In Aspidoscelis deppii (Wiegmann, 1834) (2n = 50) and Anolis capito Peters, 1863 (2n = 42), we found
a different karyotype from the ones previously reported for these species. Moreover, in A. capito, the cytogenetic observation is concurrent with a considerable genetic divergence (9%) at the studied mtDNA marker
(MT-ND2), which is indicative of a putative new cryptic species. The skink Scincella cherriei (Cope, 1893),
showed high values of genetic divergence (5.2% at 16S gene) between the specimens from Montes Azules
and those from Costa Rica and Nicaragua, comparable to the values typical of sister species in skinks. A lower
level of genetic divergence, compatible with an intraspecific phylogeographic structure, has been identified
in Lepidophyma flavimaculatum Duméril, 1851. These new data identify taxa that urgently require more indepth taxonomic studies especially in these areas where habitat alteration is proceeding at an alarming rate.
Copyright Riccardo Castiglia et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction
The Mesoamerican biota, with its number of endemics in different groups of taxa is
one of the most diverse and interesting on the planet (for revision see Ríos-Muñoz
2013). The herpetofauna of this region is one of the richest in taxa groups in the continent (Savage 1982; Wilson and Johnson 2010). Part of this richness is managed and
protected under the Biosphere Reserves (UNESCO 2018), which comprises terrestrial,
marine, and coastal ecosystems and promote conservation of biodiversity along with
its sustainable use. In Mexico, 42 Biosphere Reserves have been created since 1977,
encompassing the majority of the environments found in the country (Udvardi 1984).
Saurians are one of the most representative group in terms of karyotypic diversification among reptiles (Olmo and Signorino 2005) and the study of chromosomal
evolution in reptiles has received much attention thanks to advanced molecular cytogenetics tools (Deakin and Ezaz 2019; Rovatsos et al. 2019). However, even conventional
karyotypes data can be informative in taxonomy (e.g. Santos et al. 2007; Matos et al.
2016; Hardy et al. 2017; Giovannotti et al. 2017).
Our previous studies aimed to genetically characterize the lizard community of a
tropical dry forest in the Chamela-Cuixmala Biosphere Reserve (Jalisco state, Mexico)
by means of DNA and chromosome analysis (Castiglia et al. 2009, 2010). Even if the
herpetofauna of the area was previously quite well known, with two field guides already
published (García and Ceballos 1994; Ramirez-Bautista 1994), several new karyotypes
of unstudied species were described and species that showed high intraspecific genetic
divergence were identified. Later, these findings were confirmed by more extended
studies and led to the description of new species (García-Vázquez et al. 2018a, b;
Ramírez-Reyes and Flores-Villela 2018).
This study aims to extend the genetic characterization of lizard species in two additional Biosphere Reserves in Mesoamerica: La Sepultura and Montes Azules Biosphere
Reserves, both in Chiapas state, Mexico. From a biotic perspective, Chiapas is an area
of transition between the herpetofauna of Mexico and that of Central America, along
with the one of the Yucatan Peninsula (Lee 1996). Its herpetofauna, is the second largest among all the states in Mexico. The level of endemism is also high with 17.6% of
species limited to Mexico. However, habitat alteration in Chiapas is proceeding at a
rapid rate, as a result of rising human population growth and the damage that this creates to natural systems (Johnson et al. 2015).
In the present study, karyotypes of the sampled species have been characterized.
Then, in conjunction with karyotype data, mtDNA genes for different species, sequenced here and available from GeneBank, were used as molecular markers to identify new putative cryptic species and/or new evolutionarily significant units (ESU)
(Funk and Fa 2006).
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Material and methods
Study area and sampling specimens
Lizard specimens here analyzed were sampled in two localities: La Sepultura Biosphere
Reserve, during September 2009, and Montes Azules Biosphere Reserve during 2012,
Chiapas state, Mexico (Fig. 1), hereafter La Sepultura and Montes Azules, respectively.
The physiographic profile of Chiapas state consists of a set of layered regions oriented
in a NW–SE direction. The sampled areas belong to two different physiographic regions, respectively: La Sepultura belongs to the Pacific Coastal Plain and is characterized mainly by dry tropical forest in its lower parts, while Montes Azules belongs to the
Eastern Highlands with the evergreen tropical forest (García de Miranda and Falcón de
Gyves 1986). Maps were generated in QGIS version 2.18.9 ‘Las Palmas’ (QGIS 2017),
using map shapes from North American Land Change Monitoring System (NALCMS
2020) for North American ecosystems and CONANP (2019) for protected and conservation areas of Mexico.
The specimens were captured by hand in active searching in random walks along
the surveyed localities. Details on voucher numbers, genes sequenced, chromosome
complements and sampled localities, for each species are shown in Table 1. Taxonomic
classification and species distribution follow Uetz et al. (2020). All the tissues and
chromosomal samples were labeled with RCMX (field numbers of Riccardo Castiglia)
and housed in the herpetological collection of the Museum of Comparative Anatomy of Vertebrates “Battista Grassi” of the University “La Sapienza”, Rome, Italy. The
voucher specimens, preserved in 80% ethanol, were partly kept in the Museum of
Zoology “Alfonso L. Herrera”, Mexico City, D.F. (OFV field number of Oscar FloresVillela), and the remaining specimens in the Museum of Comparative Anatomy of
Vertebrates “Battista Grassi”.

Karyotype and molecular analysis
For karyotyping, specimens were injected with a 1:1000 solution of Velbe (Lilly) for
one hour. The femurs, vertebral column, and testes were removed, crushed and left in
hypotonic solution (0.075 M KCl) for 40 minutes at room temperature. Cells were
collected by centrifugation and fixed with a methanol-acetic acid solution (3:1). Metaphase plates were prepared by standard air-drying method and slides were stained with
Giemsa (pH = 7). Metaphases images were captured with a Photometrics Sensys 1600
digital camera (Roper Scientific Photometrics, Tucson, AZ). For each species, we identified the diploid number (2n), the number of macro- and microchromosomes, and
the morphology of macrochromosomes. In some species, it was also possible to assess
the morphology of the largest microchromosomes.
For molecular analyses, tissues were extracted from liver and body muscle, and preserved in 100% ethanol. A fragment of the mtDNA genome was sequenced for each
species, and the sequenced genes were either cytochrome b (MT-CYB), NADH-ubiquinone oxidoreductase core subunit 2 (MT-ND2) or mitochondrially encoded 16S rRNA
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Figure 1. Map showing the collection localities of specimens used in this study, in La Sepultura and
Montes Azules Biosphere Reserves, Chiapas state, Mexico.

(16S) (Table 1). The choice of molecular markers depended primarily on the availability
of DNA sequences of congeneric and/or conspecific specimens in the GenBank (see
results section for accession numbers of sequences downloaded from GenBank).
The QIAmp tissue extraction kit (Qiagen) was used for DNA extraction. We
used the universal primers L14841 and H15149 (Kocher et al. 1989) for MT-CYB
amplification and two pairs of primers, L4160-ND1 / H4980-ND2 and L4437
tRNAMet / H5934a COI, designed by Macey et al. (1999) for the MT-ND2 gene.
Sequences of 16S gene were obtained using the primers 16SA-L and 16SB-H described in Palumbi et al. (1991). The standard PCR procedure was applied as detailed in Castiglia et al. (2010).
Molecular identification of the specimen was performed with the BLAST algorithm (https://blast.ncbi.nlm.nih.gov/Blast.cgi) using, the newly obtained sequences
and searching for highly similar sequences (Mega BLAST) on the entire nucleotide
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Table 1. Details of gene sequenced, chromosome complement and sampled localities, for each species
studied in this work. In voucher numbers, OFV indicated those specimens held in the Museum of Zoology “Alfonso L. Herrera”, Mexico City; every other specimen is held in the Museum of Comparative
Anatomy of Vertebrates “Battista Grassi” of the Rome University “La Sapienza”, Rome, Italy.
Taxon

Squamata
Scincidae
Scincella assata

Scincella cherriei
Phyllodactylidae
Phyllodactylus sp.3

Xantusiidae
Lepidophyma
flavimaculatum

Teiidae
Aspidoscelis deppii

Voucher

Gene
sequenced

GenBank
accession
numbers

Karyotype

Locality

RCMX 85
RCMX 86
RCMX 92
RCMX 219 (OFV 1197)
RCMX 235

16S

–
–
MW265933
MW265931
MW265932

2n = 28 (7M + 14 m)

La Sepultura
Biosphere Reserve

2n = 30 (7M + 16 m)

Montes Azules
Biosphere Reserve

RCMX 67
RCMX 69
RCMX 93

MT-CYB

MW275909
MW275910
MW275911

2n = 38

La Sepultura
Biosphere Reserve

RCMX 207 (OFV 1177)
RCMX 208 (OFV 1178)
RCMX 212 (OFV 1179)
RCMX 213 (OFV 1180)
RCMX 232 (OFV 1255)

MT-CYB

–
–
MW275912
MW275913
MW275914

2n = 38 (18M + 20m)

Montes Azules
Biosphere Reserve

RCMX 76

MT-CYB

MW275915

2n = 52 (28M + 24m)

MT-ND2

MW275916
–
MW275917
MW275918

2n = 50 (26M + 24m)

La Sepultura
Biosphere Reserve
Montes Azules
Biosphere Reserve

2n = 50 (26M + 24m)

La Sepultura
Biosphere Reserve

MW275927
MW275928
MW275930
MW275929
MW275919
MW275925
MW275926
MW275920
MW275921
MW275922
MW275923
MW275924

2n = 42 (24M + 18m)

Montes Azules
Biosphere Reserve
Montes Azules
Biosphere Reserve
Montes Azules
Biosphere Reserve

Holcosus festivus

RCMX 223 (OFV 1213)
RCMX 224 (OFV 1214)
RCMX 233
Holcosus undulatus
RCMX 77
Dactyloidae
Anolis capito
Anolis lemurinus
Anolis uniformis

RCMX 217 (OFV 1203)
RCMX 218 (OFV 1204)
RCMX 214 (OFV1186)
RCMX 225 (OFV 1215)
RCMX 201 (OFV 1160)
RCMX 203
RCMX 205 (OFV 1164)
RCMX 206 (OFV 1176)
RCMX 209 (OFV 1183)
RCMX 210 (OFV 1173)
RCMX 215 (OFV 1182)
RCMX 226 (OFV 1211)

16S

MT-ND2

MT-ND2
MT-ND2
MT-ND2

2n = 40 (24M + 16m)
2n = 29/30 (14M + 15/16m)

collection database. When sequence identity was below 98% the sequences were
aligned with the sequences from the same species and/or same genus downloaded from
GenBank. Phylogenetic relationships were evaluated with Bayesian inference (BI) and
the BI tree was built with the software MrBayes v3.2.1 (Ronquist and Huelsenbeck
2003), under the assumption of a GTR + I + G (General Time Reversible) model of
sequence evolution. The appropriate evolution model was chosen using the software
jModeltest 2.1 (Darriba et al. 2012) following the Bayesian (BIC) and Akaike (AIC)
information criteria. Two independent Markov Chain Monte Carlo (MCMC) analy-
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ses were run with four chains and two million generations sampling the chains every
1,000 generations. A burn-in of 10% of generated trees was applied. The software
Tracer 1.7 (Rambaut et al. 2018) was used to check parameters convergence. Only the
values of posterior probabilities (p.p.) major than 50 are reported on the tree. All the
twenty-five new sequences are submitted to GenBank (Table 1).
For some species a TCS Parsimony Network (Clement et al. 2002) connecting
haplotypes was obtained with popART (Leigh and Bryant 2015) to visualize mutational steps among main lineages. Gene abbreviation follows HUGO Gene Nomenclature
Committee at the European Bioinformatics Institute (HGNC 2019).

Results and discussion
We obtained karyological and molecular data for 10 species (Fig. 2, Table 1), belonging to six genera and five families. The accounts below describe the species of lizards
studied, with comments on their distribution, karyotypes, systematics, and voucher
specimens. Voucher specimens with an asterisk (*) were karyotyped.
Order Squamata
Family Scincidae
Genus Scincella Mittleman, 1950
The Mexican herpetofauna includes seven Scincella species that formerly belonged to
the genus Sphenomorphus Fitzinger, 1843. They were reassigned to Scincella based on
molecular phylogenetic analyses (Honda et al. 2003; Linkem et al. 2011). The two species, Scincella assata (Cope, 1864) and S. cherriei (Cope, 1893), belong to this group
and are sister species following Linkem et al. (2011). Both of them have already been
karyotyped in a recent study (Castiglia et al. 2013a, see comments below).
Scincella assata (Cope, 1864)
Red forest skink
Distribution. This species is distributed from Colima state, Mexico, southwards to Chiapas state, on the Pacific coast, and towards the southwest to Guatemala and Honduras.
Samples. RCMX85 (male*), RCMX86 (female*) and RCMX92 (female*) from
La Sepultura, Chiapas, Mexico.
DNA taxonomy. See below under S. cherriei (Cope, 1893) account.
Chromosomes. The karyotype, described in Castiglia et al. (2013a) shows a diploid number of 2n = 28 and heteromorphic sex chromosomes. The diploid complement present four pairs of large metacentrics, two pairs of medium sized metacentrics,
and one pair of heteromorphic (XY) sex chromosomes (pair 7; one small subtelocentric
and one microchromosome). The remaining chromosomes are microchromosomes.
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Figure 2. Some lizard species analyzed in present study (Photos by Riccardo Castiglia) A Anolis capito
B Anolis lemurinus C Holcosus festivus D Lepidophyma flavimaculatum E Anolis uniformis.

Scincella cherriei (Cope, 1893)
Brown forest skink
Distribution. This species inhabits Mexico, from central Veracruz to extreme southeastern Puebla, northern Oaxaca state, southwards to Central America on the Atlantic
coast, including the Yucatan Peninsula in México, reaching the eastern Panama.
Samples. RCMX219 (male) and RCMX235 (male*) from Estación Chajul, Selva
Lacandona, Montes Azules, Chiapas state, Mexico.
DNA taxonomy. The BI phylogenetic tree has been performed on 448-bp
alignment of the 16S gene for four individuals of Scincella cherriei [RCMX219 and
RCMX235 from the Montes Azules, one from Costa Rica (JF498076) and one from
Nicaragua (AB057392)] and three individuals of Scincella assata [RCMX92 from La
Sepultura, and two from El Salvador (JF498074 and JF498075)]. Scincella lateralis
(Say, 1822) (AB057402 and JF498077) and S. reevesii (Gray, 1838) (JF498078) were
used as outgroups. The tree (Fig. 3) shows S. assata as a monophyletic and well supported group (p.p.: 1.0), including the individual from La Sepultura. The two indi-
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S. cherriei (Nicaragua)

AB057392

1

S. cherriei (Costa Rica)

JF498076

0,97

S. cherriei (Selva Lacandona)

0,99

RCMX219

S. cherriei (Selva Lacandona)

RCMX235

S. assata (La Sepultura)

RCMX92
1

S. assata (El Salvador)

1

JF498074

S. assata (El Salvador)

JF498075

S. lateralis

1

AB057402

S. lateralis

JF498077

S. reevesii

JF498078
0.0060

Figure 3. Bayesian phylogenetic tree (16S) of 16S haplotypes from Mexican Scincella species. In bold,
the new individuals from this study; the geographic provenience of each individual is reported in brackets.

viduals of S. cherriei from the Montes Azules, southern Mexico, form a well-supported
group separated from the other two individuals from Costa Rica and Nicaragua that
fall in a well distinct clade (p.p.: 1.0).
The genetic divergence between the two specimens of S. cherriei from the Montes
Azules and S. cherriei from other localities is high (5.2%), comparable to the divergence between S. assata and S. cherriei (6.6%-6.2%). The nominal subspecies S. c. cherriei (Cope, 1893), was described from Palmar, Costa Rica, which is far from from the
Montes Azules. The lineage of S. cherriei from the Montes Azules may represent a different taxon worthy of additional detailed morphological and genetic studies.
Chromosomes. The karyotype, described in Castiglia et al. (2013a), shows a diploid number of 2n = 30 and in this case the presence of heteromorphic (XY) sex chromosomes. The diploid complement of S. cherriei differs from its sister species S. assata
by the presence of an additional pair of microchromosomes.
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Family Phyllodactylidae
Genus Phyllodactylus Gray, 1828
The genus Phyllodactylus is now constrained to the New World (Bauer et al. 1997;
Gamble et al. 2008). Albeit there are more than 50 species in the genus, karyological data are very scant (Weiss and Hedges 2007; Blair et al. 2009; Nielsen et al.
2019). Recently, many species groups within the genus have been studied using
molecular phylogenetic and species delimitation methods, and several additional
cryptic species have been revealed (Blair et al. 2015; Koch et al. 2016; RamírezReyes et al. 2017).
Phyllodactylus sp. 3 (P. tuberculosus species group, lineage A11 sensu Blair et al. 2015)
Yellowbelly gecko
Distribution. provisional distribution of this lineage, probably representing an undescribed species, is restricted to Pacific coast of eastern Oaxaca and western Chiapas
states, Mexico (Blair et al. 2015).
Samples. RCMX67 (female*), RCMX69 (male*) and RCMX93 (female*) from
La Sepultura, Chiapas state, Mexico.
DNA taxonomy. Blair et al. (2015) reported the most complete phylogeny of the
Phyllodactylus tuberculosus species group, defining the presence of 11 distinct lineages
that represent separated species. We aligned the obtained 579-bp MT-CYB sequences
from our samples to the 115 MT-CYB sequences of the 11 lineages reported by Blair et
al. (2015) using Tarentola mauritanica (Linnaeus, 1758) (JQ425060) as the outgroup.
The TCS network (Fig. 4) indicated that the haplotypes of our samples are similar
those belonging to the lineage A11 (Blair et al. 2015), from Oaxaca and Chiapas states,
and show a shallow genetic divergence (1.2%) compared to A11. Therefore, we provisionally assigned the samples from La Sepultura to this lineage.
Chromosomes. The first description of the karyotype of one species of the P. tuberculosus complex is reported here (Fig. 5A). The three specimens analyzed (two females
and one male) showed a 2n = 38 with no distinction in macro- and microchromosomes.
All chromosomes are telocentric with exception of two pairs of small metacentric chromosomes (pair 14). We found no evidence of heteromorphic sex chromosomes.
As previously reported, 2n = 38 is the most common karyotype found in species
of the genus Phyllodactylus from the Pacific coast of Mexico (Castiglia et al. 2009;
Murphy et al. 2009). Exceptions are constituted by P. paucituberculatus Dixon, 1960
and P. lanei Smith, 1935 (sensu Ramírex-Reyes and Flores-Villela 2018), which have
2n = 32 and 2n = 33–34, respectively (Castiglia et al. 2009). The 2n = 38 karyotype is
normally all-acrocentric, except for some records in P. bugastrolepis Dixon, 1966 and
P. papenfussi Murphy, Blair et Mendes de la Cruz, 2019 (Murphy et al. 2009). The ZW
sex determination system has been found in P. wirshingi Kerster et Smith, 1955 (Nielsen et al. 2019) and, probably, in P. lanei (King, 1981). In all taxa, there is no distinct
break between macro- and microchromosomes. The karyotype of the specimens from
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RCMX67

a11

RCMX69

a5

a11

a11

a11
a9

a9

a4

a4

a10
a9

a2

a7
a1

a7

a8

a1

a1

b3
b2
b2

b4

b5
b5

b4

Figure 4. TCS network of MT-CYTB haplotypes of Phyllodactylus tuberculosus species group. The colors
refer to the 11 lineages reported by Blair et al. (2015) for this species complex. The lineage “A11” and the
new specimens here analysed are indicated (see text for further explanation).

La Sepultura described here, is similar to the gekkonid karyotype defined by Gorman
(1973). In fact, the typical gekkonid karyotype is composed of a series of acrocentric
chromosomes, gradually decreasing in size, with few or no bi-armed chromosomes and
no distinct boundary between macrochromosomes and microchromosomes (Bickham
1984). The 2n = 38 acrocentric karyotype is considered to be the ancestral in the families Gekkonidae, Diplodactylidae, and Eublepharidae. In Phyllodactylidae the chromosomal number ranges from 2n = 32 to 2n = 44 (Pellegrino et al. 2009). While the
karyotype of the genus Phyllodactylus seems rather conservative, the pair of metacentric
chromosomes in the here studied specimens indicates presence of intrachromosomal
rearrangements (Pokorná et al. 2015). Therefore, these chromosomes may represent
chromosomal markers for further investigation in this genus characterized by multiple
cryptic species (Blair et al. 2015).
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Figure 5. Karyotypes of A Phyllodactylus sp.3 (2n = 38, RCMX69 male) B Holcosus festivus (2n = 50,
RCMX224 female) C Holcosus undulatus parvus (2n = 50, RCMX77 female) D Aspidoscelis deppii
(2n = 52, RCMX76 female).
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Family Xantusiidae
Genus Lepidophyma Duméril, 1851
The genus Lepidophyma comprises 20 recognized species and is particularly speciose
in Mexico, where 15 species are endemic and, in some cases, restricted to a particular
mountain landscape (Palacios-Aguilar et al. 2018). Only two species of this genus are
widely distributed in Mexico and Central America: L. smithii Boucourt, 1876 and
L. flavimaculatum Duméril, 1851. However, the former is paraphyletic with respect to
L. lineri Smith, 1973 and the latter includes a previously unrecognized species from
Chiapas state, Mexico (Noonan et al. 2013).
Lepidophyma flavimaculatum Duméril, 1851
Yellow-spotted night lizard
Note. Bezy and Camarillo (2002) did not recognize subspecies, although they admitted that populations of this taxon form a complex, therefore representing more than
one taxon. It is the only vertebrate species with unisexual parthenogenetic populations
that are of non-hybrid origin (Sinclair et al. 2010).
Distribution. Found on the Gulf of Mexico coast from Veracruz and Oaxaca,
crossing the base of the Yucatan peninsula, through Central America to Panama.
Samples. RCMX207 (female*), RCMX208 (male*), RCMX212 (female*), RCMX213
(male*), and RCMX232 (female*) from Montes Azules, Chiapas state, Mexico.
DNA taxonomy. Our samples have been identified on a morphological basis as
Lepidophyma flavimaculatum, a species already reported for Chiapas. We aligned our
309 bp MT-CYB sequences to the 14 haplotypes of the same species published in Sinclair et al. (2010) from Honduras, Nicaragua and Belize, as well as the unisexual populations from Costa Rica and Panama; L. reticulatum Taylor, 1955 and L. lipetzi Smith
et Del Toro, 1977 were used as outgroups. The phylogenetic trees (Fig. 6A) showed
that our samples are sister to the L. flavimaculatum clade, but it forms a separate and
well supported lineage (p.p. = 1) with 3.9% of genetic divergence. The TCS network
(Fig. 6B) confirms that the samples from Chiapas are differentiated from all the other
populations of L. flavimaculatum by 8 substitutions, whereas the other haplotypes differ
from each other by not more than 3 substitutions. The shallow distinction of the Chiapas population may reflect the phylogeographic structure of the species, in accordance
with its distant geographical location. Moreover, Bezy (1989) found that Chiapas specimens are morphologically distinct from other southern Mexican samples. Therefore,
additional comparative studies at the northern edge of the species range are needed.
Chromosomes. Diploid chromosome complements vary from 2n = 24 to 2n = 40
in Xantusiidae (Olmo and Signorino 2005). Within Xantusia Baird, 1859 the karyotypic formula is highly conserved with all studied species displaying 2n = 40, while the
genus Lepidophyma is much more variable with diploid number ranging from 2n = 32
to 2n = 38 (Olmo and Signorino 2005). There is no evidence of heteromorphic sex
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Costa Rica
Panama
Nicaragua
Belize
Honduras

Ll 1017
Ll 5285
Ll 923
Ll 168
Ll 1066
0.5
Ll 1072

Montes Azules

Ll 182

0.73

Ll 30
Ll 999
Ll 1214
Ll 4135
0.78
Ll 13355

(B)

Ll 11570
Ll 13200

1

RCMX213
RCMX212

Montes Azules

RCMX232
L. reticulatum
6318

1

L. reticulatum
6319

0.58

L. reticulatum
6320

L. lipetzi

(A)

3972

Figure 6. Bayesian phylogenetic tree (A) and TCS network (B) of 16S haplotypes belonging to Lepidophyma flavimaculatum. The colors refer to the geographic provenience of individuals. In bold, the new
specimens from this study.

chromosomes within the family, but recently a ZZ/ZW sex chromosomes system was
described in the X. henshawi Stejneger, 1893 (Nielsen et al. 2020). In L. flavimaculatum unisexual parthenogenetic populations are known from Panama and southeastern
Costa Rica, whereas northern populations are bisexual. All unisexual populations so
far studied are diploid (2n = 38), except one mosaic individual (2n/3n) (Bezy 1972).
All individuals presently analysed (Fig. 7) showed 2n = 38 with 18 macrochromosomes
and 20 microchromosomes, as previously reported by Bezy (1972).
Family Teiidae
Genus Aspidoscelis Fitzinger, 1843
Species of the genus Aspidoscelis were previously included in Cnemidophorus Wagler,
1830, but based upon divergent morphological, molecular, and enzymatic characters
the two genera were separated (Reeder et al. 2002). Thus, Aspidoscelis was resurrected for
the North American Cnemidophorus clade containing 87 species included in the A. deppii, A. sexlineata and A. tigris species groups (and the unisexual taxa associated with
them). Aspidoscelis occurs throughout most of North America (except Canada and much
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Figure 7. The karyotype of Lepidophyma flavimaculatum (2n = 38, RCMX208 male).

of northern United States), reaching the East and West Coasts of the United States, and
ranging south through all Mexico and into Central America (Harvey et al. 2012).
The species groups differ also in their karyotypes. 2n = 52 is observed in the deppii
group, 2n = 46 in the sexlineata group, and 2n = 46 with XY sex chromosomal system in
the tigris group. Lowe et al. (1970) suggested a chromosomal evolution pattern through
a reduction of the diploid number. This view has been slightly modified by Reeder et al.
(2002), who considered that the ancestor probably had a karyotype of 2n = 50.
Aspidoscelis deppii (Wiegmann, 1834)
Blackbelly racerunner
Distribution. The species has a wide distribution from Morelos and Michoacan (Mexico) south to Guatemala, El Salvador, Honduras, Nicaragua and Costa Rica.
Samples. RCMX76 (female*) from La Sepultura, Chiapas, Mexico.
DNA taxonomy. The MT-CYB sequence (294-bp) is 4% divergent from GenBank sequences of Aspidoscelis deppii (KF555517-21) from Mexico (Playa Miramar,
Tabasco). Despite the wide distribution, there are no studies on the intraspecific genetic variability of this species. It is a pity because this slight divergence in the MT-CYB
could match with a different karyotype (see below).
Chromosomes. In the genus Aspidoscelis chromosomal number ranges from
2n = 44 to 2n = 56, with some species showing triploid numbers, such as Aspidoscelis tesselatus (Say, 1823), with 69 chromosomes (Walker et al. 1997). The 2n = 44 is
the most common diploid number in this genus (Carvalho et al. 2015). Therefore, a
low diploid number could represent an ancestral condition. All-acrocentric karyotypes
with 2n = 52 (28M + 24m) (Lowe et al. 1970) and 2n = 50 (26M + 24m) (ManríquezMorán et al. 2000) were reported in Aspidoscelis deppii from an unknown location and
from Yucatan, respectively. Therefore, the two karyotypes differ in the number of macrochromosomes. Concurrently with Lowe et al. (1970), we found a 2n = 52 (28M +
24m) (Fig. 5D) all-acrocentric chromosome complement in our sample from Chiapas.
This result is also consistent with phylogenetic relationships, since a diploid comple-
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ment 2n = 52 (28M + 24m) was found in other two species so far analyzed, A. guttatus Wiegmann, 1834 and A. lineattissimus (Cope, 1878), which are closely related to
A. deppii (Lowe et al. 1970; Carvalho et al. 2015).
Genus Holcosus Cope, 1862
Ten species formerly assigned to the genus Ameiva F. Meyer, 1795 have been reassigned
to the genus Holcosus and reorganized in three species groups (Harvey et al. 2012).
Both species analyzed here are included in the same H. undulatus species group, which
contains a total of six species (Harvey et al. 2012): H. chaitzami Stuart, 1942, H.
festivus (Lichtenstein et von Martens, 1856), H. leptophrys (Cope, 1893), H. niceforoi
(Dunn, 1943), H. quadrilineatus (Hallowell, 1860), and H. undulatus (Wiegmann,
1834). The genus Holcosus has uncertain relationships within Teiidae (Harvey et al.
2012) and has been considered sister to the genus Cnemidophorus (Pyron et al. 2013).
Holcosus festivus (Lichtenstein et von Martens, 1856)
Middle American ameiva
Distribution. This species is found in the lowlands of Tabasco and Mexico down to
Colombia; it does not enter in the Yucatan Peninsula.
Samples. RCMX223 (female*), RCMX224 (female*), and RCMX233 (female)
from Estación Chajul, Selva Lacandona, Montes Azules, Chiapas, Mexico.
DNA taxonomy. The 600-bp PCR-amplified fragments of the MT-ND2 gene
were identical in the two specimens (RCMX223 and RCMX233). The BLASTn search
showed that this sequence belongs to Holcosus festivus, with 99.8% – 100% identity to
H. festivus (KR058107, Montes Azules) and 96% identity to the other two H. festivus
samples (KR058105 and KR058106, Costa Rica).
Chromosomes. Here we report the first karyotype description for H. festivus
(Fig. 5B). We analyzed two female individuals, both with the diploid number 2n = 50.
The karyotype is composed of a gradual series of acrocentric chromosomes: 26 macroand 24 microchromosomes. The largest pair of chromosomes shows a secondary constriction at the distal end (see discussion below under the H. undulatus account).
Holcosus undulatus (Wiegmann, 1834)
Rainbow ameiva
Note. Meza-Lázaro and Nieto-Montes de Oca (2015), in a molecular phylogenetic
study, proposed the elevation of 9 of the 12 H. undulatus subspecies to species rank.
However, this change has not been widely accepted by other authors. Therefore, we
formally use the previous classification, but we also take in account the results of the
Meza-Lazaro and Nieto-Montes de Oca (2015) study.
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Distribution. The species is distributed along both coasts of Mexico from southern Nayarit to northern Costa Rica Pacific coast) and from southern Tamaulipas to
central Nicaragua (Atlantic coast) including the peninsula of Yucatan.
Samples. RCMX77 (female*) from La Sepultura, Chiapas, Mexico.
DNA taxonomy. The MT-ND2 sequence (556-bp) obtained from the individual
from Chiapas has a 99% match to two GenBank sequences of H. undulatus parvus
Barbour et Noble, 1915 (KR058051 and KR058063). According to Meza-Lazaro and
Nieto-Montes de Oca (2015), this subspecies, distributed in the Pacific coast region of
Southern Mexico and Northern Guatemala, should be elevated to species rank.
Chromosomes. The specimen analyzed shows a 2n = 50 chromosome number
(Fig. 5C). The karyotype comprises a gradual series of acrocentric chromosomes
(26M + 24m), as previously described in Castiglia et al. (2010) for H. undulatus
from Chamela, Biological Station (Jalisco). In the genus Holcosus, only H. festivus (Chiapas, Castiglia et al. 2010) and H. undulatus (Jalisco, present data) have
been karyotyped. In Cnemidophorus, a possible sister group of Holcosus (Pyron et al.
2013), 2n = 50 chromosome complement with one biarmed pair has been reported
(Carvalho et al. 2015). Different species of Kentropyx Spix, 1825 and Ameiva show
a 2n = 50 all-acrocentric karyotype, similar to the one found in Holcosus (Carvalho
et al. 2015). Since these genera span the entire phylogenetic tree of Teiidae, we hypothesize that 2n = 50 all-acrocentric karyotype may represent an ancestral condition. However, to reveal more reliable pattern of chromosomal change, an ancestral
state analysis combining karyotype and molecular phylogeny should be made (e.g.
Castiglia et al. 2013a).
Family Dactyloidae
Genus Anolis Daudin, 1802
Anolis (sensu lato) is the most speciose genus among the reptiles, with about 380 recognized species that have been all enclosed in a complete molecular phylogenetic tree
by Poe et al. (2017). Most of the mainland species belong to the clade Norops Wagler,
1830, a large monophyletic assemblage including nearly 170 species (Poe et al. 2017).
The ancestral karyotype of “beta” Anolis (Norops) consists of 2n = 28 or 2n = 30
chromosomes subdivided in 14 macro- and 14 or 16 microchromosomes without evident sex chromosome heteromorphism (Castiglia et al. 2013b). Another frequently
observed chromosome complement in this group has 2n = 40 (24M+16m), which
is considered to have been derived from the previous complement through fission
events on macrochromosomes (Castiglia et al. 2013b). The presence of heteromorphic sex chromosomes has been repeatedly reported in Norops. Moreover, it might
have occurred independently in different lineages (Castiglia et al. 2013b, Gamble et
al. 2014). Among “beta” Anolis, heteromorphic XY chromosomes have been reported in eight species (Castiglia et al. 2013b; Giovannotti et al. 2016). Furthermore, a
system with two X chromosomes and one Y (X1X1X2X2/X1X2Y) has been reported in
A. biporcatus (Wiegmann, 1834) (2n = 29 for males and 2n = 30 for females) (De
Smet 1981). This multiple sex-chromosome system also occurs also in other Anolis
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species and it is believed to have been the result of a sex-autosome translocation
event (Giovannotti et al. 2016; Kichigin et al. 2016).
Anolis capito Peters, 1863
Bighead anole
Distribution. Anolis capito has been found from Tabasco and northern Chiapas south
to Central America on the Atlantic coast, to Costa Rica and Panama, where it is found
on both coasts.
Samples. RCMX217 (female*), RCMX218 (female*) from Montes Azules, Chiapas, Mexico. The specimens were collected close to the northern part of species range
and morphologically assigned to Anolis capito. Based on morphological studies from
populations of almost all the species range, there is no evidence of cryptic species in A.
capito (Köhler et al. 2005).
DNA taxonomy. We obtained a 685-bp MT-ND2 sequence showing 9% genetic divergence respect to an A. capito sequence collected in Costa Rica (GenBank
AY909744). Such a high genetic divergence spurred us to perform a complete phylogenetic analysis with the MT-ND2 gene of Anolis species available in GenBank (not
shown). The sequences from our samples cluster with the GenBank A. capito sequence,
and together were sister to A. tropidonotus Peters, 1863. This tree topology has been
already reported by Poe et al. (2017). Summarizing, the very high genetic divergence
and discrepancies in diploid chromosome numbers (see below) of morphologically
similar individuals recognized as Anolis capito indicate the possible existence of cryptic
taxa. Further, it is worth noting that the specimens described here seem to have shorter
limbs than other A. capito (O. Flores-Villela personal observation).
Chromosomes. Gorman (1973) described the karyotype of Anolis capito, under
the name of Norops capito, as 2n = 40 (24M + 16m) with no evidence of heteromorphic
sex chromosomes, but no details on the shape of the chromosomes were reported. Our
specimens have a 2n = 42 chromosome complement, with 24 micro- and 18 microchromosomes, and no evidence of heteromorphic sex chromosomes but no males have
been studied (Fig. 6A).
The specimens presently studied show, along with Anolis nebuloides Bocourt, 1973,
the highest diploid number within the genus Anolis. The macrochromosomes include
one pair of metacentric, six pairs of submetacentric, and five pairs of subtelocentric/
acrocentric chromosomes. The chromosome shape of two pairs of microchromosomes
appears to be biarmed. No heteromorphic sex chromosomes are discernible (unfortunately, no males have been analyzed).
The lack of description of chromosome morphology in Gorman’s study (Gorman
1973) did not allow detailed comparison among the 2n = 40 chromosomal complements. Thus, Anolis capito occurs within a group of species with 2n = 40 (Castiglia et
al. 2013b) and its additional chromosomal pair is probably due to a fission event. It has
already been hypothesized that chromosomal fission is a characteristic trait of Norops
chromosome evolution (Castiglia et al 2013b; Gamble et al. 2014).
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Anolis lemurinus Cope, 1861
Ghost anole
Distribution. Occurs on the Atlantic coast from central Veracruz to central Panama,
and on the Pacific coast from Costa Rica to central Panama.
Samples. RCMX214 (male*), RCMX225 (male*) Estación Chajul, Selva Lacandona, Montes Azules, Chiapas, Mexico.
DNA taxonomy. BLAST analysis of the 630-bp MT-ND2 gene sequences from
both individuals show 99.5% – 100% of identity with a sequence of A. lemurinus from
Oaxaca (GenBank KT724761).
Chromosomes. No previous chromosomal data are available for A. lemurinus and
its karyotype is here described for the first time. Both male specimens from Montes
Azules have a 2n = 40 (24M + 16m) karyotype (Fig. 8B). The 12 pairs of macrochromosomes include eight pairs of submetacentric and four pairs of subtelocentric/acrocentric chromosomes. The metacentric chromosomes of pair 10 are of different size
and may represent heteromorphic sex chromosomes of the XY type.
This karyotype has the same composition in micro- and macrochromosomes as all
Anolis species with 2n = 40 so far described. Molecular phylogenetics (Poe et al. 2017)
place A. lemurinus nested within a clade in which all the species so far karyotyped show
2n = 40 (Castiglia et al. 2013b). Ancestral state analysis (Castiglia et al. 2013b) indicates
that the 2n = 40 karyotype is derived from by five centric fissions of macrochromosomes
from an ancestral 2n = 30. What that should be further investigated are the chromosomal rearrangements occurring within macrochromosomes in the 2n = 40 karyotype.
Anolis uniformis Cope, 1885
Lesser scaly anole
Distribution. Occurs from southern Tamaulipas to north-central Honduras on the
Atlantic coast.
Samples. RCMX201 (male), RCMX203 (male), RCMX205 (male*), RCMX206
(female*), RCMX209 (female), RCMX210 (male*), RCMX215 (male*) and RCMX226
(female*) from Estación Chajul, Selva Lacandona, Montes Azules, Chiapas, Mexico.
DNA taxonomy. The species was formerly included in the A. humilis group, but it
is now included in the Draconura clade (Poe et al. 2017). Over the 780-bp of the MTND2 fragment, the GenBank BLAST reports a 99% identity with A. uniformis from
Belize (KJ954096 and KJ954099).
Chromosomes. We report here the first description of the karyotype of this species
(Fig. 8C). The species is characterized by X1X1X2X2/X1X2Y sex chromosome system. In
fact, male individuals have a chromosome number 2n = 29 (14M + 15m) and females
show 2n = 30 (14M + 16m). The macrochromosomes can be morphologically divided
in two pairs of large metacentrics, three pairs of medium sized metacentrics, one pair of
small metacentric and one pair of small acrocentric chromosomes. The X1 was identi-
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Figure 8. Karyotypes of A Anolis capito (2n = 40, RCMX218 female) B Anolis lemurinus (2n = 40,
RCMX214 male) and C Anolis uniformis (2n = 50, RCMX210 male) with YX1X2 sex chromosomes; in
the box the X1X1X2X2 (RCMX206 female) sex chromosomes.
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fied as an acrocentric chromosome and X2 as a microchromosome. The Y chromosome
is an acrocentric one similar in size to X1.
Among the species of the genus Anolis with a known karyotype, this species is phylogenetically close to A. aquaticus Taylor, 1956 and A. biporcatus. Furthermore, A. biporcatus has also a similar composition of the sex chromosomes system, even if the morphology of sex chromosomes is different. In fact, the so-called 2n = 30 karyotype is one of the
most common karyotypes in Anolis. However, three variants of this karyotype, based on
the number and shape of macro- and microchromosomes, have been described. Among
them, two types of 2n = 29–30 are present, type-A and type-B (Castiglia et al. 2010).
The type-A, typical of A. biporcatus, presents a multiple sex chromosomes system
where X1 is an acrocentric chromosome, X2 is a microchromosome, and Y is metacentric similar in size to X1.
In our case, the Y is a small acrocentric chromosome, which might have been
derived from a pericentric inversion in the submetacentric Y chromosome of the
2n = 29–30 type-A karyotype.Thus, although it is believed that the onset of multiple
sex chromosomes in Anolis occurs independently (Castiglia et al. 2013b; Gamble et al.
2014), present data suggest that this condition may represent a trait derived from the
common ancestor of the two species.

Conclusions
Combined karyological and DNA taxonomic approaches have allowed us to highlight
some interesting taxonomic peculiarities in 10 Mesoamerican lizard species belonging to six genera and five families. The karyotypes of four species, Phyllodactylus sp.
3 (P. tuberculosus species group), Holcosus festivus, Anolis lemurinus, and A. uniformis
are here described for the first time. In Aspidoscelis deppii and Anolis capito, we found
different karyotypes from those previously reported for these species. Moreover, in A.
capito, the cytogenetic observation is consistent with the considerable genetic divergence at the studied mtDNA marker (MT-ND2), which is indicative of a putative new
cryptic species. The anole species here studied exhibited different sex chromosomes
configurations including a X1X1X2X2/X1X2Y condition in A. uniformis that should be
in future studied by molecular cytogenetic techniques.
Another species that may include cryptic taxa is the skink Scincella cherriei, for which
we found high values of genetic divergence among the specimens from Montes Azules
and those from Costa Rica and Nicaragua, comparable to the divergence typical of sister
species in skinks. A lower level of genetic divergence, compatible with an intraspecific
phylogeographic structure, has been identified for L. flavimaculatum. In fact, the studied
specimens belong to a mtDNA lineage that is sister with respect to the remaining haplotypes from other populations. However, it should be noted that the novel data represent
only the first step in the identification of cryptic species and more efforts are necessary
to investigate our assumptions. Both taxonomic revision and the notions related to the
chromosome evolution in this hyper-diversified group of reptiles will be worthy of note.
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