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Abstract
Lacertid and amphisbaenian lizards are two squamate reptile lineages very divergent morphologically. In fact, adaptation to 
burrowing deeply modified amphisbaenian worm-like body. Lacertids instead have a typical reptile morphology with a long tail and 
four well-developed limbs. Despite so different in appearance, they are evolutionarily very close as evidenced by molecular 
phylogenetic approaches. Consistently, a slow-evolving satellite DNA (IMO-TaqI) described in lacertid lizards was isolated 
from the genome of the amphisbaenian Trogonophis wiegmanni too. Comparison with lacertid repeats evidenced great similarity, 
highlighting that molecular characters appeared very suitable especially when morphology is subjected to strong selective pressures.
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Introduction

Squamates (lizards, snakes and amphisbaenians) are 
a vast assemblage of reptiles currently representing, 
with over 11,500 described species (http://www.reptile- 
database.org), the most diversified and species rich 
reptilian group. Molecular clock estimates and fossil 
records date the origin of squamates at the Permian/ 
Triassic boundary, ca 257 million years ago (Simões 
et al. 2018). Starting from stem species, such as 
Megachirella wachtleri, that possessed a lizard-like mor-
phology, these animals in the course of their long 
evolutionary history have repeatedly evolved snake- 
like morphologies, often as an adaptation to life as 
underground diggers (e.g., Greer 1991). Skinks, pygo-
podids and anguids are good examples of lizards that 
have experimented this evolutionary trend. However, 
among squamate reptiles, snakes, dibamids (or blind 
lizards) and amphisbaenians (or worm lizards) 
(“Krypteia” sensu Gauthier et al. 2012) are those 
which have completely modified their anatomy as an 

adaptation to burrowing. Snakes, after an evolutionary 
phase of underground life, have reoccupied surface 
habitats, whereas blind and worm lizards have 
embarked on a “dead-end road”, adapting themselves 
to a fossorial life. This is witnessed by modification in 
their skull, strongly ossified and akinetic to work like 
a ram for excavation, and by vestigial eyes and no 
external ear openings as a protection against mechanic 
traumas (Gans 1974).

A convergent “Bauplan”, as the result of adapta-
tion to the same lifestyle in snakes, amphisbaenians 
and dibamids, has made a morphology-based phy-
logeny of squamates controversial (e.g., Rieppel  
1984; Estes et al. 1988; Schwenk 1988; Conrad  
2008; Gauthier et al. 2012).

These difficulties due to homoplasy in morphologi-
cal traits stimulated phylogenetic reconstructions based 
on gene-sequences that are less prone to convergence 
(Townsend et al. 2004). In fact, despite the distinctive 
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core fossorial clades (dibamids, amphisbaenians and 
snakes) are widely supported across morphological 
data sets, they never group together in molecular trees 
based on either mitochondrial or nuclear markers (see 
Vidal & Hedges 2005; Reeder et al. 2015; Zheng & 
Wiens 2016) (Figure 1(b)). Paradoxically, clades as 
Iguania and Lacertidae, not showing any tendency to 
limb reduction (with the possible exception of the fossil 
lacertid Cryptolacerta, Tałanda 2016; but see also 
Müller et al. 2011), are considered closely related to 
snakes and amphisbaenians, respectively. Indeed, 
Gauthier et al. (2012) raised doubts about the reliabil-
ity of molecule-based phylogeny, considering possible 
alteration in evolutionary rate due to, for example, 
generation time or drastic changes in population size 
in survivors of mass extinctions.

In this context, satellite DNAs (satDNA hence-
forth) can be very helpful to settle phylogenetic con-
troversies. This genomic fraction, which forms 
a substantial part of eukaryotic genomes (in some 
cases, over 50%), consists of long arrays of head-to- 
tail linked repeats, and it is the main constituent of 
(peri)/centromeric and/or telomeric constitutive het-
erochromatin. SatDNAs basic repeating units (mono-
mers) are usually AT-rich and range in length from 
only a few base pairs (bp) to more than 1000 bp, 
building up 100 Mb long arrays (see Plohl et al.  
2008, for a review). Although satDNA monomers 
are present with many thousands of copies per gen-
ome, sequence divergence between monomers of 
a given satDNA family is usually low (up to 15%) 

(e.g., King & Cummings 1997). This homogeneity is 
the result of the non-independent evolution of mono-
mers, which is a consequence of concerted evolution, 
a process leading to the homogenization of mutations 
throughout members of a repetitive family and their 
fixation within a group of reproductively linked organ-
isms (see Dover 1986). The evolutionary dynamics of 
satDNAs determine their marked taxon specificity not 
only at genus/species level but also at high-rank taxon 
level (Dover et al. 1982; Grechko 2002).

In reptiles, little information exists on satDNA 
array size, composition and long-range organization, 
with the exception represented by Lacertidae, sister 
group to Amphisbaenia in the Lacertibaenia clade 
sensu Vidal and Hedges (2005) (Figure 1(b)). So far, 
six satDNA families have been described for the lacer-
tid genome (Capriglione et al. 1989, 1991, 1994,  
1998; Capriglione 2000; Ciobanu et al. 2003, 2004; 
Grechko et al. 2005, 2006; Giovannotti et al. 2014,  
2018, 2020; Rojo et al. 2015), revealing several com-
mon features, such as the same range of monomer 
lengths (140–190 bp), AT content (tendency toward 
AT enrichment 50–65%) and homopolymeric (A3–4 
and T3–4) stretches. Some of these sequences are 
only observed in related species, whereas “IMO- 
TaqI” family (sensu Giovannotti et al. 2014) is con-
served at the family level with a very low evolutionary 
rate (from 0.1% to 0.5% per million years, Myr hen-
ceforth) (see also Rojo et al. 2015; Giovannotti et al.  
2018, 2020) that is comparable to levels found for 
slow evolving satDNAs in sturgeons (0.07–0.11%; 

Figure 1. Comparison between a) a phylogenetic tree morphology-based (simplified from Estes et al. 1988) and b) a phylogenetic tree 
molecular-based (simplified from Vidal & Hedges, 2005). In red, taxa with extremely modified body as adaptation to burrowing 
(“Krypteia” sensu Gauthier et al. 2012). Arrow in b) indicates Lacertibaenia clade.
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Robles et al. 2004), scincid lizards (0.13%; 
Giovannotti et al. 2013) and cetaceans (0.2%; 
Arnason et al. 1992). This slow evolutionary rate is 
connected with the conservatism of this satDNA. 
Indeed, data on the phylogenetic distribution of 
IMO-TaqI among lacertids indicate that the evolu-
tionary history of this satDNA is at least ~45 Myr old 
(Giovannotti et al. 2020). One explanation of this 
slow rate could be related to the location of IMO- 
TaqI in chromosome regions less prone to concerted 
evolution. In fact, as already observed in our previous 
works (e.g., Giovannotti et al. 2014, 2018, 2020; 
Rojo et al. 2015), IMO-TaqI repeats are located in 
interstitial/pericentromeric position (less susceptible 
to physical association) on a subset of chromosomes. 
This would make the exchange between non- 
homologous chromosomes bearing IMO-TaqI 
sequences difficult. This could reduce non-sister 
chromatid exchange and homogenization, thus deter-
mining a lower rate of interspecific divergence and 
a higher degree of intraspecific repeat heterogeneity. 
Indeed, in the sequences located on the non- 
recombining W chromosome of the Lacerta species, 
the absence of the homogenizing effect between auto-
somal and W-specific repeats determined an intras-
pecific heterogeneity similar to that found in the 
genus Timon, in which the presence of IMO-TaqI 
on only nine chromosomes could explain the low 
homogenization rate among repeats (Giovannotti 
et al. 2018). On the contrary, in the genus 
Iberolacerta, the HindIII satDNA is more widespread 
in the genome compared to IMO-TaqI and is centro-
merically located on almost all the acrocentric chro-
mosomes (Giovannotti et al. 2014). This 
chromosomal location would favor physical associa-
tion and crossing-over between non-homologous 
chromosomes and then concerted evolution and 
intraspecific homogenization of satDNA, with 
a consequent deep interspecific divergence 
(Giovannotti et al. 2014). However, it cannot be 
excluded that the conservatism observed for IMO- 
TaqI could be also favored by a selective pressure 
deriving from a putative functional role, as already 

hypothesized for this satDNA by Giovannotti et al. 
(2018). On the other hand, more and more scientific 
researches are unveiling functional roles for tran-
scripts of satDNAs (e.g., Grewal & Elgin 2007; 
Feliciello et al. 2015; Kuhn 2015).

These features render IMO-TaqI satDNA a very 
good candidate for phylogenetic issues. The aim of 
the present paper was to check the occurrence of this 
satDNA in representatives of possible sister taxa to 
Lacertidae, namely Amphisbenia and Teiformata in 
the Lacertoidea clade (Figure 1(b)) to verify if this 
repetitive element can be considered a synapomorphy 
of Lacertoidea or Lacertibaenia or only of Lacertidae.

Materials and methods

Animals

For chromosome and DNA analysis, one female 
and one male of Trogonophis wiegmanni Gervais, 
1835 (Amphisbenia, family Trogonophidae) and 
one female of Gallotia galloti were used in this 
study (Table I). T. wiegmanni specimens were col-
lected on the Atlantic coast at 22 km south the city 
of Safi (W-Morocco), while samples of G. galloti 
were obtained from a captive-bred specimen. 
Permissions for fieldwork and ethics approval of 
experimental procedures were issued by the High 
Commissariat for Water and Forest (Decision 
Number 05/2013 HCEFLCD/DLCDPN/DPRN/ 
CFF), Morocco.

DNA extraction

Genomic DNA of T. wiegmanni and G. galloti was 
extracted from 10 μl of whole blood, using standard 
protocols with proteinase K digestion followed by 
phenol/chloroform extraction (see Sambrook et al.  
1989). Genomic DNA of representatives of different 
clades of squamate reptiles [Gekko vittatus 
Houttuyn, 1782: Gekkota; Broadleysaurus major 
(Duméril, 1851), Chalcides ocellatus (Forsskål, 
1775): Scincoidea; Hierophis viridiflavus (Lacépède, 

Table I. Summary of repeat features for the species studied.

Species

Number of clones

% AT Repeat Length
Nucleotide  
diversity (π)

Number of  
Haplotypes (H) Haplotype diversity (Hd)Female Male Total

T. wiegmanni 0 14 14 58,2 176–198 0.18675 ± 0.01327 13 0.989 ± 0.031
G. galloti 15 – 15 56,6 188–194 0.17095 ± 0.01762 6 0.810 ± 0.078

Number of monomeric repeats sequenced (n), nucleotide composition of repeats (AT), length of repeats (expressed in base pairs), and 
nucleotide diversity (π) ± SE. 
for each species investigated, number of haplotypes (H) and haplotype diversity (Hd). 
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1789), Anolis sagrei Duméril & Bibron, 1837, Anguis 
fragilis Linnaeus, 1758: Toxicofera; Gallotia galloti 
(Oudart, 1839), Lacerta strigata Eichwald, 1831, 
Tupinambis rufescens (Günther, 1871) and 
Cnemidophorus sp.: Lacertoidea], was extracted 
from ethanol preserved tissues of voucher specimens 
deposited at the Department of Life and 
Environment Science of the Polytechnic University 
of Marche (Ancona, Italy).

Isolation and characterization of IMO-TaqI satDNA 
repeats

A pair of degenerate primers (TaqI F: 5′- 
AAATTCTGACCSYGSGGGTTAG-3′; TaqI R: 
5′-AAAATVGTGCCAAACTGTTG-3′) designed 
by Giovannotti et al. (2018) was used to PCR- 
search IMO-TaqI satDNA repeats from the gen-
omes of T. wiegmanni, G. galloti as well as other 
squamate representative species. PCR products 
were run in 2% agarose gels and the band corre-
sponding to the amplified monomers was excised 
from the gel, purified with Pure Link Quick Gel 
Extraction Kit (Invitrogen, Carlsbad, CA, USA) 
and cloned in the pCR®-blunt vector with Zero 
Blunt PCR Cloning Kit (Invitrogen, Carlsbad, CA, 
USA) following manufacturer’s recommendations. 
Clones of IMO-TaqI were sequenced on an ABI 
PRISM 3730XL (Applied Biosystems, Foster City, 
CA, USA) automatic sequencer.

Sequence analysis

In order to compare IMO-TaqI satDNA obtained in 
the present study from T. wiegmanni (14 sequences) 
with the same satDNA obtained from lacertid 
lizards, sequences from i) Lacerta bilineata (16 
sequences) (Giovannotti et al. 2018), Iberolacerta 
horvathi (6 sequences) (Rojo et al. 2015), 
I. monticola (5 sequences, Giovannotti et al. 2014), 
I. galani (5 sequences, Giovannotti et al. 2014), and 
Timon lepidus (10 sequences) (Giovannotti et al.  
2018) (subfamily Lacertinae, Lacertini tribe); ii) 
Atlantolacerta andreanskyi (10 sequences) (subfamily 
Lacertinae, Eremiadini tribe) (Giovannotti et al.  
2020); and iii) Gallotia galloti (subfamily 
Gallotinae) (15 sequences, present paper) were 
used to produce a phylogenetic tree. A total of 81 
sequences were then aligned using the on-line ver-
sion of Clustal Omega (https://www.ebi.ac.uk/Tools/ 
msa/clustalo/) with default parameters (Sievers et al.  
2011). The phylogenetic relationships among these 
81 IMO-TaqI sequences were inferred using 
Bayesian analysis. The best fit model of nucleotide 
substitution for IMO-TaqI repeats aligned as above 

was selected among 88 models available in 
jModeltest 2.1.3 (Darriba et al. 2012) using the 
Akaike Information Criterion corrected for small 
samples (AICc). The most appropriate model was 
JC + G. Bayesian analysis was carried out with 
MrBayes v3.2 (Ronquist et al. 2012) using the 
appropriate model of nucleotide substitution (JC +  
G) selected as indicated above. This analysis was 
run with four incrementally heated Markov chains 
for 2 × 106 generations in two independent runs 
with samplings at intervals of 500 generations that 
produced 4,000 trees. Once the stationarity had 
been reached, both in terms of likelihood scores 
and parameter estimation, 1,000 trees (25% “burn- 
in”) were discarded in both runs and a majority-rule 
consensus tree was generated from the 3,000 
remaining (post burn-in) trees. The pp was calcu-
lated as the percentage of samples recovering any 
particular clade (Huelsenbeck & Ronquist 2001) 
with pp ≥ 95% indicating a statistically significant 
support (Wilcox et al. 2002). The BA tree was edi-
ted using FigTree v1.4.0 (https://tree.bio.ed.ac.uk/ 
software/figtree/). Average AT content of the mono-
meric unit of IMO-TaqI was determined with 
MEGA version 5 (Tamura et al. 2011). 
Intraspecific nucleotide diversity (π), haplotype 
number, and haplotype diversity (h) were estimated 
using DnaSP v. 5 (Librado & Rozas 2009). Net 
average genetic distances between groups were cal-
culated under the appropriate substitution model 
(see above) with MEGA v. 5. Rate of IMO-TaqI 
evolution was determined for the species here stu-
died according to the divergence times estimated for 
Lacertidae and Amphisbaenia (ca. 130 Myr) by 
Simões et al. (2018) and for Gallotinae and 
Lacertinae (ca. 60 Myr) by Hipsley et al. (2009). 
The consensus sequences of T. wiegmanni and 
G. galloti repeats were determined with the program 
EMBOSS, available on-line at https://www.ebi.ac. 
uk/Tools/msa/emboss_cons/. The consensus 
sequences of these species were then aligned using 
the on-line version of Clustal Omega (https://www. 
ebi.ac.uk/Tools/msa/clustalo/) in order to verify 
sequence similarity between IMO-TaqI repeats of 
amphisbaenians and lacertids.

The occurrence of genetic differentiation between 
monomeric repeats in the species analyzed was also 
assessed by the analysis of molecular variance 
(AMOVA) (Excoffier et al. 1992) calculating Φ- 
statistics. This test was performed at two hierarchi-
cal levels to check how satDNAs sequence variabil-
ity was partitioned within and among species. 
A total of six tests were carried out in order to 
compare T. wiegmanni with representatives of lacer-
tid lineages: Lacertini (Lacerta autosome specific 
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repeats, Lacerta W-specific repeats Timon, 
I. horvathi), Eremiadini (A. andreanskyi) and 
Gallotinae (G. galloti) (Table II). The tests were 
based on pair wise genetic distances between clones 
and performed as implemented in ARLEQUIN 
2.000 (Schneider et al. 2000), using 
1000 permutations.

Chromosome analyses

Metaphase chromosomes were obtained from 
females and males of T. wiegmanni starting from 
lymphocyte cell cultures established from blood 
samples as reported by Ezaz et al. (2005). 
Metaphase chromosomes from G. galloti were 
obtained from tail tip tissue as described in Rojo 
et al. (2015) and Rens et al. (2006). Fluorescence 
in situ hybridization (FISH) experiments were per-
formed on metaphase preparations of T. wiegmanni 
and G. galloti using the probes obtained by PCR 
amplification of IMO-TaqI satDNA clones from 
these two species. The probes were labeled by 
PCR with biotin-16-dUTP (Roche Diagnostics 
GmbH, Mannheim, Germany). Slide pretreatment, 
denaturation, hybridization, posthybridization 
washes and detection were performed according to 
Schwarzacher and Heslop-Harrison (2000). 
Chromosomes were observed with a Leica Leitz 
DMRBE epifluorescence microscope and the 
images were captured and processed with a Leica 
CytoVision version 7.2 system. In order to identify 
possible relationships between IMO-TaqI satDNA 
and the constitutive heterochromatin, C-banding 
was performed on metaphase chromosomes follow-
ing Sumner (1972). C-banded metaphases were 
mounted and stained with Vectashield mounting 
medium with 4′,6-diamidino-2-phenylindole 

(DAPI) (Vector Laboratories, Burlingame, 
CA, USA).

Results

Isolation and characterization of IMO-TaqI satDNA

PCR amplification using degenerate primers was 
successful in both G. galloti and T. wiegmanni. No 
PCR product was obtained for the representatives of 
other Squamata clades (Gekkota, Scinciformata, 
Toxicofera). The length of the 15 clones sequenced 
of G. galloti ranged from 188 to 194 bp, whereas the 
14 clones of T. wiegmanni ranged from 176 to 198 
bp (Table I). IMO-TaqI features of the other spe-
cies here used for comparison are reported in 
Giovannotti et al (2014, 2018, 2020). and Rojo 
et al. (2015). Sequences of satDNA repeats of the 
two species were deposited in GenBank (accession 
numbers: from OM810369 to OM810397). Six and 
13 different haplotypes were detected in G. galloti 
and T. wiegmanni, respectively, with values of hap-
lotype diversity (Hd) of 0.810 for the former and 
0.989 for the latter species (Table I).

This satDNA showed an average AT content of 
56.6% in G. galloti, and 58.2% in T. wiegmanni, 
indicating an enrichment in AT, as typical for 
these genomic elements, with short A and 
T stretches ranging from 3 to 7 base pairs 
(Figure 2). The BLAST search (using either mega-
blast or blastn algorithm) found significant similarity 
with Iberolacerta, Lacerta and Timon sequences for 
T. wiegmanni satDNA repeats (up to 96.17% iden-
tity and query cover up to 97% with Iberolacera 
horvathi repeats) and evidenced high similarity 
(100% identity with a query over of 98%) for some 
G. galloti clones to W-specific IMO-TaqI re-peats of 

Table II. AMOVA analysis. The test was carried on IMO-TaqI satDNA sequences from Trogonophis wiegmanni (this paper), Atlantolacerta 
andreanskyi (AAN), Gallotia galloti (GGA), Lacerta bilineata (LBI_A: repeats from autosomes and LBI_W: from sex chromosome) and 
Timon lepidus (TLE), Iberolacerta horvathi (Rojo et al. 2015). Significance levels: *= p < 0.05, **=P < 0.01, ***= p < 0.001.

Source of variation Comparison Variance components Percentage of variation ΦST

Among species TWI vs AAN 18.73036 Va 50.60 0.50595***
TWI vs GGA 3.61185 Va 14.74 0.14736*
TWI vs LBI_A 9.61303 Va 41.87 0.41870***
TWI vs LBI_W 8.93335 Va 36.17 0.36166***
TWI vs TLE 6.84670 Va 30.89 0.30885***
TWI vs IHO 2.68948 Va 13.71 0.13712***

Within species TWI vs AAN 18.28956 Vb 49.40 0.50595***
TWI vs GGA 20.89835 Vb 85.26 0.14736*
TWI vs LBI_A 13.34628 Vb 58.13 0.41870***
TWI vs LBI_W 15.76786 Vb 63.83 0.36166***
TWI vs TLE 15.32154 Vb 69.11 0.30885***
TWI vs IHO 16.92416 Vb 86.29 0.13712***
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Lacerta. In addition, the alignment of IMO-TaqI 
consensus sequence of T. wiegmanni and G. galloti 
highlighted a certain degree of similarity shared by 
the repeats of amphisbaenians and lacertids.

As for genetic variability of clones, intraspecific 
nucleotide diversity (π) values were 0,17095 ±  
0,01762 in G. galloti and 0.18675 ± 0.01327 in 
T. wiegmanni (Table I). Nucleotide diversity values 
in the two species here studied are relatively high, 
even when compared to the values recorded for 
IMO-TaqI repeats located on the non-recombining 
W chromosome of Lacerta species (Giovannotti 
et al. 2018). Nucleotide diversity values of Lacerta 
species when autosomal and W-specific repeats are 
pulled together in the analysis (Giovannotti et al.  
2018) become closer, although still lower, to the 
values here recorded for G. galloti and T. wiegmanni.

The phylogenetic tree obtained from Bayesian 
analysis of 81 IMO-TaqI satDNA is shown in 
Figure 3. The 14 clones of T. wiegmanni sequenced 
do not form a single group but they are divided into 
five clusters: five T. wiegmanni repeats group 
together with five G. galloti repeats (pp = 100%); 
six T. wiegmanni repeats group together with four 
I. horvathi repeats (pp = 100%); one T. wiegmanni 
repeat groups together with one I. horvathi repeat 

(pp = 95%); one T. wiegmanni repeat groups 
together with one I. horvathi repeat (pp = 97%); 
finally, one T. wiegmanni repeat belongs to a non- 
supported clade (pp = 93%) containing all the 
repeats of I. galani and I. monticola and two of 
G. galloti. However, all the sequences from T. wieg-
manni are within the cluster containing Lacertini +  
Gallotinae repeats, whereas the repeats from A. 
andreanskyi (Eremiadini) form a different supported 
clade (pp = 100%) external to all other repeats. 
Lastly, seven G. galloti clones nested within the 
W-specific sequences of L. bilineata, with statistical 
support (pp = 100%).

The evolutionary rate of IMO-TaqI repeats was 
0.028%/Myr when IMO-TaqI repeats of 
T. wiegmanni and G. galloti (basal lacertid) were 
compared, whereas the comparison between 
G. galloti and Lacertinae species (see Giovannotti 
et al. 2018) resulted in a rate of 0.068%/Myr. The 
evolutionary rate of this satDNA was 0.068%/Myr 
when T. wiegmanni was compared to Lacertinae (see 
Giovannotti et al. 2018).

The AMOVA analysis was carried out comparing 
IMO-TaqI satDNA of T. wiegmanni with 1) Lacerta 
autosome repeats; 2) Lacerta W repeats; 3) Timon; 4) A. 
andreanskyi; 5) G. galloti; 6) Iberolacerta horvathi. The 

Figure 2. (a) Consensus sequences of IMO-TaqI satDNA repeats from Trogonophis wiegmanni (TWI) and (b) Gallotia galloti (GGA), (c) 
Alignment of IMO-TaqI consensus sequences from T. wiegmanni and G. galloti. Highlighted in grey, stretches of A/T characterizing the 
repeats. *s indicate matches between the two sequences.
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among groups variance component was particularly 
low in comparisons involving species with this 
satDNA represented on few chromosomes (Timon, 
30,89%, ΦST 0.30885, p < 0.001; I. horvathi, 13.71%, 
ΦST 0.13712, p < 0.001), on the W of Lacerta (36.17%, 
ΦST 0.36166, p < 0.001) or very poorly represented in 
the genome (G. galloti, 14.74%, ΦST 0.14736, p <  
0.05). Intraspecific variance was high owing to the 
heterogeneity of T. wiegmanni repeats, with percentage 
of variation ranging from 49.40% to 85.26% and 
ΦSTATISTICS always significant, even though ΦST was 
low and weakly significant in the comparison involving 
T. wiegmanni and G. galloti (Table II).

Chromosome analysis

Our chromosome data are in accordance with 
Huang et al. (1967) who described the karyotype 
of Trogonophis wiegmanni as composed of 12 
biarmed macrochromosomes and 24 microchromo-
somes, without apparent heteromorphic 

chromosomes between sexes (Figure 4(a)). The 
same apply to the chromosomal complement of 
G. galloti that is consistent with data by Olmo et al. 
(1987): 40 acrocentric chromosomes, without 
a clear distinction between macro- and microchro-
mosomes and with a ZW-sex chromosome system. 
After C-banding and DAPI staining, no evident 
heterochromatin was detectable (Figure 4(a)). As 
for G. galloti, its acrocentric chromosomes showed 
clear heterochromatic blocks at all centromeres and 
fainter bands at some telomeres, with heteromorphic 
W chromosome completely heterochromatic 
(Figure 4(b)). FISH experiments with species- 
specific IMO-TaqI satDNA probes detected no sig-
nals both in T.wiegmanni and in G. galloti chromo-
somes (Figure 4(c,d), respectively).

Discussion

Satellite DNAs represent rapidly evolving genomic 
elements, and therefore, even among most closely 

Figure 3. Bayesian tree depicting the phylogenetic relationships among IMO-TaqI satDNA repeats isolated from Trogonophis wiegmanni 
(TWI, green box) and Gallotia galloti (GGA, red box) and compared to other Lacertibaenia representatives (Jao, Ouk, Bou: Atlantolacerta 
andreanskyi; IGA: Iberolacerta galani; IHO: Iberolacerta horvathi; IMO: Iberolacerta monticola; LBI, Lacerta bilineata; TLE: Timon lepidus). At 
nodes only posterior probability values > 95% (BA) are reported.
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related species, they usually differ in nucleotide 
sequence, copy number, and/or composition of 
satellite families (Csink & Henikoff 1998). 
However, some satDNA families evolve more slowly 
than others and occur in several closely related spe-
cies with different degrees of sequence similarity 
(Bachmann & Sperlich 1993; Mantovani et al.  
1997; Watabe et al. 1997). Some satDNAs seem to 
be rather ancient and are widely distributed among 
higher taxa (Modi et al. 2004; Robles et al. 2004). 
Consequently, some of these genomic elements may 
be valuable taxonomic identification tools while 
others might be useful for phylogenetic analyses at 
higher taxonomic levels. This is the case of IMO- 
TaqI satDNA, widely occurring in the genome of 
lacertid lizards

In the present research, PCR amplification of 
IMO-TaqI was successful in Lacertibaenia clade 
(sensu Vidal & Hedges 2005, see Figure 1(b)), 
while in the other squamate taxa tested for the 
occurrence of this satDNA no PCR product was 
obtained. This result would suggest that IMO- 
TaqI satDNA appeared in the genome of the last 
common ancestor of Amphisbaenia and Lacertidae 
after their split from the Laterata clade (see Vidal & 
Hedges 2005). This result would push the origin of 
this genomic element further back in time with 

reference to an age of at least ~45 Myr previously 
hypothesized for IMO-TaqI by Giovannotti et al. 
(2020). Indeed, according to the combined molecu-
lar and morphological relaxed-clock by Simões et al. 
(2018), this repetitive element would have made its 
appearance during Cretaceous, before 
Amphisbaenia and Lacertidae separated, thus 
would be at least ~135 Myr old (Tałanda 2016; 
Simões et al. 2018). Therefore, IMO-TaqI 
satDNA could be considered a molecular synapo-
morphy of Lacertibaenia, confirming a close phylo-
genetic relationship between Amphisbaenia and 
Lacertidae, despite the deep morphological diver-
gence in consequence of adaptation to burrowing 
of the former taxon (see Vidal & Hedges 2005). 
The close relationships within Lacertibaeniaa 
seems to be confirmed by the phylogenetic analysis 
of IMO-TaqI repeats. Indeed, the IMO-TaqI 
repeats isolated from T. wiegmanni genome did not 
form a species-specific clade in an out-group posi-
tion in relation to sequences obtained from lacertids. 
On the contrary, these sequences are nested within 
the cluster containing Lacertini + Gallotinae repeats, 
and in some cases grouped together with the repeats 
isolated from the genome of lacertid lizard G. galloti, 
or Iberolacerta species (showing a close relationship 
with I. horvathi) forming statistically supported 

Figure 4. C-banded chromosomes stained with DAPI of Trogonophis wiegmanni (a) and Gallotia galloti (b). FISH with IMO-TaqI probe 
onto metaphases of T. wiegmanni (c) and G. galloti (d, white arrow indicates W sex-chromosome). Scale bars = 10 μm.
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clades/subclades (Figure 3). Further evidence for 
the close relationship of T. wiegmanni IMO-TaqI 
repeats with lacertid repeats is brought from the 
Blast search, highlighting a high degree of identity 
(up to 96.17%) and query cover (up to 97%) with 
lacertid repeats (especially with I. horvathi, Rojo 
et al. 2015). This relatedness is corroborated by 
the alignment of IMO-TaqI consensus sequences 
of T. wiegmanni and G. galloti showing a certain 
degree of sequence identity (Figure 2).

Another result that needs an explanation concerns 
the lack of fluorescence on chromosomes of both 
T. wiegmanni and G. galloti after FISH with IMO- 
TaqI probes. Probably, this is due to the low num-
ber of repeats of the satellite in these genomes that 
results in the lack of a visible fluorescent signal in 
FISH experiments. This hypothesis seems to be 
supported by the values of intraspecific nucleotide 
diversity of this genomic element that are much 
higher than the values previously reported for lacer-
tids (Giovannotti et al. 2014, 2018, 2020; Rojo et al.  
2015). A reduced number of repeats could also 
explain the very low evolutionary rate of IMO- 
TaqI of G. galloti and T. wiegmanni (0.028– 
0.068%/Myr) when compared to data so far avail-
able for this genomic element (from 0.1% to 0.5%/ 
Myr, see Giovannotti et al. 2014, 2018, 2020; Rojo 
et al. 2015). Indeed, the mechanisms of interaction 
between tandem repeat units that lead to the homo-
genization of their sequence (e.g., concerted evolu-
tion) do not act effectively when the number of 
repeats is low (see Nijman & Lenstra 2001 and 
references therein), thus leading to a low evolution-
ary rate and high intraspecific nucleotide diversity of 
monomer sequences. The fact that concerted evolu-
tion is not at work in these two species seems to be 
confirmed by the results of the analysis on genetic 
variability of this satDNA. Indeed, the phylogenetic 
reconstruction of the relationships between IMO- 
TaqI repeats of the species here investigated shows 
that repeats of T. wiegmanni and G. galloti are in some 
cases grouped together. This low degree of differen-
tiation, consistent with a poor degree of intraspecific 
homogenization, is confirmed by AMOVA analysis. 
This test shows that in the comparison between T. 
wiegmanni and G. galloti the percentage of variation 
attributable to among species differentiation is rather 
low with a low and weakly significant ФST. On the 
contrary, in the comparisons involving T. wiegmanni 
and Lacerta and Timon, the percentage of variation 
among species was higher with a highly significant 
ФST. The comparison with I. horvathi showed 
a very low among species variation, although with 
a highly significant ФST (Table II). Interestingly, 
this latter species has the IMO-TaqI repeats clusters 

on a small number of chromosomes (Rojo et al.  
2015), condition that could hinder an effective 
homogenization of the repeats.

For both Gallotia galloti and Trogonophis wiegmanni 
genomes, the low copy number of IMO-TaqI repeats 
in the genomes could be explained by the “library” 
hypothesis (Fry & Salser 1977, Meštrović et al. 1998; 
Ugarković & Plohl 2002). Indeed, according to this 
hypothesis, related species would share a collection 
or library of different conserved satDNA families 
(Fry & Salser 1977, Meštrović et al. 1998; 
Ugarković & Plohl 2002; Ruiz-Ruano et al. 2016) 
or even a library of different monomer variants 
(Cesari et al. 2003). In this way, satDNAs may per-
sist in the genome at latent locations for long evolu-
tionary time forming a library of satellite sequences. 
An example of this is represented by the coleopteran 
insect of the genus Palorus. In this genus, four 
satDNA families remained completely frozen for 
long evolutionary periods of up to 60 million years 
(Mravinac et al. 2002, 2005). For stochastic reasons, 
different families or monomer variants of these repe-
titive elements would amplify or contract in different 
species. Mechanisms of concerted evolution would 
lead in this way to a species-specific profile of 
satDNA families/variants (Ruiz-Ruano et al. 2016; 
Rojo et al. 2015 and references therein). According 
to this hypothesis, only few IMO-TaqI sequences 
would have survived until now in the genome of G. 
galloti, where these repeats did not undergo amplifi-
cation and homogenization by concerted evolution, 
thus remaining unchanged for a long evolutionary 
time. On the other hand, it is likely that other 
satDNA families underwent amplification as it 
seems to be suggested by the heterochromatic blocks 
highlighted by C-banding in the chromosomes of this 
species. In the light of these considerations, it seems 
that the library hypothesis could be a reliable scenario 
to explain the low number of IMO-TaqI repeats also 
in the genome of T. wiegmanni, where this satDNA 
did not amplify to form visible clusters when FISH 
with IMO-TaqI probe was carried out on the chro-
mosomes of this species. This scenario with few 
monomers variants remained unchanged in the gen-
ome of T. wiegmanni and G. galloti would also explain 
the very low evolutionary rate obtained when IMO- 
TaqI repeats from these species are compared. In 
addition, the library hypothesis would also explain 
the fact that sequences of these two species with no 
amplified variants and high intraspecific nucleotide 
diversity do not cluster in a species/genus-specific 
way in the phylogenetic tree: different variants from 
the library that cluster with sequences from other 
species not following phylogenetic relationships 
among taxa. In this respect, it is interesting the 
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clustering and the high similarity (100% identity and 
98% of query cover) of some G. galloti repeats with 
W-specific repeats from Lacerta that seem to corro-
borate the hypothesis that the IMO-TaqI repeats in 
the two species here investigated are “molecular 
fossils”.

In the case of amphisbaenians, however, it is also 
intriguing to speculate on the possible relationship 
between the apparent low number of IMO-TaqI 
repeats and the chromosomal rearrangements that 
would have been implied in the karyotype evolution 
of these fossorial lizards. In this regard, it is worth 
noting that 12 metacentric macrochromosomes and 
7 to 12 pairs of microchromosomes form the most 
common amphisbaenian karyotype, while variations 
from this complement were probably obtained from 
centric fission producing higher diploid numbers 
and many acrocentric chromosomes (see Cole & 
Gans 1987; Laguna et al. 2010). Interestingly, com-
parison with lacertid lizards suggests a possible evo-
lutionary trend leading to the basic amphisbaenians 
karyotype. In fact, the most common lacertid lizard 
complement is composed by 38 uniarmed chromo-
somes, gradually decreasing in size. In this context, 
it is possible that the common ancestor of 

Lacertibaenia was characterized by a lacertid-like 
karyotype and that the origin of the amphisbaenian 
complement was the result of extensive 
Robertsonian fusions, probably in concomitance 
with the occupation of a fossorial niche, leading to 
12 metacentric macro-plus 14 microchromosomes. 
The condition with 24 micro-chromosomes would 
be obtained through successive fissions of some 
small chromosomes (Figure 5). It could be hypothe-
sized that during the reciprocal translocation form-
ing biarmed macrochromosomes IMO-TaqI 
satDNA (located at pericentromeric level) would 
have been largely lost along with heterochromatin, 
indeed not detectable after C-banding in the gen-
ome of T. wiegmanni, and of amphisbaenians in 
general (see also Medrano et al. 2011). In this 
way, only few IMO-TaqI sequences would have 
survived in the genome of T. wiegmanni. 
Afterwards, metacentric chromosomes would have 
prevented any further amplification of satDNA (as 
suggested by Hatch et al. 1976 for Dipodomys), thus 
transforming the few IMO-TaqI sequences in 
“molecular fossils” due to the impossibility of 
going towards homogenization through concerted 
evolution. Of course, further studies on 

Figure 5. Hypothesis of derivation of amphisbaenian chromosomes from lacertid-like complement by several centric fusion determining 
loss of IMO-TaqI satellite and associated heterochromatin (black areas in the lacertid-like karyotype).
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amphisbaenians will be needed to choose between 
the two alternatives (“library hypothesis” or 
sequences loss via centric fusions).

To conclude, molecular characters appeare more 
and more useful in phylogenetic inference, especially 
in those cases in which morphology is subjected to 
strong selective pressures, as in the case of fossorial 
squamate reptiles. Here, in fact, the conservatism of 
the IMO-TaqI sequences confirm the close relation-
ship of amphisbaenians and lacertids within the 
Lacertibaenia clade (Vidal & Hedges 2005), despite 
a radical morphological divergence.
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