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Evolutionary dynamics of two satellite DNA families in rock
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Abstract Satellite DNAs compose a large portion of all
higher eukaryotic genomes. The turnover of these highly
repetitive sequences is an important element in genome
organization and evolution. However, information about
the structure and dynamics of reptilian satellite DNA is
still scarce. Two satellite DNA families, HindIII and Taq],
have been previously characterized in four species of the
genus Iberolacerta. These families showed different
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chromosomal locations, abundances, and evolutionary
rates. Here, we extend the study of both satellite DNAs
(satDNAs) to the remaining Ilberolacerta species, with
the aim to investigate the patterns of variability and
factors influencing the evolution of these repetitive
sequences. Our results revealed disparate patterns but
also common traits in the evolutionary histories of these
satellite families: (i) each satellite DNA is made up of a
library of monomer variants or subfamilies shared by
related species; (ii) species-specific profiles of satellite
repeats are shaped by expansions and/or contractions of
different variants from the library; (iii) different turnover
rates, even among closely related species, result in great
differences in overall sequence homogeneity and in
concerted or non-concerted evolution patterns, which
may not reflect the phylogenetic relationships among
taxa. Contrasting turnover rates are possibly related to
genomic constraints such as karyotype architecture and
the interspersed organization of diverging repeat
variants in satellite arrays. Moreover, rapid changes in
copy number, especially in the centromeric HindIII
satDNA, may have been associated with chromosomal
rearrangements and even contributed to speciation within
Iberolacerta.

Keywords Concerted evolution - FISH - Iberolacerta -
Library model - Satellite DNA - Squamate reptiles
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FCA Factorial correspondence analysis
FISH Fluorescence in situ hybridization
FITC Fluorescein iso-thyocianate

Mya Million years ago

™ Nucleotide diversity

satDNA Satellite DNA

Introduction

Satellite DNAs (satDNAs) represent one of the major
classes of repetitive sequences in almost all eukaryotic
genomes. They consist of tandemly repeated non-coding
DNA sequences, typically arranged in large clusters of
hundreds or thousands of copies usually located in the
heterochromatic regions of chromosomes, close to the
centromeres and telomeres (Charlesworth et al. 1994).
Several satDNA families of independent origin are
commonly found in the genome of a species or
group of species, and they usually differ in nucleotide
sequence, monomer length, and complexity, as well as
in evolutionary history (Ugarkovi¢ and Plohl 2002;
Kuhn et al. 2008, 2010). The biological function of
these sequences is not yet fully understood, although
numerous reports point out the role of certain satellites
in centromeric condensation, chromosome organization,
or chromosome pairing (see Plohl et al. 2008). A growing
field of research is also addressing the role of satDNA
transcripts in the formation and maintenance of hetero-
chromatin and even in regulation of gene expression
(Ugarkovic¢ 2009; Pezer et al. 2012). In addition, several
examples support the hypothesis that the rapid evolution
of satDNAs can act as a driver of population and species
divergence (Ugarkovi¢ and Plohl 2002; Feliciello et al.
2015).

Despite their biological significance, satDNAs are
still the least understood genomic component, underrep-
resented in outputs of most genome projects (Plohl et al.
2012). A common feature of many of them is that, even
though monomers can be present in many thousand
copies per genome, sequence divergence between
repeats of the same family is often very low, usually
less than 15 % (Plohl et al. 2008). The non-independent
or concerted evolution of repeat units is postulated to be
a consequence of a two-step process called molecular
drive, consisting of the gradual spread of a sequence
variant (1) through a genome (homogenization) and (2)
through a species (fixation) (Dover 1982). Sequence
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homogenization is due to diverse molecular mechanisms
of nonreciprocal transfer, such as unequal crossing-over,
gene conversion, rolling circle replication and reinsertion,
and transposon-mediated exchange (Stephan 1986;
Dover 2002), while fixation results from random chro-
mosomal assortment in sexual reproduction, depending
thus on population factors. This process results in rapid
divergence of satellite sequences in reproductively isolated
groups of organisms, and in this case, satDNAs can be
used as phylogenetically informative markers (Plohl et al.
2012).

Accumulation of mutations in satellite families is not
the only way to alter specific profiles of satellite repeats
in short evolutionary periods. In addition to sequence
changes, satDNAs are permanently altered in copy
number by expanding and contracting arrays of satellite
monomers (Ugarkovi¢ and Plohl 2002; Plohl et al.
2012). Because usually more than one satellite family
exists in a genome, fluctuations in their copy numbers
can change very efficiently and rapidly any profile of
genomic satDNA. The library model of satDNA
evolution explains the occurrence of species-specific
satellite profiles as a result of differential amplifications
and/or contractions within a collection, or library, of
satellite sequences shared by related species (Fry and
Salser 1977; Mestrovi¢ et al. 1998; Ugarkovi¢ and Plohl
2002). Not only distinct satDNAs but also monomer
variants or subfamilies from a single family can be
distributed in genomes in the form of a library (Cesari
et al. 2003).

SatDNAs have been extensively studied in insects
(Palomeque and Lorite 2008) and mammals
(Enukashvily and Ponomartsev 2013), and less so in
other taxa, although there are several exceptions.
Squamata, by far the largest reptile order, is one of them
(see, for example, Giovannotti et al. 2009, 2013;
Chaiprasertsri et al. 2013). It includes the Lacertidae, a
widespread species-rich group restricted to the Palearctic
region, formed by two subfamilies, Gallotiinae and
Lacertinae (Arnold et al. 2007; Sindaco and Jeremcenko
2008). So far, five satDNA families have been described
in Lacertinae, with different taxonomic distributions.
Three satellite families are genus-specific, namely, pLHS
in Podarcis (Capriglione et al. 1994; Capriglione 2000),
CLsat in Darevskia (Ciobanu et al. 2003; Grechko et al.
2006), and Agil60 in Lacerta (Ciobanu et al. 2004;
Grechko et al. 2005). The other two families, on the
contrary, are broadly distributed in Lacertinae: pLCS,
shared by Algyroides, Teira, Lacerta, and Podarcis
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(Capriglione et al. 1989, 1991; Capriglione 2000), and
pGPS, present in Podarcis, Archaeolacerta,
Algyroides, Lacerta, and Zootoca (Capriglione
et al. 1998).

In a previous work (Giovannotti et al. 2014) we
isolated two new satDNA families in the lacertid genus
Iberolacerta, amonophyletic group of rock lizards mainly
distributed in highland areas of Western Europe. This
genus comprises eight species, which can be subdivided
into three main units: (1) I horvathi, occurring in the
Eastern Alps and the north of the Dinaric Chains; (2) the
subgenus Pyrenesaura, which includes the three species
found in the Pyrenees, (I. aranica, I. aurelioi, and
1 bonnali); and (3) the four species included in the
“Iberian group” (I. cyreni, I. martinezricai, I. galani,
and I monticola), with disjunct distributions in central
and northern mountain ranges of the Iberian Peninsula.
Previous cytogenetic surveys of the /berolacerta species
(Capula et al. 1989; Odierna et al. 1996; Arribas and
Odierna 2004; Arribas et al. 2006; Rojo et al. 2014)
showed them to possess a diploid number of 2n=36,
and a similar karyotypic macrostructure, with all chromo-
somes acrocentric. Only the karyotypes of the three
Pyrenean species differ from this formula, with reduced
diploid numbers that range from 2n=24 to 26 in males
and from 2n=23 to 26 in females, and many biarmed
chromosomes that probably evolved from the ancestral
acrocentric complement through a series of Robertsonian
fusions (Odierna et al. 1996).

According to the most recently published phylogeny
(Arribas et al. 2014), speciation within /berolacerta
started ca. 13.5 million years ago (Mya; 95 % credibility
interval 11.6-15.6), with the split between the clades
formed by 1. horvathi and the Iberian group, on one side,
and by the Pyrenean species, on the other. This event was
most likely quickly followed by the separation of
L. horvathi, which took place approximately 11.5 Mya
(9.6-13.7). Within the Iberian group, L cyreni split earlier
(7.3-8.5 Mya), while the speciation events within the
clade formed by 1. martinezricai, 1. galani, and
1. monticola occurred considerably later, at the beginning
of the Pleistocene, 2.1-2.9 Mya. The three Pyrenean
species probably originated in rapid succession ca. 3.8
Mya (2.7-4.9), although this phylogenetic analysis
suggests that I bonnali split first, shortly before
the separation between I aranica and I aurelioi, 3.3
Mya (2.3—4.3). Notwithstanding minor uncertainties
still remaining, the mapping of satDNA differences on
that species tree is likely to provide valuable information

about the time and mode of evolution of these repetitive
sequences. In our previous work (Giovannotti et al.
2014), we analyzed two unrelated satDNA arrays in
the Iberian clade of Iberolacerta: (1) the centromeric
HindIII family, which comprises two subfamilies (I and
II) and represents 5-10 % of the genome and (2) the
Taql family, which shows only interstitial loci and
represents 2.5-5 % of the genome. The nucleotide
sequences of the two families were presumably evolving
at different rates, almost tenfold higher for centromeric
than for instertitial repeats, after comparing 1. cyreni vs.
the other, relatively closer, species of the Iberian clade. In
agreement with this conclusion, the HindIII family seems
to be specific to the genus Iberolacerta (Capriglione et al.
1989, 1991, 1998; Capriglione 2000), whereas the Taql
satDNA has also been detected in representatives of three
other genera of the subfamily Lacertinae (Lacerta,
Podarcis, and Timon).

Here, we extend the study of both satDNAs to the
remaining /berolacerta species, and increase our dataset
for HindIII satDNA, to further investigate the occurrence
of two divergent subfamilies in the genomes of all these
taxa. The results obtained offer a more complete portrait
of the intra- and interspecific variability of these highly
repetitive sequences and their genomic organization and
chromosomal distribution, with the ultimate objective of
contributing to assess the relative strength of the processes
that determine their structure and mode of evolution.

Material and methods
Animals

Genomic DNA was isolated from a total of 20 speci-
mens, representing all eight /berolacerta species. The
number of specimens per species and their geographical
origin are given in Supplementary Table 1. In addition,
one male and one female of /. horvathi and one female
of I. bonnali were used to make metaphase
chromosomes.

DNA extraction, PCR, cloning and sequencing

Genomic DNA was extracted from ethanol preserved
tissues using standard protocols with proteinase K
digestion followed by phenol/chloroform extraction
(see Sambrook et al. 1989). Two primer pairs
designed in our previous work (HindIII-F: 5'-
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TGAGTGTTTTACAGTTGAAAAGCT-3"; HindllI-
R: 5-CATTGTGTTATTTGAGCGCAA-3'; Taql-F:
5'-ATTCTGACCCTGGGGGTTAG-3'; Taql-R: 5'-
CATATTTAAAGAAATCAGGCCTCG-3") were
used for isolation of both satellite families from
the genomes of I horvathi, 1. bonnali, I. aranica,
and I aurelioi. An additional primer pair was
designed to specifically amplify HindIlI-subfamily
IT in all eight /berolacerta species (Hind_sfIl-F: 5'-
CTCTTGCTTATTTCGCTCCAAATGA-3';
Hind sflI-R: 5-ATTTCTGTGTGCAGCATGCAT
TGG-3"). PCR reactions were performed in a final
volume of 25 ul containing ~25 ng of genomic
DNA, 0.625 U of Tag DNA polymerase and 1%
PCR buffer (Roche Diagnostics), 5 nmol of each
dNTP (Roche Diagnostics), and 20 pmol of each
primer. The general reaction conditions were as
follows: initial denaturation at 94 °C for 5 min;
35 cycles of denaturation at 94 °C for 30 s,
annealing at the following temperatures (HindlIII-
F/HindIII-R, 55 °C; Taql-F/Taql-R, 47 °C;
Hind sfll-F/Hind sfII-R, 58 °C) for 30 s, exten-
sion at 72 °C for 30-60 s, and a final extension at
72 °C for 7 min. The obtained PCR products were
run on 1.5 % agarose gels; DNA in bands of
interest was eluted using Pure Link Quick Gel
Extraction Kit (Invitrogen) and cloned in the
T&A cloning vector with T&A cloning kit
(Yeastern Biotech) following manufacturer’s
recommendations. Positive clones were selected
through PCR amplification using the M13 forward
and M13 reverse primers. Bidirectional sequencing
with the M13 primers was performed on an ABI
PRISM 3730XL (Applied Biosystems) automatic
sequencetr.

Sequence analysis

The newly sequenced repeats were analyzed together
with the previously reported sequences of the HindIII
and Taql satDNA families from /. cyreni, I. monticola,
1. galani, and I. martinezricai (DDBJ/EMBL/GenBank
accession numbers for HindIIl: from KF453637 to
KF453681; accession numbers for Taql: from
KF453682 to KF453723) (Giovannotti et al. 2014).
Multiple sequence alignment was performed with
MUSCLE (Edgar 2004), using default parameters, as
implemented in Geneious version 8.0.5 (Kearse et al.
2012). After visual inspection of alignments, sequences
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were classified into different sets according to shared
nucleotide changes and indels.

Intraspecific nucleotide diversity (7) was estimated
using DnaSP v. 5 (Librado and Rozas 2009). Net
average genetic distances between groups were
calculated using the Maximum Composite Likelihood
model (Tamura et al. 2004) in MEGA v. 6.0
(Tamura et al. 2013). Sequence variability among
satellite repeats was further investigated by
performing a factorial correspondence analysis
(FCA), carried out with Genetix v. 4.05.2 (Belkhir
et al. 2004). For this analysis, we constructed a
matrix with all the sequences, where the nucleotide
present at each diagnostic position was coded with a
unique integer (100, 120, 140, or 160).

For the subsequent phylogenetic analysis, a
consensus sequence was obtained for each
sequence set by choosing the most frequent nucleotide
at each position, except when a combination of
dinucleotides of the three pairs CpG, CpA, and
TpG was present at the same doublet position. In
that case, the CpG dinucleotide was chosen as the
consensus unless the T or A nucleotides were
present in >70 % of the sequences. A phylogenetic
network of the consensus sequences was constructed
with TCS v. 1.21 (Clement et al. 2000) using the
statistical parsimony algorithm under the 95 % parsimony
criterion (Templeton et al. 1992).

Chromosome analysis

Metaphase chromosome spreads were prepared as
described previously (Giovannotti et al. 2014). As for
1. horvathi, individuals of this species were induced to
autotomize their tail tips, the tissues were collected in
the field following the protocol by Waters et al. (2008)
and transferred to the laboratory for the establishment of
primary cell cultures. For fluorescence in situ hybridi-
zation (FISH) experiments, we developed species-
specific probes obtained by PCR amplification of
HindIIl and Taql satDNA clones. The probes were
labeled either with Cy3, using a PCR labeling kit (Jena
Bioscience), or with FITC, using the Platinum Bright
495 labeling kit (KREATECH Biotechnology). Slide
pretreatment, denaturation, hybridization, post-
hybridization washes, and detection were performed
according to Schwarzacher and Heslop-Harrison
(2000). Images were captured using the epifluorescence
microscopes (Nikon Microphot-FXA; Leica Leitz
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DMRBE) equipped with monochrome cameras (Nikon
DS-QilMc; JATI CV-M4+CL). The NIS-Elements D
3.10 (Nikon Instruments) and Leica CytoVision version
7.2 (Leica Microsystems) softwares were used to
process the images and reconstruct the karyotypes.

Results
Isolation and characterization of satellite DNAs

PCR amplification using primers specific for HindIIl
and Taql satDNA was successful in all tested species
and produced a ladder-like banding pattern, which is
typical for satellite DNA. PCR products included com-
plete monomers and multimers (from dimers up to
hexamers), flanked by partial monomer sequences. Only
clones with complete repeat units were sequenced and,
for further analyses, multimers were separated into
individual monomers. A total of 187 new sequences were
obtained for HindIII, whereas 109 clones were
sequenced for Taql. Comparison of these new sequences
with the HindIIl and Taql monomers isolated from
L cyreni, I. monticola, I. galani, and I. martinezricai in
our previous study (Giovannotti et al. 2014) indicated
that all of them belong to the same satDNA families.
Altogether, our dataset comprises 232 HindIII and 151
Taql monomers from all eight Iberolacerta species,
which are likely to reflect the overall variability of the
two satellite families in the genus.

Both HindlII and Taql satDNAs are characterized by
an AT bias (average AT content of 58.9 and 59.1 %,
respectively) and by the occurrence of short repeat
motifs such as A and T stretches, dinucleotide TG and
CA, and trinucleotide CAA and TTC (Supplementary
Figs. 1a, b). The size of HindIII repeats ranged between
169 and 172 bp, with the exception of two monomers
with lengths of 151 bp (IAR 99b) and 161 bp
(ICY_209c) (Table 1). Taql repeats showed a broader
range of length variation, from 155 to 191 bp (Table 1).
Several indels varying in size from 1 to 31 bp are the
causes of the repeat length variation in this satDNA
family.

After alignment, monomers within each satDNA
family were classified into subfamilies, according to
the state of diagnostic positions, characterized by
nucleotide substitutions or indels shared by at least
90 % of all the members grouped in the same subfamily.
The subfamilies were designated with Roman numerals

following the nomenclature previously used in
Giovannotti et al. (2014) for HindIII subfamilies I and
II. Additional diagnostic positions further divided each
subfamily into several sequence groups and subgroups,
denoted by a Latin letter and a numeral, respectively,
after the subfamily name (Table 2).

Sequence variability within HindIIl satDNA

Within HindIIl satDNA, we found a total of 30 diag-
nostic positions, which identified three subfamilies—
namely HI, HII, and HIll—and 27 sequence groups
(Table 2a and Supplementary Fig. la). Their abun-
dances ranged from 1.3 to 17 % (3-39 representatives)
of the examined sequences. Figure 1a overlies data on
the abundance and distribution of HindIIl sequence
groups onto a phylogenetic tree for /berolacerta derived
from mitochondrial markers (Arribas et al. 2014). As
evidenced in this figure, sequence groups were not
equally represented in the different species. The
Pyrenean species (I. aurelioi, I. aranica, and
1. bonnali) harbor a wide diversity of HindIII repeats,
mainly belonging to subfamilies HI and HII. Only 12
monomers were retrieved from . horvathi, and they are
all members of subfamily HI. Similarly, subfamily HI is
also the most abundant variant of the HindIII family in
the Iberian species I martinezricai, 1. monticola, and
L galani. A strikingly different profile of HindIlII repeats
was found in 1. cyreni, also an Iberian species, which is
characterized by the presence of several private
sequence groups belonging to subfamily HIII and one
exclusive sequence group within subfamily HIL.

The coexistence of more than one subfamily explains
the higher nucleotide diversity values (7) in species such
as 1. bonnali (4.91%) or I. aurelioi (3.96%), in
comparison with the values obtained for those species
in which all their HindIII repeats belonged to a single
subfamily, i.e., I. horvathi (1.16%) and I. martinezricai
(1.51%) (Table 1). Interestingly, despite their different
abundances, mean 7 values for each subfamily were
roughly similar (from 2.30 % in subfamily HII to
2.54 % in subfamily HIII).

The factorial correspondence analysis (FCA) based
on diagnostic positions highlighted the differentiation
among the three HindIIl subfamilies, lending further
support to our classification. Altogether, the three main
axes of variation explain 96.53 % of the observed
variation (Fig. 2a). The most informative is axis 1
(69.70 %), which identifies two main clusters,
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Table 1 Summary of repeat features of HindIll and Taql satDNA

HindIII Taql

Species Subfamily n Repeat length  Nucleotide Subfamily n Repeat length  Nucleotide

diversity () diversity ()

1. monticola All combined 34 0.0151+0.0018  All combined 10 0.0600+0.0089
HI 30 171 0.0142+0.0023 TI 10 171-188 0.0600-+0.0089
HII 4 170 0.0177+0.0060

1. galani All combined 31 0.0331+0.0040  All combined 16 0.0489+0.0001
HI 23 171 0.0148+0.0019 TI 16  186-188 0.0489+0.0001
HII 8 169-170 0.0211+0.0082

1. martinezricai All combined 33 0.0151+0.0018  All combined 7 0.0541+0.0103
HI 33 171-172 0.0151+£0.0018 TI 7 187-188 0.0541+0.0103

I cyreni All combined 40 0.0356+0.0037  All combined 9 0.0406+0.0001
HI 7 0.0180+0.0030 TI 9 186-187 0.0406+0.0001
HIII 33 161-171 0.0240+0.0029

I. horvathi All combined 12 0.0116+0.0028  All combined 33 0.1218+0.0079
HI 12 171 0.0116+0.0028 TI 31 167-191 0.1184+0.0083

TII 2 189 - 191 0.0699+0.0349

I aurelioi All combined 25 0.0396+0.0034  All combined 20 0.0976+0.0086
HI 14 171 0.0290+0.0048 TI 1 187
HII 11 170 0.0262+0.0026 TII 19 177-188 0.0908+0.0074

I aranica All combined 22 0.0355+0.0043  All combined 34 0.1209+0.0070
HI 7 151-171 0.0265+0.0055 TI 14 175-190 0.1082+0.0126
HII 15 170 0.0164+0.0028 TII 20 177-190 0.0960-+0.0059

I bonnali All combined 35 0.0491+£0.0050  All combined 22 0.1204+0.0096
HI 17 171 0.0257+£0.0027 TI 17 155-188 0.1060+0.0102
HII 15 169-170 0.0230+0.0076 TII 5 177-190 0.0983+0.0156
HIII 3 171 0.0195+0.0033

All species combined HI 143 0.0241+0.0015 TI 105 0.1342+0.0060
HII 53 0.0230+£0.0018 TII 46 0.0961+0.0044
HIII 36 0.0254+0.0029
TOTAL 232 0.0539+£0.0020 TOTAL 151 0.1567+0.0038

Number of monomeric repeats sequenced (n), length of repeats (expressed in base pairs), and nucleotide diversities (m)£S.E. for both
satDNAs for each Iberolacerta species investigated

corresponding to subfamily HIII repeats of I cyreni
and I bonnali on one side, and to subfamilies HI
and HII on the other. Axis 2, which accounts for
24.60 % of the observed variation, separates
subfamilies HI and HII. Finally, axis 3, with
2.23 % of the observed variation, probably
corresponds to sequence heterogeneity within each
subfamily. The clustering of HindIII repeats revealed
by the FCA matches the estimates of interspecies
and inter-subfamilies net genetic distances, shown
in Table 3a. Monomers of subfamily HIII are the
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most divergent, with average genetic distances of
7.50 and 9.90 % from subfamily HI and HII,
respectively. These values are substantially higher
than the average distance between subfamilies HI
and HII (around 4.0 %). When 1. cyreni is excluded
from the analysis, pairwise interspecies genetic
distances within each subfamily are all very low
and uncorrelated with relative divergence times
between species, with average values of 1.0 % within
subfamily HIII, 0.34 % within subfamily HII, and
0.33 % within subfamily HI. Net genetic distances
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Fig. 1 Distribution and abundance of HindIIl (a) and Taql (b)
subfamilies in /berolacerta coupled to a Bayesian tree obtained
from two mitochondrial loci (Cyt b, cytochrome b; CR, control
region) (adapted from Arribas et al. 2014). Node bars indicate 95 %

credibility intervals (regions of highest posterior density) for the
corresponding divergence time (in million years). Numbers in the
table indicate the number of repeats of each subfamily retrieved
from each species. Colors identify different subfamilies

Conversely, subfamily TII is essentially characteristic of
the subgenus Pyrenesaura, although it has been residually
observed also in 1. horvathi. This subfamily appears to be
the most abundant variant in the genomes of I aranica
and, above all, I. aurelioi, which show both species-
specific and shared sequence groups. The sampled loci

between HI repeats involving /. cyreni are always con-
siderably higher (from 2.0 % between 1. cyreni and
L. aranica to 3.40 % between 1. cyreni and 1. horvathi).

Sequence variability within Taql satDNA

From the alignment of Taql sequences, we identified a
total of 50 diagnostic positions, which defined two main
subfamilies—namely TI and TII—and 37 sequence
groups, whose abundances ranged from 1.3 to 8.5 %
(2—13 representatives) of the examined sequences
(Table 2b and Supplementary Fig. 1b).

In general, the species of the Iberian clade were
characterized by the presence of Taql repeats
belonging only to subfamily TI (Fig. 1b), with a
substantial proportion of private sequence groups
(four groups, comprising 15 out of 42 sequences).

from I bonnali and I. horvathi contain mostly T1 repeats.
However, the clustering pattern of TI repeats differs
markedly between the two species: while all the
monomers retrieved from /. bonnali were grouped
together with monomers from other species,
1. horvathi shows the highest proportion of
species-specific repeats (25 out of 33), allocated
to six private sequence groups.

As expected from the distribution of subfamilies
TI and TI in the genomes of the Iberolacerta
species, intraspecific nucleotide diversity values
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Fig. 2 Three-dimensional representation of a factorial correspondence analysis based on monomeric sequences of HindlIII (a) and Taql (b)

satDNAs

are higher for I horvathi and the Pyrenean species, which
harbor both types of Taql repeats in their genomes
(Table 1). When each subfamily is analyzed separately,
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Evolution of two satellite DNAs in Iberolacerta

Table 3 Interspecific and inter-subfamily net genetic distances for
HindIII (a) and Taql (b) repeats. Standard error estimates are
shown above the diagonal. Color codes represent the different

types of HindIII and Taql subfamilies. Asterisks in b indicate those
values obtained in comparisons involving IAU_TI, represented by
only one sequence

a
IGA IMR IAU IHO IMO IBN IAR ICY IGA IBN IAU IAR IMO ICY IBN
HI HI HI HI HI HI HI HI HII HII HII HII HII HIIX HIII
IGA_HI 0.001 0.003  0.001 0.000 0.002 0.003 0.011 0.017 0.016  0.016 0.017 0.016 ' 0.023  0.026
IMR_HI  0.001 0.004  0.001 0.000 0.003 0.004 0.013 0.018 0.017  0.017 0.017  0.017 ' 0.024  0.026
IAU_HI  0.006  0.008 0.005  0.003  0.000 0.001 0.011 0.015  0.013 0.013 0.014  0.012 & 0.023  0.025
IHO_HI  0.001 0.001 0.009 0.000  0.003 0.005 0.015 0.019 0.018 0.017 0.018  0.018 = 0.026  0.028
IMO_HI 0.000  0.001 0.005 0.000 0.002 0.003 0.012  0.017 0.016  0.016 0.017  0.016 = 0.024  0.026
IBN_HI  0.003 0.005 0.000  0.006  0.003 0.001 0.010 0.016 0.014 0.013 0.015 0.012 = 0.022  0.025
IAR_HI  0.005 0.006  0.001 0.008  0.004 0.001 0.010 0.016 0.014  0.013 0.015 0.013 = 0.021 0.024
ICY_HI 0.026  0.028 0.023  0.034 0.029 0.022 0.020 0.022  0.018  0.019 0.021 0.018 = 0.016  0.020
IGA_HII 0.047  0.048 0.039  0.050 0.046  0.042 0.041 0.065 0.001 0.004 0.001 0.007 = 0.032  0.030
IBN_HII  0.041 0.044  0.031 0.047  0.042  0.034 0.032 0.051 0.002 0.000 0.001 0.002 = 0.029  0.030
TAU_HII 0.038  0.042  0.026  0.044 0.038 0.029 0.028 0.051 0.007  0.000 0.002  0.001 0.029  0.030
TAR_HII 0.044 0.046 0.033 0.048 0.043 0.036 0.035 0.061 0.001  0.000  0.002 0.003 = 0.031 0.031
IMO_HII 0.039  0.043 0.024  0.045 0.038  0.027 0.026 0.049  0.012  0.004  0.000 0.010 0.028  0.030
ICY_HIII 0.077 0.080 0.074  0.086 0.080 0.073 0.068 0.043 0.115  0.102  0.101 0.112  0.100 0.005
IBN_HIII 0.088  0.090 008  0.097 0.091 0.085 0.080 0.063  0.104 0.103 0.105 0.106  0.108  0.011
b
IHO_TI IBN_TI JAR.TI JAU_TI IMR.TI ICY_TI IGA_TI IMO_TI IAR_TII JAU_TII IBN_TII IHO_TII
IHO_TI 0.009 0.022 0.025 0.018 0.018 0.025 0.019 0.022 0.019 0.021 0.029
IBN_TI 0.033 0.004 0.027 0.006 0.006 0.004 0.008 0.020 0.021 0.015 0.019
TAR_TI 0.024 0.011 0.024 0.015 0.015 0.015 0.015 0.017 0.017 0.012 0.017
TAU_TI 0.100%* 0.107* 0.084* 0.033 0.033 0.032 0.032 0.028 0.030 0.026 0.031
IMR_TI 0.066 0.014 0.050 0.152% 0.002 0.002 0.002 0.026 0.027 0.023 0.024
ICY_TI 0.070 0.016 0.051 0.154* 0.004 0.003 0.004 0.026 0.027 0.023 0.024
IGA_TI 0.064 0.014 0.049 0.147* 0.005 0.008 0.005 0.025 0.027 0.023 0.024
IMO_TI 0.061 0.016 0.047 0.146* 0.003 0.007 0.007 0.026 0.028 0.024 0.024
TAR_TII 0.062 0.075 0.056 0.122%* 0.112 0.116 0.110 0.115 0.003 0.004 0.006
TAU_TII 0.066 0.075 0.056 0.128%* 0.117 0.121 0.113 0.119 0.007 0.005 0.005
IBN_TII 0.044 0.054 0.036 0.104* 0.095 0.097 0.091 0.097 0.001 0.000 0.004
IHO_TII 0.055 0.057 0.046 0.120* 0.089 0.090 0.084 0.089 0.013 0.008 0.002

m values were also obtained for subfamily TII in those
species with a large number of monomers examined
(9.08 % in 1. aurelioi and 9.60 % in I. aranica).

The factorial analysis of Taql monomers identified a
main axis of variation (axis 1 at Fig. 2b, explaining
48.30 % of the observed variation), corresponding to
the separation between three groups of repeats: (1)
subfamily TII (i.e., essentially Pyrenesaura); (2) a subset
of subfamily TI, including all the monomers of Iberian
species and a few monomers of /. bonnali; and (3) a
subset of subfamily TI, made up of monomers from
I horvathi, I. aranica, and I. bonnali. Axis 2 in the
FCA, which accounts for 25.70 % of the total variation,
separates a fourth group of repeats, comprising the
remaining TI monomers of I horvathi. Net genetic
distances between repeats from the different species
(Table 3b) give additional support to the FCA results.
Leaving aside the comparisons involving the single
monomer of TI in 1. aurelioi, larger distances between
T1 repeats correspond to pairs of the Iberian species
with both 1. aranica (4.70-5.10 %) and, above all,

1 horvathi (6.10-7.0 %). As for the TII repeats, all the
pairwise comparisons, involving the subgenus
Pyrenesaura and I. horvathi, produce rather low values
(0.0-1.30 %).

Organization of consecutive monomeric units

The cloning and sequencing of multimeric products
allowed us to characterize the organization of consecu-
tive monomeric repeats. In both satDNA families, and in
all the species analyzed, we observed that adjacent
monomers in a satellite array usually belong to different
sequence groups and even to different subfamilies (for a
list of all HindIII and Taql composite arrays sampled in
the Iberolacerta species, see Supplementary Tables 2
and 3, respectively).

Phylogenetic analysis

The statistical parsimony network obtained for HindlIII
satDNA showed a high degree of reticulation among the
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members of subfamily HI (Fig. 3a). This pattern
suggests that rearrangements due to recombination
events are an important force generating new monomers
in this subfamily —the most widespread among
Iberolacerta species—, which occupies the central
position of the parsimony network. Two sequence
groups within this subfamily, HI K and HI M,
branched into two separate lineages, corresponding to
subfamilies HII and HIII, respectively. In contrast to
subfamily HI, no evidence for recombination events
has been found within subfamilies HII and HIIL

In the network of Taql satDNA, all sequence groups
converge on a group belonging to subfamily T1 (T1_FI,
Fig. 3b). The network shows a major separation of four
clusters, connected to group TI F1 by a few mutational
steps. Three of them (T1 F2, T1 C2, and T1 GI,
together with their related variants) include sequences
only found in /. horvathi and in the subgenus

a , b
/ HTC \
HIA) (HI_G HIE) HI_I
% - N
HI_D2) HI_H -

TI1_G1

Pyrenesaura. All sequence groups belonging to
subfamily TII occupy a peripheral position within
cluster G1. The extensive diversification within
subfamily TII has been promoted, in some cases, by
recombination events that created new monomer variants
(e.g., TIL_ E1b or TII G2a). Within the fourth cluster, the
prolific lineage TI L3 includes closely related sequence
groups (separated by just one or two nucleotide changes),
specific to the Iberian clade.

Chromosomal location of HindIII and Taql satDNA
families

FISH with HindIII satDNA probe on metaphase chro-
mosomes of /. monticola and I. galani revealed that this
repetitive element is present at centromeres of all the 36
chromosomes of the diploid complement (Fig. 4;
Giovannotti et al. 2014). FISH on female metaphases

T1_F1

TL_F2
TI_GZ
TLE 8
n_u\
TIF 'n 11 \ (TI_1n
TI_H1 l
'r[ ) g %\ (T2
TI_H2
TILE2
TI_B1) (TI_Al
TIL Ela TILElb
TI_A2

Fig.3 Statistical parsimony network constructed from the consensus sequences of the different sequence groups of a HindIIl satDNA and b

Taql satDNA
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of 1. bonnali, carried out in this work, showed hybridi-
zation signals in the centromeric regions of all the 23
chromosomes of the karyotype, although with variable
signal strength in different chromosome pairs (Fig. 4).
Moreover, the overall intensity of HindlIIl signals in
1. bonnali was noticeably lower than in 1. monticola
and . galani. No hybridization signals were observed
in the chromosomes of 1. horvathi.

FISH with Taql satDNA probe in I monticola
and I galani produced bright signals in interstitial
position in a subset of 20 and 18 chromosomes,
respectively (Fig. 5). In I bonnali, similarly intense
signals were detected interstitially on both arms of
10 meta-/submetacentric chromosomes. In some meta-
phases, an additional faint signal could be observed in a
medium-sized chromosome pair (Fig. 5). In 1. horvathi,
strong hybridization signals were also observed in
interstitial position but just in six chromosomes.
However, after increased exposure times, 10 additional
chromosomes appeared weakly labeled (Fig. 5).

I. monticola

I. galani

I. bonnali

Discussion

The turnover rate of a satDNA family is a complex
feature that depends on many parameters, such as inter-
chromosomal and intrachromosomal recombination
rates, copy number and long-range organization of
repeat units, genome location and distribution, putative
functional interactions, reproductive mode, and popula-
tion factors (Strachan et al. 1985; Dover 2002; Luchetti
et al. 2003; Robles et al. 2004; Mestrovi¢ et al. 2006;
Kuhn et al. 2008; Navajas-Pérez et al. 2009; Giovannotti
et al. 2013). In consequence, sequence dynamics of
satDNA families may differ not only among families
but also, for a given family, among genomic regions
(Kuhn et al. 2011), populations (Wei et al. 2014),
species, or higher taxonomic groups (e.g., Macas et al.
2006; Kuhn et al. 2008; Martinsen et al. 2009; Plohl
et al. 2010).

In agreement with Giovannotti et al. (2014), the
results of the present work show that overall variability

Fig. 4 Hybridization pattern of the HindIII probe in the karyotypes of Iberolacerta monticola, I. galani and I. bonnali. Scale bar=10 pm
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I. monticola

I. galani

I. bonnali

I. horvathi (a)
23R RIL

I. horvathi (b)

Fig. 5 Hybridization pattern of the Taql probe in the karyotypes of Iberolacerta monticola, I. galani, 1. bonnali, and 1. horvathi. FISH
signals on . horvathi chromosomes are shown at standard (@) and increased (b) exposure times. Scale bar=10 pm
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of Taql repeats in the whole genus Iberolacerta is on
average three times higher than the variability of HindIII
repeats, which suggests a faster homogenization/
fixation rate for the latter satDNA family. However,
the detailed characterization of both satDNA families
in all eight /berolacerta species reveals that their evolu-
tionary patterns are more complex than previously
anticipated. The presence of HindIII HI in all the species,
and its central position in the phylogenetic network,
suggests that this is the most ancestral variant of HindIII
satDNA, from which subfamilies HII and HIII were
derived. Interestingly, with the exception of I cyreni,
no intraspecific homogenization for any particular
subfamily was detected in our study, and most different
sequence groups of subfamilies HI and HII are wide-
spread and shared by even distantly related species.
Indeed, interspecific genetic distances within each
subfamily are substantially lower than intraspecific
genetic distances between repeats belonging to different
subfamilies. On the contrary, I. cyreni shows a high
proportion of private sequence groups belonging to sub-
family HIII, and a well-differentiated subset of HI
repeats, which explains the evidence of concerted
evolution found for this species in our previous study.
However, the finding of HIII repeats also in /. bonnali
indicates that this subfamily is not exclusive of 1. cyreni,
but was already present in the common ancestral library
of HindIIl variants. Combining these data with the
results of FISH experiments, the most parsimonious
interpretation of HindIIl satDNA evolution is that the
diversification of HindIII repeats—which generated most
of the extant variants—took place in the common
ancestor of Iberolacerta, before species radiation, i.e.,
from 11.6 to 15.6 Mya (Arribas et al. 2014). In the
ancestral species, HindIIl satDNA might have been
widely distributed in the centromeres of all chromosome
pairs, with a subsequent decrease in copy number in
L. horvathi and, at least, in the Pyrenean I bonnali. In
the latter species, and maybe also in the other two
Pyrenean taxa, the reduced amounts of HindIIIl satDNA
might obey to the possible involvement of this centro-
meric element in the Robertsonian fusions that originated
the biarmed chromosomes characteristic of Pyrenesaura
from the ancestral acrocentric karyotype, as has been
suggested for other centromeric repeats in marsupials
(Bulazel et al. 2007). Alternatively, HindIII could repre-
sent a minor satDNA family in the centromeres of the
ancestral species, which was differentially amplified in
the Iberian clade. In either case, the turnover of HindIII

repeats in the different lineages mainly involved the same
pool of “old” repeat variants. Long-term conservation of
ancestral repeats could be a consequence of selective
constraints imposed on functional motifs or structural
features of satellite monomers (see, for example,
Mestrovi¢ et al. 2006; Plohl et al. 2012), involved in
any of the roles ascribed to satDNAs (reviewed in
Ugarkovi¢ 2009). Thus, even if we did not find any
evidence of function in HindIIl satDNA, selection may
have favored the maintenance of some repeat variants
and/or limited the diversification of this repetitive
element. Nevertheless, the loss of HindlIIl repeats in
1 horvathi and 1. bonnali (or, alternatively, the amplifica-
tion in the Iberian species) suggests that even if functional,
a satellite family may be replaced by another in a relatively
short evolutionary time.

Actually, and in contrast to the highly conserved
function of the centromeres, the rapid evolution and
extensive changes in copy number of satDNAs is a
general characteristic of centromeric regions (Henikoff
et al. 2001). The detection of recombinant sequences
within subfamily HI suggests that mechanisms such as
unequal crossovers between sister chromatids and gene
conversion may have been an important source of new
sequence variants in HindIII satDNA (e.g. Smith 1976;
Talbert and Henikoff 2010). Moreover, unequal cross-
over occurring between highly homogeneous arrays can
induce copy number alterations of satDNA repeats, such
as those observed in the Iberolacerta species (Stephan
1986). This fast evolution of centromeric satDNAs can
be linked to reproductive isolation and speciation
(Bachmann et al. 1989; Bachmann and Sperlich 1993).
For example, divergence of centromeric satDNA in
Drosophila species can inhibit chromosome segregation
in hybrids and thus directly cause hybrid incompatibilies
and postzygotic isolation (Ferree and Barbash 2009).
Likewise, the high copy number polymorphisms and
rapid shifts in centromere sequence composition could
have contributed and even triggered species radiation
within /berolacerta.

The Taql satDNA family appears to have a very
different evolutionary history from the HindIIIl family,
and to evolve much faster in the lineage that leads to
1. horvathi. According to the parsimony network,
Taql TI, the most widespread subfamily among the
analyzed species, would also be the most ancestral
variant, from which subfamily TII was derived. More-
over, the phylogenetic distribution of the different
sequence sets suggests that both subfamilies were
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present in the common ancestor of Iberolacerta. Subse-
quently, subfamily TII spread in the Pyrenean species,
whereas it was progressively lost in I horvathi and
maybe even completely removed from the genomes of
the Iberian species. Altogether, TI repeats retrieved from
1 horvathi show a general pattern of concerted evolu-
tion, with high interspecific distance values in all
pairwise comparisons and a large subset of species-
specific sequence groups. The allocation of these private
groups (e.g., TI A2 or TI C1) in terminal clades of the
statistical parsimony network indicates that they
probably arose after the early separation of 1. horvathi
from the remaining species, about 11.5 Mya (9.6-13.7)
(Arribas et al. 2014). The evolution of Taql satDNA in
1. horvathi was probably accompanied by a reduction in
the abundance and chromosomal distribution, as
inferred from the results of FISH experiments. Taql
satDNA also seems to evolve in concert in the Iberian
clade but with a distinct pattern from that found in
L horvathi. In this case, the profile of TI repeats
and the low levels of nucleotide diversity indicate
that concerted evolution in the Iberian clade
involved the preferential homogenization of a
reduced subset of Taql variants, all of which
evolved from a single sequence lineage, TI L3.
After cladogenesis, however, the rate at which TI
repeats evolved within the Iberian clade is presum-
ably low, since Taql sequences are poorly differ-
entiated between the four taxa and we found
almost no species-specific sequence sets.

In contrast with 1. horvathi and the Iberian species,
the turnover of Taql satDNA seems to be remarkably
slow in the Pyrenean /. bonnali. Taql repeats from this
species belong mainly to “old” sequence sets of
subfamily TI, and lack species-specific diagnostic
positions, which indicates that most of the variability
found in . bonnali obeys to synapomorphisms, and that
Taql repeats have been evolving with a low rate of
sequence change after speciation. Conversely, the evo-
lution of Taql satDNA in the other two Pyrenean
species, 1. aranica and I. aurelioi, is characterized by
the amplification of subfamily TII. Phylogenetic studies
suggest that the three species of the Pyrenean clade
originated in rapid succession, though /. bonnali proba-
bly split first, roughly 3.8 Mya (2.7-4.9) (Arribas et al.
2006, 2014). According to this phylogenetic reconstruc-
tion, the amplification of subfamily TII in the genomes
of I aranica and I. aurelioi may have occurred in a short
time, after the separation of / bonnali and before the

@ Springer

divergence of both species, ca. 3.3 Mya (2.34.3). A
rapid expansion of subfamily TII agrees well with the
high levels of intraspecific nucleotide diversity and
interspecific sequence conservation observed for this
subfamily in both species.

The different turnover rates of Taql repeats among
the Pyrenean species, 1. horvathi and the Iberian species,
could be related to differences in their karyotypes. It is
possible that interchromosomal exchange and homoge-
nization between the asymmetric meta-/submetacentric
chromosomes of the Pyrenean species is more
limited than in the species with all acrocentric
chromosomes, more homogeneous in shape and
size. Similar considerations have been proposed
to explain the lower evolutionary rate of satDNAs
in sturgeons as compared to sparids (de la Herran
et al. 2001). Limited interchromosomal exchange
would lead to a progressive compartmentalization
of satellite repeats, followed by a reduction in
their interactions and, eventually, by a lack of
homogenization of different sequence variants.
However, this hypothesis is at least partially
contradicted by our analysis of consecutive mono-
meric units, which revealed that, in both HindIII
and Taql satDNA families, adjacent repeats are not
necessarily more similar than are repeats selected
at random and that members of different sequence
groups or even subfamilies can be interspersed in
the same array.

In fact, this pattern of composite repeats may be a key
factor explaining the disparate turnover rates of each
satDNA family in different species. In eukaryotes,
homologous recombination within or between chromo-
somes can be inhibited by only one mutation per 200 bp
(Nijman and Lenstra 2001 and references therein).
Likewise, mutations in new monomer variants
would inhibit the interactions of repeat units, leading
to sequence diversification, divergent evolution, and the
formation of satDNA subfamilies. Accordingly, our
estimates of intraspecific genetic distances between
repeats belonging to different subfamilies suggest that
each subfamily within HindIIl and Taql satDNAs is
evolving independently. In this context, the
intermixing between subfamilies HI and HII within
HindIIl arrays in most of the species analyzed, and
between Taql subfamilies TI and TII in the Pyrenean
taxa, would strongly reduce recombination and
homogenization within each subfamily, resulting in
the pattern of non-concerted evolution observed
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in our study. Conversely, the amplification of sub-
family HIII in 1. cyreni, and the preponderance of
subfamily TI in 1. horvathi and the Iberian species,
allows a more efficient homogenization of HindIII
and Taql repeats, respectively, which translates
into the overall patterns of concerted evolution
observed for these satDNA families in the species
mentioned above.

Taken together, our results on the dynamics of
HindIIl and Taql satDNAs in Iberolacerta are
congruent with proposed models of satDNA evo-
lution and life history, intended to explain the
considerable fluctuations in copy number and
variability of satDNAs shared by related species
(Nijman and Lenstra 2001; Plohl et al. 2010).
They also support the idea that the “library
model” may be extended to monomer variants
of the same satDNA family, which were already
present in a common ancestor and are currently
distributed in related species in variant copy num-
bers (Cesari et al. 2003). As observed in
Iberolacerta, this particular evolutionary pattern
may result in species-specific profiles of satDNAs
which do not reflect the phylogenetic relation-
ships among taxa.

In conclusion, an in-depth analysis of intragenomic
variability of HindIIl and Taql satDNAs in Iberolacerta
revealed two disparate evolutionary histories which,
nevertheless, showed some common traits: (i) each
satDNA family is made up of a library of monomer
variants or subfamilies shared by related species; (ii)
species-specific profiles of satellite repeats are shaped
by expansions and/or contractions of different variants
from the library; (iii) different turnover rates, even
among closely related species, result in great differences
in overall sequence homogeneity and in concerted or
non-concerted evolution patterns. Contrasting turn-
over rates are possibly related to genomic
constraints such as karyotype architecture and the
interspersed organization of diverging repeat vari-
ants in satellite arrays and maybe also to functional
interactions. On the whole, these satDNA families
constitute highly dynamic systems, which may
have a critical role on the evolution of genome
and species. Further studies aimed at investigating
the genome-wide variability and organization of
reptilian satDNAs may not only be useful to test
current hypothesis and identify mechanisms
influencing the evolution of this genomic

component but also to improve its application as
a molecular marker in phylogenetic studies.
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