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Abstract A family of satellite DNA is analyzed in seven ant
species from the genus Aphaenogaster. This satellite DNA is
organized as tandemly repeated sequences with a consensus
sequence of 160 bp in length. The sampled sequences show a
high similarity and belong to the same family of satellite
DNA. However in Aphaenogaster spinosa, two types of re-
peat clearly differentiated have been found. Phylogenetic anal-
yses using satellite DNA show that sequences do not cluster in
a species-specific way, with one exception. Concretely, the
second type of repeats of A. spinosa (APSP-II) which consti-
tutes a new satellite DNA subfamily. The obtained results with
satellite DNA are compared with those obtained using mito-
chondrial and nuclear DNA to determine the correlation be-
tween evolution of satellite DNA and phylogenetic relation-
ships among the analyzed ants. The high interspecific similar-
ity for the satellite DNA seems not to be in concordance with
the concerted evolution pattern, commonly accepted to ex-
plain the evolution of satellite DNA. However, the accumu-
lated data suggest that evolution of satellite DNA in ants

follows the concerted evolution pattern but that this process
is slow in relation with other organisms, probably due to the
eusociality and haplodiploidy of these insects.

Keywords Satellite DNA . Concerted evolution .Molecular
phylogenies . Formicidae . Aphaenogaster

Introduction

Satellite DNA (satDNA) has been characterized as highly
abundant repetitive sequences tandemly arranged in long ar-
rays and generally localized on the constitutive heterochroma-
tin of eukaryotic genomes. There is a considerable variation in
the total amount and the number of types of tandemly repeated
DNA in eukaryotic genomes, as well as in the size and se-
quence variability of the repeats comprising the tandem arrays
(Palomeque and Lorite 2008; Plohl et al. 2012). Several pro-
cesses (gene amplification or deletion, unequal crossing over,
slippage replication, mutation by base substitution, and rolling
circle amplification) have been proposed to explain the total
amount of satDNA, the sequence variability among repeated
units, and the rate of interspecific divergence (Plohl et al.
2012). These mechanisms can increase the array size and
can spread new variants in the repetitive family by means of
linked processes such as homogenization and fixation
(Stephan 1997). This process of molecular drive (Dover
2002) causes that the different genes in a gene family or the
different sequences of a repetitive DNA evolve in concert
(concerted evolution). So, the sequence similarity between
sequences within a species is greater than between the same
sequences of different species (Plohl et al. 2012). The exis-
tence of the same satDNA family in related species suggests
an ancient origin and also that this satDNA family may have
existed in the common ancestor to these species. However,
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due to the process of concerted evolution, the satDNA could
accumulate differences and evolve independently in each spe-
cies or group species. This process resulted in the existence of
fixed differences and the grouping of the sequences of each
species in different clusters when phylogenetic studies are
carried out.

Ants, (Hymenoptera, Formicidae) represent a rich group in
species numbers with around 15,000 species or subspecies in
325 genera (Bolton 2016). However, satDNA studies in this
insect group are still scarce as only seven genera have been
characterized. In some of these studies, a single species per
genus was analyzed (Lorite et al. 1999, 2002, 2004) and only
in four genera, these studies include several species (Lorite
et al. 2002a, 2004b; Muñoz-López et al. 2012; Huang et al.
2016). These studies have shown that within a genus, all the
analyzed species shared the same family of satDNA. In all
cases, the sequence divergences between two different species
of the same genus are similar or even smaller than their re-
spective nucleotide diversities (within sequences of the same
species). Therefore, sequences from each species do not clus-
ter into species-specific clusters when phylogenetic analyses
are carried out.

In this paper the satDNA is analyzed in several ant species
from the genus Aphaenogaster. We previously described the
existence of a family of satDNA in the species Aphaenogaster
subterranea Latreille, 1798 (Lorite et al. 2002b). The aim of
this paper is to determine if the interspecific conservation of
satDNA observed in other ant genera takes place also in the
genus Aphaenogaster. The results of satDNA are compared
with those obtained from two mitochondrial and three nuclear
genes to determine the correlation between the phylogenetic
relationships among the species and the evolution of their
satDNA. The objective was to obtain new data that could shed
light on the evolutionary dynamic of the satDNA in ants, thus
opening new paths that can determine in the future important
data on the evolution and possible role of this major compo-
nent of the eukaryotic genome.

Material and methods

Material and DNA extraction

Ant nests were collected for the following species:
Aphaenogaster dulciniae Emery, 1924; Aphaenogaster iberica
Emery, 1908 (Granada, Spain); Aphaenogaster cardenai
Espadaler, 1981 (Sevilla, Spain); Aphaenogaster gibbosa
Latreille, 1798; Aphaenogaster senilis Mayr, 1853 (Jaén,
Spain); Aphaenogaster spinosa Emery, 1878 (Corcega,
France); and A. subterranea (Tours, France). For DNA extrac-
tion, pools of three to five workers were used. DNA purifica-
tion was carried out using the NucleoSpin® Tissue kit from
Macherey-Nagel. DNAwas finally eluted in 100 μl.

DNA amplification, cloning, and sequencing

Satellite DNA was amplified by PCR using the primers
APSU-1 (5′-GGTTTTCGTTAGAACTCT) and APSU-2 (5′-
CAATTTTGACGGGAGTTC). The sequences of these
primers are based in the sequence of the satDNA previously
isolated in A. subterranea (Lorite et al. 2002b). These primers
were first tested in A. subterranea, in which a complete mono-
mer repeat (162 bp) was amplified along with part of the two
monomers of around (total about 210 bp), or bigger fragments
with two monomers (370 bp), three (535 bp), etc. For the
analyses, only complete monomeric repeats were used.
Monomeric sequences with large deletions were also
discarded for phylogenetic analysis. All PCR amplifications
were performed using the same conditions. PCRs were carried
out using the following cycling profile: 35 cycles at 92 (20 s),
50 (1 min), and 72 °C (3 min), with a final elongation step of
72 °C for 3 min. Reactions were set up in a 50-μl mixture
containing 100 ng of genomic DNA, 5% DMSO, 0.5 mM
dNTPs, 50 pmol of each primer, and 1 U of Taq polymerase.
PCR products were eluted from the agarose gel and inserted
into the pGEM-T Easy Vector (Promega). Plasmids were di-
rectly sequenced on both strands by the dideoxy sequencing
method. The sequences were deposited in the European
Molecular Biology Laboratory (EMBL) database (accession
nos. LT623080–LT623126).

Three nuclear gene fragments were amplified: wingless
(wnt-1), abdominal-A (abdA), and long-wavelength rhodop-
sin (lwRh) using the primers and PCR conditions described by
Palomeque et al. (2015). The obtained sequences were depos-
ited in the EMBL database (accession nos. LT623141–
LT623159). Available sequences for abdA and lwRh genes
fromA. senilis (accession nos. EF519068 and FJ824329) were
also used, as well as the sequences of these nuclear genes from
Monomorium pharaonis Linnaeus, 1758 (accession nos.
JQ695806, KJ861419, and AY850637).

Two mitochondrial regions were also amplified in all spe-
cies. The first was a portion of the mitochondrial 16S gene.
The primers used were 16SWa (5′-CGTCGATTTGAACT
CAAATC) and 16SWb (5′-CACCTGTTATCAAAAACAT),
used successfully in several ant species (Dowton and Austin
2001; Muñoz-López et al. 2012). The second amplified mito-
chondrial region was a fragment comprised between the COI
gene 3′ end and the beginning of the 5′ end of the COII gene.
This fragment included also an intergenic spacer and the
tRNA-Leu located between the CO genes. The primers used
for PCR amplification were COIa (5′-ATGCCTCGTCGATA
TTCTGA) and COIIa (5′-CCACAAATCTCTGAACATTG
TCCA). These primers are basically the Buniversal^ insect
primers BGeorge I^ (sense strand) and BBarbara^ (anti-sense
strand) with some modifications based in the differences
found for the annealing regions in some ant species (Chiotis
et al. 2000). PCR amplifications were performed using the
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same conditions used for satDNA. PCR products were cloned
and sequenced as previously indicated. The sequences were
deposited in the EMBL database (accession nos. LT623127–
LT623140). The sequences for both regions from
M. pharaonis (accession nos. DQ023051 and DQ023095)
were also included in the analysis.

Sequence analysis

Multiple-sequence alignment of satDNAwas performed using
the ClustalW program. Nucleotide diversity and pairwise se-
quence divergence were estimated using DnaSP program
(Librado and Rozas 2009). The nucleotide diversity Pi (JC)
in each species was calculated as the average number of nu-
cleotide substitutions per site between two sequences with the
Jukes and Cantor’s correction (Jukes and Cantor 1969).
Sequence divergences were calculated as the average of nu-
cleotide substitution per site between species (Dxy value from
DnaSP, Nei 1987, Eqs. 10–20). The number of fixed differ-
ences between species (nucleotide sites at which all of the
sequences in one population differ from all of the sequences
in the second population) was determined using the DnaSP
program. The same program was also used to identify the
putative gene conversion events. For this analysis, at least
two sets of sequences must be defined. A set must contain at
least three sequences and the other a minimum of five. The
minimum number of sequences of each set is required by
DnaSP.

Using the method of Strachan et al. (1985), we analyzed the
pattern of variation at each nucleotide position of satDNA
shared between two species. This method compares each nu-
cleotide position between satellite monomers of two species.
The positions are divided into six transition stages or
Bclasses.^ Class 1, the homogenized state, represents the an-
cestral condition with absence of mutations. The appearance
of a mutation in one of the species or its spread in a minority of
clones represents the class 2. In class 3, this mutation appears
in about half of the clones and it becomes class 4 when the
newmutation has replaced the ancestral base in the majority of
monomers. In class 5, the newmutation is present in all mono-
mers and represents a diagnostic position that allows the
monomers’ differentiation between both species. In class 6,
a subsequent mutation appears in one of the species.
According to the method of Strachan et al. (1985) in classes
2–5, only two types of bases can be found in a given position
in all clones of a pair of species. The analysis of the evolution
of the satDNA in ants from the genus Formica showed that a
significant percentage of positions could not be included in the
above classes, and two new classes were defined (Lorite et al.
2004b). In class N1, the same mutation is present in both
species. This situation could be a consequence of sequence
variation in the ancestral species. Class N2 was defined for
positions that present mutations of different types in the

monomer of the two species. The new mutations included in
class N2 probably occurred afterward the species split (Lorite
et al. 2004b).

For mitochondrial and nuclear DNA analysis, sequence
alignment was first performed using the ClustalW pro-
gram. For 16S rDNA, the existence of A + T rich regions
increases the difficulty of a good alignment and could
cause that the aligned nucleotide sequences reflect an in-
correctly homology and thereby generate incorrect phy-
logenies. Therefore, the computationally obtained align-
ment was manually refined based on the 16S secondary
structure models (Gillespie et al. 2006).

The phylogenetic relationships were reconstructed using
the maximum-likelihood method (Saitou and Nei 1987) im-
plemented in the program MEGA version 6 (Tamura et al.
2013). The best-fit nucleotide substitution model with the
lowest BIC (Bayesian information criterion) value was chosen
for eachmolecular marker: T92 + G for satDNA and GTR +G
+ I for mitochondrial and nuclear markers. Node support was
assessed with 1000 bootstrap replicates. The Bayesian analy-
sis was performed for mitochondrial and nuclear markers with
the program Mr. Bayes v 3.1.2 (Ronquist and Huelsenbeck
2003). Two independent runs were performed with four
MCMC chains for 1,000,000 generations; trees were sampled
each 100th generation, and a burning was set to 25% of the
samples. Convergence was considered as reached when the
average standard deviation of split frequencies was below
0.001. Also, a 50% majority rule consensus tree was calculat-
ed from the obtained trees.

Results

Satellite DNA

A 160-bp family of satellite DNA was previously character-
ized in A. subterranea (Lorite et al. 2002b). This satDNA
family was isolated by digestion of genomic DNA with
HaeIII. The comparison between previously isolated se-
quenced by HaeIII digestion (clones APSU-18-1, APSU-18-
2, APSU-20, APSU-36, APSU-46-1, APSU-46-2, APSU-66,
and APSU-70) did not reveal significant differences with the
PCR-generated fragments (APSU-166, APSU-167, and
APSU-168) (EMBL accession nos.LT623080–LT623082).
Therefore, we used these primers to amplify the satDNA in
all analyzed Aphaenogaster species.

Several clones were selected and sequenced for each of the
six species: A. cardenai (APCA), A. dulciniae (APDU),
A. gibbosa (APGI), A. iberica (APIB), A. senilis (APSE),
and A. spinosa (APSP). The sequences previously obtained
on the satDNA from A. subterranea (Lorite et al. 2002b) have
also been included in this study. The comparison of the se-
quencing results is summarized in Fig. 1, where the alignment
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of repeating units is presented. Sequence analysis shows that
all analyzed species present the same satDNA family. The
consensus sequence of this satDNA is 160 bp in length. In
A. spinosa, even visual observation of the sequenced mono-
mers allows the differentiation of two different types of mono-
mers: type I (APSP-I) and type II (APSP-II). The existence of
both types of repeats in A. spinosa is also supported by the
phylogenetic trees and by the nucleotide diversity analysis as
we will comment later.

In addition to nucleotide substitutions, several deletions are
observed in the satellite DNA monomers (Fig. 1). These indels
were not randomly distributed across the sequences. For exam-
ple, the majority of monomeric repeats in A. subterranea show
a 2-bp insertion in nucleotide position 83. This insertion is not
only present in APSU repeats but also in one of the monomers
of A. cardenai (APCA-15). All sequences of APGI, APSE, and
APSP-I show a deletion of 6 bp in position 109. The same
deletion is also present in some of the sequences of the APIB
repeats, although the majority of them lack this deletion. Also
all sequences of APSP-II and the majority of APDU repeats
present a deletion of 16 bp in position 88 (Fig. 1).

Estimates of nucleotide diversity Pi (JC), or the average
number of nucleotide substitutions per site between two se-
quences (Nei and Miller 1990) with Jukes and Cantor’s

correction (Jukes and Cantor 1969), were carried out
(Table 1). There are large differences in the intraspecific nucle-
otide diversity found in each species. On one hand, there are
satDNAs highly homogeneous as in A. spinosa, whose two
types of repeats (APSP-I and -II) have a nucleotide diversity
of 0.008 ± 0.005 and 0.007 ± 0.005, respectively. On the other
hand, highly variable satDNA is detected in A. cardenai, with a
nucleotide diversity of 0.156 ± 0.033, which is almost 20 times
higher than that found in A. spinosa. The intraspecific nucleo-
tide divergence among A. senilis monomers (0.054 ± 0.007) is
almost equal than the interspecific divergences with A. spinosa
(APSP-I) and A. gibbosa monomers (0.053 ± 0.017 and
0.055 ± 0.012, respectively). The same interspecific divergence
has been found between APSP-I and A. senilis and between
APSP-I and A. gibbosa (0.053 ± 0.017 in both cases). It should
be noted that APSP-II whose intraspecific nucleotide diversity
is very low nevertheless shows high interspecific nucleotide
divergence in all comparisons (Table 1).

The pattern of variation at each nucleotide position of sat-
ellite was studied by the method of Strachan et al. (1985)
(Table 2). The number of fixed differences between species
is also shown in Table 2. Almost all positions can be included
in one of the six proposed classes. The existence of interme-
diate (classes 2–4) or advanced (classes 5 and 6) states is

                   10        20        30        40        50        60        70        80           90       100       110       120        130       140       150        160  
                    |         |         |         |         |         |         |         |            |         |         |         |          |         |         |          | 
CONSENSUS  CCCCCCAAGAGTTCTAACGAAAACTCTTATGACCCGAAGCGCTACGACCAATAGTTAAAAAGTTACAGCAACTTTTAGGGTG--CTCTTC-GAAAAATTTCTAAGTCCCGAGGGGAAAATTTTTTTTT-CGGAAATCGGCAGTTCTGGCGGGAGTTCTGG-TAGG 
APSP-1     .A.............................GT..................CG.............................--......-....................------..........--...............................-.... 
APSP-4-2   .A.............................GT..................CG.............................--......-....................------...........-...............................-.... 
      -3   .A....................-----------------------------------------------------------------------------------------------------------------..AA..A..T..A............-.... 
      -4   .A.............................G.T.................CG.............................--......-....................------...........-...............................-...A 
APSP-5     .A.............................GT..................CG.............................--......-....................------..........--...............................-.... 
APSP-10    .A.............................GT..................CG.............................--......-....................------...........-...............................-.... 
APIB-2     .A.............................G...................CG.............................--......-.....................................-..................A............-.... 
APIB-3     .A.......................................................C........................--......-....................------...........-............................G..-.... 
APIB-5     .A.................................................CG.............................--......-....................------...........-...............................-.... 
APIB-7     .A.............................G...................CG.............................--......-.....................................-...............................-.... 
APIB-8     .A.......................T.....G...................CG.............................--......-.............A.......................-.........A.....................-.... 
APIB-9     .A.TT..........................G...................CG.............................--......-.....................................-..................A............-.... 
APIB-11    .A...............................T...............G.................A...AA.........--T..A..-....................------..A.......G-G.........G.......A............G...- 
APIB-12    .A.......................T.....G...................CG.............................--......-.........T..........------C..........-...............................-.... 
APIB-13    .A.................................................CG.............................--......-............................C........-............A..T..A............-.... 
APSE-87    .A...........T.................T.....C.............C..............................--.C....-....................------..........--...............................-..C. 
APSE-156   .A.............................G...................C..............................--......-A...................------...........-...............................-..C. 
APSE-159   .A....T............................................C............T.................--......-..............A.....------..........--.......T.......................-..C. 
APSE-170   .A....T............................................C..............................--......-.....T..............------...........-.....................A.........-..C. 
APSE-185   .A.............................G...................C..............................--......-A....T..............------...........-....................AAA........-..C. 
APSE-186   .A..........AT.........T.............C.............C..............................--......-A...................------...........-...............................-..C. 
APSE-189   .A...............................T...............G................................--......-....................------.......------.A...............A............-..C. 
APSE-198   .A...........T.................T.....C.............C..............................--......-....................------...........-............A..T..A............-.... 
APGI-58    .A...............................T...............G................................--......-....................------...........-...............................-..C. 
APGI-59    .A...............................T...............G................................--......-....................------...........-...............................-..C. 
APGI-140   .A...............................T...............G................................--......-....................------...........-...............................-..C. 
APGI-151   .A.............................G...A...............C..............................--......-.....T..........T...------....C......-...............................-..C. 
APGI-152-1 .A...............................T...............G................................--......-....................------...........T..................A............-..C. 
        -2 .A...............................T...............G................................--......-....................------....A......-........A.....G...........G.A..-..C. 
APGI-153-1 .A...............................T...............G................................--G.....-....................------...........-...............................-..C. 
        -2 .A...............................T...............G................................--G.....-....................------...........-...............................-..C. 
APGI-154   .A...............................T...............G................................--.A....-....................------...........-...............................-..C. 
APSU-18-1  ......G.................C................A...........................C..CCAA.A...CCC.C....-..........C.........T...............C-..A...AT....A..T.TA..A........A-.... 
APSU-18-2  ......G.................C.......................................G......AA.........--......-.........T..........................C-............AA.T..A....T.......-.... 
APSU-20    ......G.................C............................................C..CCAA.....CCC.C....-..........C......A..................C-.A..........A..T..A............-.... 
APSU-36    ...TT.G.................C............................................C..CCAA....AC-C.C....-..G.......C..A.......................--AT.........A..T..A............-.... 
APSU-46-1  ......G.................C............................................C..CCAA.....CCC.C....-..........A................T.........--...........A..T..A............-.... 
APSU-46-2  ......G.................C............................................T..CCAA.....CCT.C....-..........C.........................C-............A.AT..A...T........-.... 
APSU-66    ......G......T..........C............................................C..CCAA.....CCC.C....-..........C................T.........-T...........A..T..A............-.... 
APSU-70    ......G.................C.....................................C.........CCAA.....CCC.C....-...C......A.................A.C......--...........A..T..A............-.... 
APSU-166   ...T..G.................C.......T....................................C..CCAA.....CCC.A....-..TT......C.................-.....C..--...........A..T..A..........T.-.... 
APSU-167   ......G.................C.....A.T...............................G......AA.........--......-..........C.................-..C....C-T...........A..T..A..........A.-.... 
APSU-168-1 ..T...G.................C...........................G................C..CCAA.....CCC.C....-..........C..........................--...........A..T..A............-.... 
APSU-168-2 ......G.................C..........A.....A...........................C..CCAA..C..CTC.C....-..........C.................A........--...........A..T..A..........A.-.... 
APDU-1-1   ........................C........G......................C............C..CCAA......--.A....-...G..................AA-...........--............A..T..A............-.... 
APDU-1-2   ........................C.......T......A.............................C..CCAA......--.A...----------------C.......AA-...........--............A..T...............-.... 
APDU-2-1   --..T...........T.......C........G...............G......C............C..CCAA......--.A...----------------.T......AA-...........--............A..T..A............-.... 
APDU-2-2   ................T.......C........G...............G......CC...........C..CCAA......--.A....-......................AA-...........--............A..T..A............-.... 
APDU-9-1   ----------------------------------...................................C..CCAA......--.A...----------------C........A-...........--............A..TCA.............-.... 
APDU-9-2   ....A.......................TA..........................................C.AA...A..--.A...----------------.......A.AT...........--............A..T..A............-.... 
APDU-9-3   ........................C........G...............G......CC...........C..CCAA..T...--.A...----------------.T......AA-...........--............A..T..A............-A... 
APDU-25-2  ................T.......C........G...............G......CC...........C..CCAA......--.A....-......................AA-...........--............A..T...............-.... 
       -3  ........................C........G...................................C..CCAA......--.A...----------------C........A-...........--............A..T..A............-.... 
APSP-2     T....A..A.A.A...T...........G...T......T.........................T.A...TCCAA......--.A...----------------......AA.AT...........--........AA..A..................-.... 
APSP-6     T....A..A.A.A...T...........G...T......T.........................T.A...TCCAA......--.A...----------------......AA.AT...........--........AA..A..................-.... 
APSP-7     T....A..A.A.A...T...........G...T......T.........................T.A...TCCAA......--.A...----------------......AA.AT...........--........AA..A..................-.... 
APSP-8-2   T....A..A.A.A...T...........G...T......T.........................T.A...TCCAA......--.A...----------------......AA.AT...........--........AA..A..T..A............-...A 
      -3   T....A..A.A.A...T...........G...T......T.........................T.A...TCCAA......--.A...----------------......AA.AT...........--........AA..A..................-.... 
APSP-9     T....A..A.A.A...T...........G...T......T.........................T.A...TCCAA......--.A...----------------......AA.AT...........--........AA..A..................-.... 
APCA-2     .....A..........TT.....G.......G.......T..............G....G....C....C...CAA..T.C.--..A...-.....T.................AT...A........-AA........G.......A.A.........C-...C 
APCA-3     .....A..........T......G.......G...................C.......G....C....C..CCAA..A.C.--..G...-.....--------------------------......-AA...G....G.......A............-...C 
APCA-7     .....A..........T...G..G.......................T......G....G....C....C...CAA..T.C.--..G..T-.....T..C...............T...A........-AA........G.......A....G.......-...C 
APCA-13    .....A..........T...TG.TC............................T....G...A......C..CCAA..TCC.--..G...-....--..................TG..-........-GA...G............A.T..........-...C 
APCA-8     .....A..........T...TG.TC............................T....G...A......C..CCAA..TCC.--..G...-....--..................TG..-........-GA...G............A.T..........-...C 
APCA-16    .....A..........T...TG.TC........T...................T....G.....G....C..CCAA..TCC.--..G..TC........................TG...........-TC...T..........C..............-...C 
APCA-5     .....A..........T...TG.TC........T...................T....G.....G....C..CCAA..TCC.--..G..TC........................TG...........-TC...T......A..T..A............-...C 
APCA-15    ......G.................C................A......T....................C..CCAA.A...CCC.C....-..........C.........T...............C-..A...AT....A..T..A...........A-.... 
Fig. 1 Multiple-sequence alignments of all sequenced clones from
Aphaenogaster spinosa (APSP), Aphaenogaster iberica (APIB),
Aphaenogaster senilis (APSE), Aphaenogaster gibbosa (APGI),
Aphaenogaster subterranea (APSU), Aphaenogaster dulciniae

(APDU), and Aphaenogaster cardenai (APCA). The sequences
designated 1, 2… are monomeric units from the same clone. A
monomeric consensus sequence derived from them is also shown
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indicative of the homogenization process of the satDNA. The
frequency of positions included in classes N1 or N2 is low
(0.6–11.6%) when compared with that observed in other ant
species, as Formica (with a 20.2–74.4% of the positions in-
cluded in these classes; Lorite et al. 2004b). In agreement with
Strachan et al. (1985), the nucleotide position corresponding

to fixed differences between species (diagnostic positions)
would be included in classes 5 or 6. The lower numbers of
fixed differences (zero to two) are observed when the
satDNAs of A. iberica, A. senilis, A. gibbosa, and A. spinosa
(type I) are compared (Table 2). This is in concordance with
the low level of nucleotide divergence observed (Fig. 1,

Table 1 Nucleotide diversity in each species (diagonal) and pairwise divergence values between species

APIB APSP-I APSE APGI APDU APSU APCA APSP-II

APIB 0.049 ± 0.013

APSP-I 0.033 ± 0.015 0.008 ± 0.005

APSE 0.063 ± 0.013 0.053 ± 0.017 0.054 ± 0.007

APGI 0.060 ± 0.012 0.053 ± 0.017 0.055 ± 0.012 0.025 ± 0.009

APDU 0.138 ± 0.023 0.141 ± 0.043 0.149 ± 0.026 0.128 ± 0.025 0.056 ± 0.012

APSU 0.149 ± 0.022 0.151 ± 0.038 0.159 ± 0.024 0.156 ± 0.025 0.108 ± 0.018 0.076 ± 0.012

APCA 0.211 ± 0.039 0.218 ± 0.073 0.225 ± 0.043 0.217 ± 0.046 0.206 ± 0.041 0.200 ± 0.037 0.156 ± 0.033

APSP-II 0.211 ± 0.061 0.198 ± 0.090 0.226 ± 0.069 0.211 ± 0.065 0.177 ± 0.055 0.229 ± 0.058 0.293 ± 0.099 0.007 ± 0.005

Table 2 Number of fixed
differences between species and
percentage of nucleotide positions
falling into one of the six classes
of transition stages proposed by
Strachan et al. (1985)

Fixed
differences

Class
1

Class
2

Class
3

Class
4

Class
5

Class
6

N1 N2

APIB APSP I – 82.6 13.0 – 0.6 – – 3.7 –

APSE – 71.4 20.5 2.5 1.2 – – 3.7 0.6

APGI 1 75.9 19.1 0.6 0.6 0.6 – 3.1 –

APDU 4 65.6 19.0 4.3 4.9 2.4 1.3 2.4 –

APSU 3 55.8 28.8 3.1 6.7 1.8 – 3.1 0.6

APCA 5 51.8 25.6 7.3 5.5 3.0 – 4.3 2.4

APSP-II 18 70.8 9.3 1.2 3.1 13.0 1.2 1.2 –

APSP
I

APSE 1 81.2 11.0 2.6 0.6 1.3 – 3.2 –

APGI 2 84.5 9.7 – 2.6 1.3 – 1.9 –

APDU 9 76.2 9.4 3.1 3.7 6.2 – 1.2 –

APSU 9 66.9 20.2 0.6 6.7 3.7 0.6 1.2 –

APCA 7 62.0 17.2 8.6 5.3 4.3 – 2.4 –

APSP-II 23 89.7 1.4 0.7 2.1 15.1 – 2.1 –

APSE APGI – 79.4 14.8 1.9 – – – 3.2 0.6

APDU 4 69.0 15.5 5.2 5.2 2.6 0.6 1.3 0.6

APSU 4 59.0 25.6 2.6 7.7 1.9 0.6 1.3 1.3

APCA 5 58.9 16.6 9.2 5.5 4.3 0.6 4.3 0.6

APSP-II 19 69.1 10.1 1.4 2.2 15.1 0.7 1.4 –

APGI APDU 6 68.3 16.5 3.6 3.6 6.5 – 1.4 –

APSU 7 59.2 26.7 0.6 6.4 4.5 0.6 0.6 1.3

APCA 6 57.6 21.5 5.7 7.6 4.4 – 3.2 –

APSP-II 20 72.4 8.28 – 2.8 15.9 – 0.7 –

APDU APSU 2 55.9 30.4 5.0 3.7 1.2 0.6 1.7 1.2

APCA 1 55.8 23.3 11.7 4.9 – 1.2 2.4 0.6

APSP-II 12 76.2 7.5 3.7 2.5 6.9 2.5 0.6 –

APSU APCA – 50.3 27.0 7.4 3.7 – – 4.9 6.7

APSP-II 19 57.9 23.4 0.7 4.1 12.4 1.4 – –

APCA APSP-II 15 57.6 18.5 5.3 5.6 8.6 2.6 1.3 –

N1 and N2 represent the positions that cannot be assigned unequivocally to a class
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Table 1). When the above four satDNAs are compared with
the satDNAs of A. dulciniae or A. subterranea, the number of
fixed differences is increased (three to nine). The similarity of
the satDNA between A. dulciniae and A. subterranea is
reflected in the low number of fixed differences (2) between
them. A greater number of fixed differences are found when
all satDNAs are comparedwith the APSP-II satDNA (12 to 23
fixed differences). Interestingly, the greatest number of fixed
differences was found between APSP-I and APSP-II (23 fixed
differences). As APSP-II, the APCA satDNA shows high di-
vergence with the remaining satDNAs. However, the number
of fixed positions set in the comparisons with APCA is rela-
tively low (zero to seven) due to the high sequence diversity in
the satDNA of A. cardenai, as commented previously.

DnaSP program includes the algorithm developed by Betrán
et al. (1997) to detect gene conversion tracts from two differ-
entiated subpopulations. These subpopulations could be two
sets of paralogous sequences as in our case. Several putative
gene conversion tracts were detected when the different mono-
mers of the same species are compared as indicated in the
BMaterial and methods^ section. Concretely, gene conversion
is detected in the following species and in the indicated mono-
mers: A. cardenai in APCA-5 (tract located between sites 21–
80), APCA-7 (tract located between sites 22–80, 24–140, and
130–140), APCA-8 (tract located between sites 21–80),
APCA-15 (tract located between sites 21–22, 54–59, and 80–
135), and APCA-16 (tract located between sites 21–80);
A. dulciniae in APDU-1-2 and APDU-25-3 (tract located be-
tween sites 57–106 and 57–114, respectively); A. iberica in
APIB-3, and APIB-13 (tract located between sites 52–53 and
142–148, respectively); A. spinosa in APSP-4-3, and APSP-8-
2 (tract located between sites 138–142 and 1–17, respectively);
and A. subterranea in APSU-168-2 and APSU-167 (tract lo-
cated between sites 42–159 and 65–86, respectively).

The phylogenetic tree constructed by the ML method
(Fig. 2) shows a topology in accordance with the nucleotide
diversity data (Table 1) showing the existence of four main
clusters. The first includes the sequences from the species
A. gibbosa, A. senilis, A. iberica, and APSP-I repeats of
A. spinosa. The second cluster includes all APSP-II repeats.
The third cluster includes the majority of the repeats from
A. dulciniae and A. subterranea. The fourth main cluster leads
to the majority of A. cardenai repeats. Only the cluster of all
APSP-II repeats and the cluster with the majority of
A. cardenai repeats have significant bootstrap values. The
A. cardenai repeats are grouped in two different subclusters
with high bootstrapping support. As we have highlighted in
the previous paragraph, gene conversion has been detected in
the APCA-7, -5, -16, and -8 monomers that are located in
different subclusters. The majority of the monomers of each
species show a certain tendency to cluster together although
generally without high bootstrap values. However, this does
not always happen. As most significant cases, we highlight the

position of the APSU-167 and -18-2 repeats that grouped with
the sequences of the first principal cluster. Other sequences are
not totally grouped with the rest from their species but next to
them or in the same principal cluster, as APDU-9-2. We also
point out that APCA-15 is grouped with the APSU sequences
(Fig. 2). As we have discussed previously, in the majority of
these sequences, gene conversion has been detected.

Phylogenetic analyses using mitochondrial DNA
fragments and nuclear genes

Two mitochondrial DNA fragments were amplified and
cloned in all Aphaenogaster species: the 3′ end of the
16S DNA and a fragment corresponding to the 3′ end of
the COI gene and a portion of the 5′ beginning of the
COII gene (COI-COII). The genus Aphaenogaster is in-
cluded in the tribe Stenammini (Myrmicinae). A recent
molecular phylogenet ic s tudy of the subfamily
Myrmicinae (Ward et al. 2015) has shown that the rela-
tionship among the genera within Stenammini is complex,
since some genera such as Aphaenogaster, and probably
others, are not monophyletic. In Aphaenogaster, it has
been established the existence of several evolutionary lin-
eages. This makes it difficult to choose an out-group with-
in the Stenammini tribe. For this reason in our phyloge-
netic analysis, the 16S and COI-COII sequences from
M. pharaonis (DQ023051 and DQ023095) were used as
external out-groups. The genus Monomorium belongs to
the tribe Solenopsidini, clearly differentiated from the
Stenammini (Ward et al. 2015).

The amplified 16S DNA regions in the Aphaenogaster
species are 548 to 557 bp in length. Excluding sites with gaps,
there are 535 comparable sites and 108 of them are variable
positions due to 128 mutations along the sequence. The dif-
ferences in size found for the 16S mitochondrial DNA are due
to the existence of variable-length regions. When the align-
ment was carried out considering the secondary structure of
this region (Gillespie et al. 2006), it was possible to determine
that the observed variable-length regions correspond to the
RNA loops in the secondary structures (Fig. 1 in
Supplementary material). Sometimes, the richness of A + T
in these regions makes it difficult to carry out a correct align-
ment, resulting in their exclusion in phylogenetic analyses
(Dowton and Austin 1998). These hypervariable regions have
been observed in Aphaenogaster as well as in other ant genera
from the Formicidae subfamily (Muñoz-López et al. 2012)

�Fig. 2 Maximum-likelihood tree of the satDNA monomers from
Aphaenogaster using the T92 + G substitution model. The bar
represents genetic distance d = 0.02 of pairwise comparisons. The
numbers above and under the branches indicate bootstrap values for
1000 replicates. Only bootstrap support values greater than 50% are
indicated
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and were also eliminated from the phylogenetic analysis. In
the analyzed Aphaenogaster species, the amplified region has
an A + T composition of around 76%, slightly lower to the
81% of Formica, Iberoformica, and Polyergus (Muñoz-López
et al. 2012). These small differences are due to the hypervar-
iable regions, which are larger in these three genera and basi-
cally composed of adenine and thymine.

The second mitochondrial DNA amplified fragment corre-
sponds with the 3′ end of the COI gene to a portion of the 5′
beginning of the COII gene. Between both genes, there are a
non-coding region and the tRNA-Leu sequence. COI and
COII sequences are protein-coding genes, so the alignments
were unequivocal. The non-coding region is short in
Aphaenogaster (2 to 17 nt) and as in other ants, very variable
(Feldhaar et al. 2003). For this reason, this regionwas not used
in our phylogenetic analysis, similarly to other phylogenetic
studies in ants (Janda et al. 2004).

The tRNA-Leu is located between the COI and the COII
genes. As in other ant species, its size is variable (64 to 73 bp).
The alignment of this region was conducted according to the
secondary structure of other tRNA-Leu regions in ants
(Chiotis et al. 2000). The most conserved region is the accep-
tor arm that is identical in all Aphaenogaster species. In the
TψC arm, only an insertion of one nucleotide is present in
A. gibbosa, and in the stem, there is only a difference; in
A. senilis, a CG pair is changed by a TA pair. The size varia-
tion is due to the existence of insertions-deletions of 1 to 8 bp,
especially at the D-loop.

In addition to the two mitochondrial DNA fragments, three
nuclear gene fragments were amplified in all Aphaenogaster
species: wnt-1, abdA, and lwRh. The homologous sequences
from M. pharaonis were retrieved from the GenBank
(accession nos. JQ695806, KJ861419, and AY850637, in
Supplementary Table S1). The alignments of these regions
were unequivocal, since they are protein-coding genes.

The Bayesian analysis using nuclear and mitochondrial
DNA markers is shown in Fig. 3. A. cardenai is clearly sepa-
rated from the other Aphaenogaster species. A. senilis,
A. iberica, and A. spinosa are grouped in a well-supported
cluster. Within this cluster A. iberica and A. spinosa seem to
be closely related sister species. Other cluster groups the three
remaining species, A. gibbosa, A. subterranea, and
A. dulciniae. A. subterranea and A. dulciniae cluster together,
although the node is not very well supported. When this phy-
logeny is compared with the phylogeny obtained with satDNA,
a good correlation is observed as is also shown in Fig. 3.

Discussion

The study of the satDNA from seven Aphaenogaster species
revealed that all species share the same satDNA family. The
presence of the same satDNA family in several ant species

from the same genus seems to be a common characteristic in
the ant genomes. Previous studies carried out in the genera
Messor, Formica, Polyergus, and Solenopsis also show this
intrageneric conservation (Lorite et al. 2002a, 2004b; Muñoz-
López et al. 2012; Huang et al. 2016).

As a consequence of concerted evolution, the different
repeats of each species cluster together when phylogenetic
studies are carried out. This pattern is not observed for
Aphaenogaster, or in other ant genera previously studied.
Could these results indicate that there is no concerted
evolution in the ant satDNA? Probably not like this.
There are several signs that seem to indicate that the con-
certed evolution acts on the Aphaenogaster satDNA and
probably in other ant satDNAs. In first place, there is
quite a similitude between the phylogeny obtained with
the satDNA and the phylogeny obtained with the molec-
ular markers (Fig. 3). In general, it is evidenced that the
majority of the satDNA monomers of each species show a
certain tendency to cluster together. This process is more
advanced in well-di fferentia ted species such as
A. cardenai, whereas in phylogenetically closer species,
this process is not visible, as happens with A. iberica and
the APSP-I repeats from A. spinosa. In spite of this, in
this last species, APSP-II repeats constitute a new
satDNA subfamily that it is only present in this species.
A similar pattern of satDNA distribution has been ob-
served in other animal groups as bivalve mollusks (Plohl
et al. 2010), in which there were found species with spe-
cific variants, species that share distinct types of variants
or species that show specific and shared variants.

The analysis of the transition stages by the method of
Strachan et al. (1985) also supports the existence of concerted

Fig. 3 Bayesian tree obtained using the concatenated nucleotide
sequences from three nuclear gene fragments: wingless (wnt-1),
abdominal-A (abdA), and long-wavelength rhodopsin (lwRh) and two
mitochondrial gene fragments: 16S and COI-COII. The first number at
nodes indicate the posterior probabilities in the Bayesian inference
analysis. The second numbers at nodes indicate the bootstrap values
obtained in the maximum-likelihood analysis (GTR + G + I substitution
model) (only when higher than 50%).The ant Monomorium pharaonis
was used as an out-group. A simplified version of the phylogenetic tree
obtained with the satDNA sequences (Fig. 2) is shown on the right. The
triangles represent the clusters that group most of the sequences of one or
two species. Only the bootstrap values of some nodes are shown
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evolution for the Aphaenogaster satDNA. Mutations are ac-
cumulated and spread within satDNA in a gradual process that
led to a sequence homogenization. In our analysis, we found
intermediate (classes 2–4) and advanced (classes 5–6) states
which are indicative of the satDNA homogenization process.
This idea is also supported by the existence of fixed differ-
ences among most of the satDNAs of the different species.

It is generally accepted that molecular drive occurs mainly
through unequal crossing over and gene conversion processes.
In addition and in accordance with theoretical models, both
processes are the most widespread mechanisms involved in
the evolutionary dynamics of satDNAs (Talbert and Henikoff
2010). It has also been suggested that gene conversion pro-
cesses may be involved in increasing monomer variability and
increasing the size of tandem repeats (Sharma et al. 2013). In
our study, putative gene conversion has been detected in
satDNA from the majority of studied species. In addition, this
process affects most of the monomers that appear in the phy-
logenetic tree separated from those corresponding to their spe-
cies. In A. cardenai, we detect this process in most of the
analyzed monomers located in different subclusters as we
have discussed in the BResults^ section. Together, all these
data suggest that gene conversion processes have played an
important role in evolutionary history of satDNA in these
species from the genus Aphaenogaster. They even might sug-
gest that gene conversion processes are at least partially in-
volved in the high sequence variability found in A. cardenai
monomers, a fact that could evolutionarily lead to the differ-
entiation of new satDNA variants.

As previously commented, there are several data suggest-
ing that the Aphaenogaster satDNA evolves according to the
concerted evolution pattern: (i) similarity between the phylog-
eny obtained with satDNA and that obtained with other mo-
lecular markers, (ii) a pattern of extended mutations across the
different repeats of the satDNA, and (iii) signals of gene con-
version processes. The absence of species-specific satDNAs
in Aphaenogaster as well as in other ant genera could be
explained in two different ways. First, the species diversifica-
tion in these genera could have been recent and therefore the
satDNA sequences in each species would not have had time to
diverge. Molecular studies have shown that ant diversification
began more than 100 million years (Ma) ago (Brady et al.
2006; Moreau et al. 2006; Blaimer et al. 2015). The Baltic
amber that dates from 44 Ma ago contains three
Aphaenogaster species similar to A. subterranea (Wheeler
1915). So, a second and more plausible explanation would
be that the species within each genus are ancient but that the
processes of homogenization and fixation are not very effec-
tive, resulting in the absence of species-specific sequences in
species from the same genus.

The idea of a slow concerted evolution in ant satDNA is
supported by previous results in the genera Formica,
Iberoformica, and Polyergus. The same family of satDNA is

present in the three genera (Lorite et al. 2004b; Muñoz-López
et al. 2012). Therefore, the existence of this satDNA is previ-
ous to the separation of the three genera, about 74–80 Ma
(Blaimer et al. 2015). Later in each genus, the ancestral
satDNA has been evolving so that currently each genus pre-
sents a specific subfamily of this satDNA (Muñoz-López et al.
2012). However, within each genus, there has not been
enough time for species-specific differentiation of the
satDNA. Thus, concerted evolution is visible at the genus
level but not at the species level.

It is not clear why some satDNA sequences remained con-
served for such long evolutionary periods, while others
underwent dynamic nucleotide changes (for review, see
Plohl et al. (2012)). Hence, satDNA sequence diversification
is not necessarily indicative of the time of species separation.
Different satDNA families present different rates of evolution
that could depend on the organism group, biology, or natural
history (Kuhn et al. 2012).

The question is why concerted evolution is slow in ants. It
has been suggested that the evolution of satDNA in ants could
be modulated by specific biological traits such as
haplodiploidy and eusociality (Lorite et al. 2004b).The main
homogenization force relies on unequal crossing over and
gene conversion as we indicated earlier. The rates of crossing
over and mutation should be proportional in order to maintain
a high degree of intraspecific sequence homogeneity (Stephan
1997). In this sense, the meiotic mechanism is the most im-
portant factor in the dynamic of satDNA evolution, playing an
important role in both homogenization and fixation processes
(Mantovani et al. 1997). In ants, the haploid males lack mei-
otic recombination and so the mutation rate in them could
counteract the effectiveness of the genome-turnover mecha-
nism, which could partially explain a slowdown in the homog-
enization and fixation processes. On the other hand, eusocial-
ity hinders random mating and reduces the number of repro-
ductive to a few units, leading to a high level of variability
uniformly distributed among related taxa (Luchetti et al.
2006). Probably in spite of the slowing down that causes some
factors, with sufficient time, the homogenization and the
subsequent fixation in the population can also be reached. In
this sense, Luchetti et al. (2003) indicate that Bgiven enough
time, sequence homogenization can take place in unisexual
species.^ In a similar way Pérez-Gutiérrez et al. (2012) report
that the concerted evolution of satDNA is Ba matter of time.^

A final question is to explain the existence of monomers
located in the phylogenetic tree more or less separated from
the other monomers of the same species. This could have
several explanations. First, this could be a remainder of the
gradual evolutionary process of the satDNA due to its repeti-
tive nature with high numbers of copies. It should be noted
that concerted evolution besides being a gradual process may
act differently depending on various factors. Navajas-Pérez
et al. (2009) suggested that the organization, location, and
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number of repeat copy are factors that influence the process of
concerted evolution. Differential rates of concerted evolution
in different genomic regions have been reported byKuhn et al.
(2012). More recently Pavlek et al. (2015) in an extensive
study about satDNA from Tribolium castaneum Herbst,
1797 have found that Bconcerted evolution actsmore efficient-
ly on longer than shorter arrays.^ These monomers could be
also remains of the satDNA variability in the Aphaenogaster
ancestor. In each species or species-groups, a determinate
satDNA variant would be amplified and evolve according to
the pattern of concerted evolution. Other ancestral variants,
probably in low copy number, could escape from the homog-
enization mechanisms. These low copy repeats would consti-
tute a framework that could generate a novel homogenous
satDNA, according to the Blibrary^ model (Fry and Salser
1977). This pattern of satDNA variability has been also ob-
served in several animal groups (Mestrović et al. 1998; Plohl
et al. 2010).

In this work, we also carried out a phylogenetic study in
these species of the controversial genus Aphaenogaster using
nuclear and mitochondrial markers. Traditionally, European
(Palearctic region) Aphaenogaster species have been placed
in three subgenera (Santschi 1932; Boer 2013) ,
Aphaenogaster sensu stricto (in which A. senilis, A. spinosa,
and A. iberica would be included), Attomyrma (A. dulciniae,
A. gibbosa , A. subterranea and A. cardenai), and
Ischnomyrmex, but it was considered as junior synonym of
Aphaenogaster (Boer 2013).The results obtained with
satDNA, nuclear, and mitochondrial markers are partially dis-
crepant with the subgeneric classification. Molecular markers
cluster together the three species from the subgenus
Aphaenogaster, being A. spinosa and A. iberica closely relat-
ed species according to the high bootstrap value observed for
the clade that groups them. Partially similar results are obtain-
ed with satDNA; the satDNA monomers from the three spe-
cies (A. senilis, A. iberica, and the APSP-I repeats of
A. spinosa) cluster together in the phylogenetic tree, although
with relatively low bootstrap values, and this cluster also in-
cludes the satDNA monomers from A. gibbosa.

On the contrary, the species from the subgenus Attomyrma
do not cluster together in the phylogenetic tree obtained with
nuclear or mitochondrial DNA. The situation is also variable
for satDNA. As previously commented, A. gibbosa represents
the oddest situation since its satDNA is more similar to the
Aphaenogaster sensu stricto subgenus species. Taking into
consideration morphological data, these four species were in-
cluded in the subgenus Attomyrma (Santschi 1932; Espadaler
1979). However, molecular data suggest that the phylogenetic
relationships among these species are more complex than
those within the subgenus Aphaenogaster. In addition, several
authors consider that Attomyrma includes several species-
groups that are not directly related and that the subgenus
needs to be revised. Schulz (1994) divided Palearctic

Attomyrma species into five Bspecies-groups.^ The species
analyzed in this study belong to different species-groups:
subterranean group (A. subterranea), gibbosa group
(A. gibbosa), pallida group (A. dulciniae), and splendida
group (A. cardenai). As we noted before, not only
Attomyrma but also the existence of the Aphaenogaster sub-
genus has been questioned and the subgenera synonym was
proposed (Bolton 1982). Our results are more in accordance
with the species-group classification. Recently, Boer (2013)
placed A. senilis, A. spinosa, and A. iberica into the
testaceopilosa species-group. This species-group includes
species with shared morphological traits that differ from other
Aphaenogaster species. Other authors such as Ward et al.
(2015), using molecular markers, have suggested that the ge-
nus Aphaenogaster should be considered as non-monophylet-
ic, being also necessary a revision of the genus. In the cited
work, the species analyzed by us are not included.

A. cardenai seems to be themost distinct species among the
analyzed species. All molecular markers (nuclear and mito-
chondrial) clearly place this species in an external clade from
the remaining Aphaenogaster species. The satDNA study also
shows that most of the monomers of A. cardenai clustered
together and separated from the satDNA of the other species
of the genus. The differentiation of A. cardenai from other
Aphaenogaster species is not a new idea. Although morpho-
logical features had determined that this species was included
in Attomyrma, males of this species present notable morpho-
logical differences in relation to other males from the subge-
nus, making it necessary to reconsider its position in the sub-
genus (Tinaut 1985).

The contribution of this work is the study of satDNA in
several species of the genus Aphaenogaster expanding to the
scarce existing knowledge about this type of DNA in ants. We
consider equally important the phylogeny performed using
different molecular markers. Phylogenies made using
satDNA and the mitochondrial and nuclear genes showed par-
tially coincidence, probably due to the features of the evolu-
tionary pattern of satDNA. Our study also indicates the need
to perform a wide review of the genus Aphaenogaster.
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