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Abstract Simple sequence repeats (SSRs), also known as
microsatellites, are one of the prominent DNA sequences
shaping the repeated fraction of eukaryotic genomes. In spite
of their profuse use as molecular markers for a variety of
genetic and evolutionary studies, their genomic location, dis-
tribution, and function are not yet well understood. Here we
report the first thorough joint analysis of microsatellite motifs
at both genomic and chromosomal levels in animal species, by
a combination of 454 sequencing and fluorescent in situ
hybridization (FISH) techniques performed on two grasshop-
per species. The in silico analysis of the 454 reads suggested
that microsatellite expansion is not driving size increase of
these genomes, as SSR abundance was higher in the species
showing the smallest genome. However, the two species
showed the same uneven and nonrandom location of SSRs,
with clear predominance of dinucleotide motifs and associa-
tion with several types of repetitive elements, mostly histone
gene spacers, ribosomal DNA intergenic spacers (IGS), and
transposable elements (TEs). The FISH analysis showed a
dispersed chromosome distribution of microsatellite motifs
in euchromatic regions, in coincidence with chromosome
location patterns previously observed for many mobile ele-
ments in these species. However, some SSR motifs were
clustered, especially those located in the histone gene cluster.

Introduction

Microsatellite DNA (or SSRs: simple sequence repeats) is an
abundant class of repetitive DNA composed of tandemly
arranged short repeated motifs of 1 to 6 bp and being widely
distributed in plant and animal genomes (Tautz and Renz
1984; Tóth et al. 2000; Zane et al. 2002; Cuadrado and Jouve
2007a, 2011). Studies using microsatellites have been mainly
focused on their use as polymorphic markers in population
genetics, genetic diversity, or kinship contexts (reviewed in
Schlötterer and Pemberton 1998; Goldstein and Schlötterer
1999). This is particularly true in insects, where reports based
on SSR molecular variation are abundant (Insuan et al. 2007;
Agustinos et al. 2011; Blondin et al. 2013; Manrique-Poyato
et al. 2013). In recent years, microsatellite genomic analysis
has been powered by the development of high throughput next
generation sequencing (NGS) technologies, based on massive
sequencing approaches which enable a rapid, low-cost, and
low time-consuming way to characterize microsatellites
(Malausa et al. 2011; Iquebal et al. 2013). This technology is
nowadays particularly interesting for nonmodel species
(Meglécz et al. 2012; Hunter and Hart 2013; Schoebel et al.
2013), as it allows a global description of repetitive DNAs,
including the microsatellite fraction.

Much less is known about microsatellite chromosomal dis-
tribution, even though its knowledge is critical for addressing
key issues such as chromosome origin, organization, structure,
function, and evolution. Moreover, precise chromosomal iden-
tification may be based on specific SSR distribution pattern, as
is the case in barley where chromosome distribution of (AAG)5
and (ACT)5 microsatellite repeats allows easy chromosome
identification and detection of structural chromosome rear-
rangements (e.g., translocations) (Carmona et al. 2013).
Drosophila is one of the few animals where microsatellites
have been profusely analyzed at the chromosomal level
(Cuadrado and Jouve 2007b, 2011; Santos et al. 2010).
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In silico mining approaches, based on genome database
screening or flow-sorted chromosomes, can be useful for
establishing SSR abundance and chromosomal assignment
(Tóth et al. 2000; Basset et al. 2006; Shi et al. 2014). However,
physical mapping by fluorescent in situ hybridization (FISH)
constitutes a quicker and easier strategy for ascertaining the
abundance and chromosomal distribution of microsatellite
and other repeated sequences, thus providing a means for
determining, in detail, the precise chromosomal regions in
which repeats are clustered, and this is the approach of choice
in nonmodel species. The development of NGS technology
has highlighted the need for combined genomic and chromo-
somal analyses for mapping new characterized sequences and
confirming de novo genome assemblies, but these combined
studies are still scarce (Soltis et al. 2013; Kejnovský et al.
2013).

Different lines of evidence have demonstrated that micro-
satellite distribution is nonrandom. They are frequently locat-
ed in heterochromatic regions (Lohe et al. 1993; Cuadrado and
Jouve 2011) and sometimes are differentially accumulated on
specific chromosomes (e.g., sex chromosomes) (Kubat et al.
2008; Poltronieri et al. 2013). In other cases, SSRs colonize
the euchromatin (Pardue et al. 1987; Cuadrado and Jouve
2007b, 2010) suggesting a possible functional role for them.
SSR accumulation in specialized chromosome regions, like
centromeres (Areshchenkova and Ganal 1999; Cuadrado and
Jouve 2007a), telomeres (Hatanaka et al. 2002), or nucleolar
organizing regions (Nanda et al. 1991; Cuadrado and Jouve
2007b), has also been reported. Basically, each species or
group of species seems to show preferential accumulation of
some specific SSR motifs with a particular chromosomal
distribution (Tóth et al. 2000).

Comparative studies have pointed out the idea that SSR
frequency and stretch length are correlated with genome size
(Hancock 2002; Tóth et al. 2000), although this relationship is
not universal (Lim et al. 2004; Ustinova et al. 2006;
Pannebakker et al. 2010). The grasshoppers Eyprepocnemis
plorans and Locusta migratoria have large genomes of 11.11
and 6.3 Gb, respectively (Ruiz-Ruano et al. 2011), with high
prevalence of repetitive DNA, such as satellite DNA or trans-
posable elements (TEs) (López-León et al. 1994; Montiel
et al. 2012;Wang et al. 2014; Ruiz-Ruano et al., unpublished).
This makes them good candidates to harbor microsatellite
DNA sequences. Up to now, only two studies had analyzed
microsatellites in these two species: a FISH analysis showing
the presence of interspersed AG microsatellite motifs in the
euchromatic regions of E. plorans chromosomes (Cuadrado
and Jouve 2010) and a molecular study of eight polymorphic
microsatellite loci in L. migratoria (Zhang et al. 2003). Re-
cently, Wang et al. (2014) have published a draft 6.5 Gb
genome sequence of L. migratoria, but nothing is said about
the presence and abundance of microsatellites among the
different repetitive DNA families they found. These two

grasshopper species have a chromosome complement
consisting of 11 autosome pairs and an X0♂/XX♀ sex chro-
mosome system, with constitutive heterochromatin regions
mainly located in pericentromeric regions (Camacho et al.
1991). Both species harbor supernumerary (B) chromosomes,
i.e., dispensable chromosomes being mostly heterochromatic
and behaving as parasitic elements (Camacho 2005). In
E. plorans, there is a complex system of B chromosomes with
more than 50 B variants which are mainly composed of a
180 bp satellite DNA and ribosomal DNA (López-León et al.
1994; Cabrero et al. 1999), although they also contain a small
fraction of transposable DNA (Montiel et al. 2012) and a
microsatellite motif (Muñoz-Pajares et al. 2011). Likewise,
L. migratoriaB chromosomes contain TEs (Ruiz-Ruano et al.,
in preparation) and genes for the H3 and H4 histones (Teruel
et al. 2010). Their predominantly heterochromatic nature
makes it likely the presence of microsatellites in them. In view
of the recently highlighted need of microsatellite studies com-
bining genomic and chromosomal approaches, we perform
here NGS and FISH analyses of microsatellites in two grass-
hopper species showing different genome size (E. plorans and
L. migratoria), with the aim of getting thorough genomic
information on microsatellite presence, abundance, diversity,
and chromosome location.

Material and methods

Experimental materials and chromosome preparations

Adult males and females of E. plorans and L. migratoriawere
collected at Torrox (Málaga, Spain) and Otívar (Granada,
Spain) in the first species and at Padul (Granada) population
in the second species. Two E. ploransmales, one from Torrox
and another from Otívar populations with two and three B
chromosomes, respectively, and one L. migratoria male car-
rying B chromosomes were used for 454 sequencing experi-
ments. The presence of B chromosomes was determined in
2 % lactopropionic orcein squash preparations of two testicu-
lar follicles.

Several other adult specimens were crossed in the
laboratory to obtain embryos for FISH purposes. After
egg pod incubation at 28 °C for 12 (E. plorans) or 10
(L. migratoria) days, embryos were obtained by dissec-
tion of eggs in insect saline solution. Embryo fixation for
cytological analysis and chromosome preparations were
made as described in Camacho et al. (1991) and 18
embryos from each species were used for FISH experi-
ments. For genomic DNA isolation and massive genome
sequencing, an adult male body from each of the three
populations sampled was frozen in liquid nitrogen and
stored at −80 °C until use.
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Fluorescent in situ hybridization

Chromosome preparations were dehydrated in a series of 70,
90, and 100% ethanol for 3, 3, and 5 min, respectively, and air
dried. Then they were pretreated with RNase, fixed with 4 %
paraformaldehyde, and dehydrated in an ethanol series before
air drying. Between each two treatments, the slides were
washed in 2× saline-sodium citrate (SSC) as previously re-
ported (Cuadrado and Jouve 2007b).

A total of 15 different mono-, di-, tri-, and tetranucleotide
microsatellite motifs were physically mapped using synthetic
oligonucleotides labeled with biotin at both ends (Roche
Applied Science) as probes (Table 1). The histone H3 gene
probe was obtained from cloned DNA fragments described in
Cabrero et al. (2009) and was labeled with fluorescein 11-
dUTP (Roche) by nick translation using 2.5 units of DNA
polymerase I/DNase I (Invitrogen) in a 50 μl reaction follow-
ing standard protocol.

Chromosome and probe denaturation and in situ hybridi-
zation were performed as described by Cuadrado et al. (2000).
In brief, the hybridization mixture was prepared by adding
50 % deionized formamide, 10 % dextran sulfate, 2× SSC,
0.1 % sodium dodecyl sulfate (SDS), 2 pm of the microsatel-
lite probes, and 50 ng of the histone H3 probe. For
posthybridization washing, slides were immersed in 4× SSC/
0.2 % Tween-20 and agitated for 10 min at room temperature
(RT). The detection of biotin was performed by incubating the
slides in streptavidin-Cy3 (Sigma) in 5 % (w/v) BSA for 1 h at
37 °C. Before DAPI (4′,6-diamidino-2-phenylindole) stain-
ing, slides were rinsed for 10 min in 4× SSC/0.2 % Tween-
20 at RT. They were mounted in Vectashield antifading me-
dium (Serva) and examined with a Zeiss Axiophot micro-
scope. The images captured from each filter were recorded
separately using a CCD camera (Nikon DS), and the resulting
digital images were processed using Adobe Photoshop.

Genomic DNA isolation and 454 sequencing

Genomic DNAwas extracted from frozen grasshopper bodies
using the Gen EluteMammalian Genomic DNAMiniprep Kit
(Sigma-Aldrich) protocol. DNA quantity and quality were
assessed with a Tecan’s Infinite 200 NanoQuant and a 1 %
agarose gel electrophoresis. Pyrosequencing assays were per-
formed in a 454 Genome Sequencer FLX Plus platform by
Macrogen Inc: 3/8 plate for E. plorans (1/8 Torrox and 2/8
Otívar) and 2/8 plate for L. migratoria.

Analysis of 454 sequence reads

Low quality regions of raw reads were trimmed with the
Roche’s 454 Data Analysis Software. Microsatellite identifi-
cation was performed using a Perl script developed by
Meglécz et al. (2012) for microsatellite array searching, kindly
provided by the authors. As search criteria, we considered
perfect microsatellites of mononucleotide (with at least 12
repetitions), dinucleotide, trinucleotide, tetranucleotide,
pentanucleotide, and hexanucleotide (with a minimum of five
repetitions). We chose these criteria in order to get results
being comparable with most previous microsatellite studies.
Repeat motifs being circular permutations and/or reverse com-
plement of each other were pooled together as a same class.
Microsatellite content was determined on the basis of three
parameters: (a) microsatellite frequency, expressed as the
number of microsatellite loci per Mb of DNA sequence; (b)
microsatellite coverage, i.e., the number of microsatellite nu-
cleotides per Mb of DNA; and (c) relative microsatellite
abundance, expressed either as microsatellite composition
per repeat unit length or microsatellite composition per motif
sequence, both of them given as percentage.

To identify nonmicrosatellite repeats associated with
microsatellites, we annotated the reads containing

Table 1 Genomic abundance (%), chromosomal distribution, and
colocalization with the histone cistron of SSR motifs observed in
E. plorans by cytogenetic (FISH) and molecular (454 sequencing)
approaches

SSR probe FISH 454 sequencing

DP CS/CL MCH Abundance AH

A + 2d + 10.06 1.90

AC + 2d + 47.80 85.50

AG + 9i 12.27 5.87

AAC + 2d + 4.56 1.15

AAG + 2d Xi 10i + 1.43 0.18

GATA + 1p 2d Xi 10i + 0.03 0

GACA + 2d + 0.13 0.01

AAT − − 4.18 0.47

AGG − − 0.41 0.08

ACT − − 0.92 0.04

CAT − − 1.82 0.08

CAC − − 0.55 0.07

ACG − − 0.19 0

CAG − − 1.01 0.01

GCC − − 0.75 0

Nomenclature correspondence between microsatellite probes and 454
sequencing microsatellite data: GATA/AGAT; GACA/ACAG; CAT/
ATC; CAC/ACC; CAG/AGC; GCC/CCG

DP dispersed pattern of the FISH signal, CS chromosome size (auto-
somes are numbered from 1 to 11 in order of decreasing length), CL
chromosome location of SSR clusters in respect to centromere location (d
distal; i interstitial; p proximal), MCH microsatellite motifs colocalizing
with the histone cistron, Abundance SSR abundance (%) expressed as
relative coverage (nucleotides/Mb library), AH percent of SSR loci asso-
ciated with the histone cistron, + presence of FISH signal, − absence of
FISH signal
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microsatellites. First, we performed a de novo identification
and modeling of repetitive sequences separately in each li-
brary with the RepeatModeler pipeline, which uses the RE-
CON and Repeat Scout (Benson 1999; Bao and Eddy 2002)
programswith the RepBase database version 20130422 (Jurka
et al. 2005). In addition, we included the sequence of the
histone and ribosomal RNA (rRNA) gene clusters, including
spacers, assembled with RepeatExplorer (Novak et al. 2013)
in both species (Ruiz-Ruano et al., in preparation). The
resulting file was used as a database to annotate all the reads
(containing microsatellites or not) by means of RepeatMasker
(Smit et al., Current version: open-4.0.3 (RMLib: 20130422
& Dfam: 1.2), unpublished data). Then, we used a custom
Python script to count the number of repeats per microsatellite
motif and annotation, with the aim of getting an indication of
microsatellite abundance in the vicinity of other
nonmicrosatellites repeats. For this purpose, the script uses
the table of masked sequences provided by RepeatMasker for
the microsatellite-containing reads, and a table, built by us,
containing the number of repeats found per read for each SSR
motif.

The possible association between microsatellite and
nonmicrosatellite repeats can be investigated by contingency
chi-square tests applied to the number of reads annotated for a
given nonmicrosatellite repeat containing or lacking
microsatellites, but this inevitably leads to an underestimate.
This is due to the fact that read length (ca. 700 nt) was lower
than the length of most nonmicrosatellite repeat DNA types
found (shown in Tables S1 and S2). This means that a pro-
portion of the reads obtained from a microsatellite-associated
element will lack microsatellites thus being included in the
microsatellite-free class. For instance, if a repetitive element is
3500 nt long and is associated with a microsatellite in the 3′
end, we can observe only 20 % (i.e., 700/3500) of its reads
being associated with the microsatellite, whereas the remain-
ing 80 % of the reads would be considered as microsatellite-
free reads. This flaw is difficult to solve in the absence of a full
genome sequence, which is completely absent in E. plorans
and only in a draft public annotation in L. migratoria (Wang
et al. 2014).

With this caution in mind, we wrote another custom
Python script to count the number of reads found in the
SSR-carrying and SSR-lacking read groups for every an-
notated non-SSR repeat found in the RepeatMasker table
mentioned above. We then applied contingency chi-square
tests and calculated the odds ratio (OR) for each kind of
repetitive element. We then applied the Bonferroni meth-
od for multiple tests and only considered as significant
associations those showing P<0.05 and OR>1. The in-
herent flaw of this approach (see above) runs against
finding significant associations, thus suggesting that it is
actually very conservative and will only reveal the stron-
gest associations.

Results

FISH mapping of SSRs in E. plorans

Seven out of the 15 microsatellite motifs analyzed yielded
signals on E. plorans chromosomes after FISH assay.
These were (A)20, (AC)10, (AG)10, (AAC)5, (AAG)5,
(GATA)5, and (GACA)5 (Table 1). No signal was howev-
er observed for the remaining eight SSR motifs, all being
trinucleotide motifs: (AAT)5, (AGG)5, (ACT)5, (CAT)5,
(CAC)5, (ACG)5, (CAG)5, and (GCC)5 (Table 1). All
mono-, di-, and tetranucleotide microsatellites studied, as
well as the two trinucleotide ones, (AAC)5 and (AAG)5,
showed a dispersed but nonrandom distribution on all
chromosomes, appearing scattered over euchromatin re-
gions covering nearly the entire chromosome lengths ex-
cept small paracentromeric regions (Fig. 1), where hetero-
chromatin is located in this species (Camacho et al. 1991).
Dinucleotides and trinucleotides yielded the strongest and
the weakest hybridization signals, respectively. Addition-
ally, six out of the seven microsatellites that were detect-
able by FISH, namely (A)20, (AC)10, (AAC)5, (AAG)5,
(GATA)5, and (GACA)5, showed clustered hybridization
(i.e., signals occurring closely together in a chromosome
region yielding band-like hybridization pattern) on a distal
region of chromosome 2 (Fig. 1a, b, d, f, g, h), the
exception being (AG)5. Double FISH with DNA probes
for SSRs and H3 histone genes showed that this distal
region in chromosome 2 also contains the cluster for
histone genes in this species (Fig. 1e, i).

Other microsatellite clustered sites appeared for dinucleo-
tide (AG)5, trinucleotide (AAG)5, and tetranucleotide
(GATA)5 repeats, with AG stretches being interstitially (i.e.,
with an intermediate chromosome position) located on chro-
mosome 9 and AAG repeats located interstitially on chromo-
somes X and 10, yielding discrete bands (Fig. 1c, f). GATA
repeats yielded a band-like pattern that can be observed prox-
imally (i.e., close to the centromeric region) on chromosome 1
and interstitially on chromosomes X and 10. Variation among
individuals for the presence of these bands can be observed
(Figs. 1h and S1a). Different hybridization patterns are sum-
marized in Table 1.

The AC microsatellite motif is present in the B
chromosome of E. plorans, mapping at the distal region,
where the ribosomal DNA (rDNA) is located (Cabrero
et al. 1999), and also at the two interstitial DAPI−

bands located between the three heterochromatic DAPI+

blocks which characterize this B variant (Fig. 1b). The
remaining SSR motifs appear to be absent from the B
chromosome, although we cannot discard the presence
of few undetected copies located at DAPI− bands due to
the generally high level of chromatin condensation in
the B chromosome.
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NGS analysis of microsatellites in the E. plorans genome

To ascertain the abundance, types, and diversity of microsat-
ellite motifs in the E. plorans genome, 454 sequencing was
performed on genomic DNA from a B-carrying individual;
454 runs yielded 243.93 Mb of data (380,394 reads) com-
posed of reads with a N50 value of 768 bp, and after trimming
off low quality regions, the N50 was 765 bp, making a total of
243.17Mb implying about 0.022× genome coverage (NCBI’s
SRA data base: accession numbers SRR1200829 and
SRR1200835).

Out of the 243.17 Mb of nucleotides obtained, 1,121,693
(0.46 %) nucleotides corresponded to microsatellite repeats
(586,676) meeting our criteria specifications. We found a
microsatellite frequency of 240 loci per Mb of DNA and total
microsatellite coverage of 4612 nucleotides per Mb of DNA
sequenced, the average length of microsatellite loci being
10.03 repeats. The estimated mean distance among loci was
4158 nucleotides. We identified 148 different microsatellite
motifs in the 454 library sequences. They were classified on
the basis of motif length, and their abundance was expressed
as relative coverage, 12.75 % of them being mononucleotides,

66.19 % dinucleotides, 15.81 % trinucleotides, 2.95 %
tetranucleotides, 1.97 % pentanucleotides, and 0.33 %
hexanucleotides. Therefore, there was a prevalence of mono-,
di-, and trinucleotide repeats, with dinucleotides being the
most abundant microsatellite repeats (Tables 2 and S3). In
fact, 64 % of the 58,478 microsatellite loci found were dinu-
cleotides, whereas only 17%were mononucleotides and 15%
were trinucleotides, the remaining classes showing frequen-
cies lower than 3 %. The mean number of repeats per locus
was higher for mononucleotide loci (14.15) followed by that
for dinucleotides (9.88) (Table 3). This is not surprising since
the search criterion for mononucleotide motifs was showing at
least 12 repeats, whereas it was five for all other motifs. The
longest microsatellite stretch found was a 356 bp AC micro-
satellite (Table S4).

The analysis of relative abundance of the different micro-
satellite motif sequences was based on the number of repeats
found for every motif and was expressed as percentage. The
predominant motifs for the three most frequent classes were A
(78.89 %) within mononucleotides, AC (72.24 %) within
dinucleotides, and AAC (28.83 %) and AAT (26.42 %) within
trinucleotides (Tables 4 and S3). The most abundant SSRs

Fig. 1 FISH mapping of
microsatellite motifs in
E. plorans. Embryo mitotic
metaphase cells of E .plorans
showing DAPI staining plus
FISH for A, AC, AG, AAG, and
GACAmicrosatellite motifs (a–c,
f, g) and double FISH for AAC
(d, e) and GATA (h, i)
microsatellites (red) and H3 gene
(green). Note the absence of FISH
signals on the paracentromeric
regions of all chromosomes.
Arrows point to clustered
hybridization signals on different
chromosomes. Note the
colocalization of microsatellites
and H3 genes in the distal region
of chromosome 2 (d, e, h, i) and
the presence of three interstitial
AC carrying bands (arrowheads)
in the B chromosome, located
between the three
heterochromatic DAPI+ blocks. B
B chromosome. Bar=5 μm
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were detected by FISH, with stronger signals for those with
higher relative abundance in the 454 library, e.g., AC
(47.80 %), AG (12.27 %), and A (10.06 %). In addition, three
SSR motifs (AAG, GATA, and GACA) showing 454 cover-
age lower than 1.5 % were also apparent by FISH (Tables 1
and S3; Figs. 1 and S1a). However, all trinucleotide motifs
that had failed to show hybridization signals by FISH were
found after the 454 sequencing (Tables 1 and S3), but they
were very scarce in the E. plorans genome, representing only
4.18 % (AAT) or less of microsatellite coverage.

The assembly with RepeatModeler yielded 2760 contigs in
E. plorans, summing up 1,448,555 nt (N50=708 nt). About
31 % of these contigs were annotated (Table S5). Since the
spacers of the histone gene cluster and the IGS region of the
45S rDNAwere not annotated by RepeatModeler, we assem-
bled them with RepeatExplorer and added the resulting
contigs to the database. All reads were then annotated through
sequence search in the database; 22,949 out of the 47,763
reads containing microsatellite motifs were annotated for
nonmicrosatellite repeats. As Table 5 shows, most SSR re-
peats (84.7 %) were located close to transposable elements
(TEs), with slightly higher representation of class I
retrotransposons (45.1 %) over class II DNA transposons
(39.6 %). LINEs were prevalent among retrotransposons,
whereas Tc/mariner family elements were the most frequent
transposon. The remaining repetitive DNAs found nearby

microsatellites included histone and ribosomal RNA gene
spacers, satellite DNA, and others (Tables 5 and S1).

The statistical analysis of the 454 annotated reads for the
association between microsatellite and nonmicrosatellite re-
peats revealed significant association of SSRs with histone
gene spacers, rDNA IGS sequences, and several kinds of
mobi le e lements , inc lud ing LTR and non-LTR
retrotransposons and DNA transposons, such as LTR/ERVK,
LINE/R1, hAT-Ac, Sola, or Helitron, the strongest association
being shown with histone gene spacers. In the absence of
Bonferroni correction, additional associations were observed
with other mobile sequences as SINE/tRNA-RTE, TcMar-
Tc2, or Merlin DNA transposons (Table S6).

As mentioned above, FISH also revealed the colocalization
of six different motifs (A, AC, AAC, AAG, GATA, and
GACA)with histone genes in the distal region of chromosome
2 (Table 1; Fig. 1e, i). These mono-, di-, and trinucleotides and
tetranucleotide GACA were also found in the vicinity of
histone gene spacers in the 454 reads. As expected, the 454
analysis showed other motifs being close to histone genes
spacers (Tables 1 and S1).

FISH mapping of SSRs in L. migratoria

Seven SSR motifs, i.e., (A)20, (AC)10, (AG)10, (AAG)5,
(ACT)5, (GATA)5, and (GACA)5, yielded hybridization signals

Table 2 Microsatellite coverage and relative abundance per motif length in E. plorans and L. migratoria

Motif length class E. plorans L. migratoria

Nucleotides per Mb library Relative motif abundance (%) Nucleotides per Mb library Relative motif abundance (%)

Mononucleotides 588 12.75 1192 21.91

Dinucleotides 3052 66.19 3349 61.56

Trinucleotides 729 15.81 680 12.50

Tetranucleotides 136 2.95 174 3.20

Pentanucleotides 91 1.97 38 0.70

Hexanucleotides 15 0.33 7 0.13

Table 3 Number and length of microsatellite loci per motif size in the E. plorans and L. migratoria genomes

Motif length class E. plorans L. migratoria

NR NL MNRL NR NL MRL

Mononucleotides 143,090 9900 14.45 237,773 15,517 15.32

Dinucleotides 371,081 37,572 9.88 333,980 32,688 10.22

Trinucleotides 59,100 8727 6.77 45,231 6571 6.88

Tetranucleotides 8298 1446 5.74 8699 1489 5.84

Pentanucleotides 4447 726 6.13 1523 199 7.65

Hexanucleotides 619 107 5.79 248 45 5.51

NR number of repeats, NL number of loci, MNRL mean number of repeats per locus
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on L. migratoria chromosomes (Table 6), exhibiting a dispersed
FISH pattern similar to that described above for E. plorans.

Scattered hybridization signals were seen over the euchromat-
ic regions of all chromosomes, comprising nearly the entire
chromosome length, or else yielding some additional bands on
different chromosomes. Pericentromeric regions, which are
heterochromatic, were apparently devoid of all microsatellite
motifs analyzed (Fig. 2). The (A)20 mononucleotide and the
(AC)10 and (AG)10 dinucleotide repeats were scattered over
all euchromatic regions (Fig. 2a–c). In addition, the two latter
SSRs hybridized in specific regions, i.e., interstitially on chro-
mosomes 2, 8, 9, and 11 and distally on chromosome 10, in
the case of (AC)10 repeats (Fig. 2b), and interstitially on
chromosomes X and 8 and proximally on chromosomes 3
and 8, in the case of (AG)10 (Fig. 2c). All eight SSRs that
failed to show FISH signals with L. migratoria chromosomes
were trinucleotide repeats ((AAT)5, (AAC)5, (AGG)5, (CAT)5,
(CAC)5, (ACG)5, (CAG)5, (GCC)5), in almost complete co-
incidence with E. plorans, the only exceptions being (AAC)5
and (ACT)5 which were observed only in E. plorans and
L. migratoria, respectively. The two trinucleotides that gave
positive hybridization signals in L. migratoria, (AAG)5 and
(ACT)5, showed a dispersed distribution across euchromatin,
but were also clustered in specific regions, revealing (AAG)5
repeat bands that can be observed located proximally and
interstitially on chromosome 8, proximally on chromosome

Table 4 Microsatellite abundance (%) per motif length and sequence in
the E. plorans and L. migratoria genomes

Motif length class Motif sequence E.plorans L.migratoria

Mononucleotides A 78.89 89.02

C 21.11 10.98

Dinucleotides AC 72.24 70.64

AG 18.55 19.47

AT 8.33 8.44

CG 0.88 1.44

Trinucleotides AAC 28.83 26.04

AAG 9.02 5.65

AAT 26.42 37.57

ACC 3.46 4.39

ACG 1.22 1.17

ACT 5.83 4.51

AGC 6.39 3.79

AGG 2.60 3.29

ATC 11.49 10.48

CCG 4.74 3.12

Table 5 Number and relative abundance (%) of microsatellite repeats in the reads annotated following the RepBase criterion for the analysis of
abundance of microsatellite repeats in the proximity of other repetitive DNA

Repeat DNA E. plorans L. migratoria

MR MRA (%) MFM MR MRA (%) MFM

Class I (retrotransposon)

LINEs 152,326 35.94 AC 203,569 43.48 AC

LTRs 15,069 3.56 AC 24,824 5.30 A

SINE 23,711 5.59 AC 45,973 9.81 A

Total 191,106 45.09 274,366 58.59

Class II (DNA transposons)

HATs 45,750 10.79 AC 16,990 3.63 A

Tc/mariner 79,060 18.65 AC 106,631 22.77 AC

Other transposons 31,770 7.50 AC 12,154 6.12 AC

Helitron 11,084 2.62 AC 18,690 3.99 AC

Total 167,664 39.56 170,951 36.51

Other repeated sequences

RNA 138 0.03 A – –

rDNA 2189 0.52 A 2151 0.46 A

rDNA/IGS 8574 2.02 ATC 3992 0.85 A

snRNA – – 464 0.1 A

Histones genes spacers 53,546 12.63 AC 5177 1.11 AC

Satellites 18 0.01 AG 9056 1.93 A

Simple repeats 589 0.14 CCG 2080 0.44 A

Total 65,054 15.35 22,920 4.89

MR number of microsatellite repeats, MRA microsatellite repeat abundance expressed as percentage,MFM most frequent microsatellite motif

Chromosoma (2015) 124:221–234 227



3 and interstitially on the X, 9, and 11 chromosomes (Figs. 2d
and S1b). Likewise, (ACT)5 repeats yielded interstitial bands
on chromosomes 2, 8, and 9, and a distal one on chromosome
10 (Fig. 2f). Tetranucleotide (GATA)5 repeats were clustered
proximally on chromosome 3 and interstitially on chromo-
somes 9 and 10 (Fig. 2i). Finally, (GACA)5 was located in
proximal clusters on chromosomes 1 and 3 and interstitially
on chromosomes 8, 9, and 10 (Fig. 2g). Some variation for the
presence of these clustered motifs was observed (Figs. 2 and
S1b).

Double FISH performed with SSRs and histone H3 gene
probes showed that the (AC)10, (AAG)5, (ACT)5, and
(GACA)5 motifs colocated with the H3 histone genes, where-
as (AG)10 mapped close to them, in an interstitial position on
chromosome 8 (Fig. 2c, e, h). B chromosomes in this species
contained A, AC, ACT, and GACA motifs dispersed over its
proximal DAPI+ third (Fig. 2). Other motifs could also be
present but at low copy number, making them undetectable by
FISH in the highly condensed B chromosomes.

NGS analysis of microsatellites in the L. migratoria genome

A total of 292,352 reads were obtained from the 454 genomic
DNA sequencing. They showed N50 of 839 bp implying a
total of 199.60Mb, and after trimming off low quality regions,
the N50 was 838 bp summing up 199.45 Mb of data in the
library, implying about 0.032× genome coverage (NCBI’s
SRA database: accession number SRR1200889).

The analysis of the 454 genomic DNA library revealed the
presence of 627,459 microsatellite repeats with 99 different
microsatellite motifs comprising a total of 1,085,325 micro-
satellite nucleotides (i.e., 0.54 % of total sequences) meeting
our selection criterion. Total microsatellite coverage was 5441
nucleotides per Mb of DNA, with 283 microsatellite loci per
Mb of DNA and average length of 11.1 repeats per locus. The
estimated density was one microsatellite locus every 3530
nucleotides of DNAwithin the L. migratoria genome.

Among the 99 different microsatellite motifs, we found
21.91 % mononucleotide, 61.56 % dinucleotide, 12.50 %
trinucleotide, 3.20 % tetranucleotide, 0.70 % pentanucleotide,
and 0.13 % hexanucleotide motif relative abundance, in high
resemblance with E. plorans (Tables 2 and S3). This way,
dinucleotides are the most abundant SSR motifs. In fact,
57.85 % of the 56,509 microsatellite loci found were dinucle-
otides and only 27.5 % were mononucleotides and 11.63 %
trinucleotides. The remaining motifs constituted a small per-
centage (3.07 %) of loci. Likewise in E. plorans, mononucle-
otide loci contained the highest mean number of repeats
(15.32) followed by dinucleotides (10.22), but the longest
microsatellite locus in L. migratoria was a 600 bp
pentanucleotide AACCT motif (Tables 3 and S7), which
was almost twice longer than that found in E. plorans
(see above).

Within each of the four most frequent motif classes, A
repeats were the most frequent mononucleotide (89.02 %),
AC was the predominant dinucleotide (70.64 %), AAT
(37.57 %) and AAC (26.04 %) were the most frequent trinu-
cleotides, and AAAT was the most prevalent tetranucleotide
(57.86 %) motifs (Tables 4 and S3). The most abundant SSRs
in the 454 library, e.g., AC (43.48 %), A (19.50 %), and AG
(11.98 %), also showed strong FISH signals (Fig. 2). In
addition, two microsatellite motifs (GATA and GACA)
yielded hybridization signals despite their low abundance
(Fig. 2; Table 6). However, all eight trinucleotide motifs that
had failed to show hybridization signals by FISH were present
in the 454 library (Tables 6 and S3), although at very low
frequency, representing 4.7 % (AAT) or less of all
microsatellites found.

The assembly with RepeatModeler yielded 1904 contigs in
L. migratoria, summing up 1,040,826 nt (N50=703 nt).
About 33 % of these contigs were annotated (Table S5). After
adding the histone spacers and IGS regions assembled by

Table 6 Genomic abundance (%), chromosomal distribution, and
colocalization with the histone cistron of SSR motifs observed in
L. migratoria by cytogenetic (FISH) and molecular (454 sequencing)
approaches

SSR probe Fish 454 sequencing

DP CS/CL MCH Abundance AH

A + 19.50 26.83

AC + 2i 8i 9i 10d 11i + 43.48 51.09

AG + Xi 3p 8i p 11.98 5.35

AAG + Xi 3p 8i p 9i 11i + 0.71 0.52

ACT + 2i 8i 9i 10d + 0.56 0

GATA + 3p 9i 10i 0.02 0

GACA + 1p 3p 8i 9i, 10i + 0.17 0

AAT − − 4.70 0.43

AAC − − 3.26 0.68

AGG − − 0.41 3.42

CAT − − 1.31 0

CAC − − 0.55 0

ACG − − 0.15 2.01

CAG − − 0.47 2.07

GCC − − 0.39 0

Nomenclature correspondence between microsatellite probes and 454
sequencing microsatellite data: GATA/AGAT; GACA/ACAG; CAT/
ATC; CAC/ACC; CAG/AGC; GCC/CCG

DP dispersed pattern of the FISH signal, CS chromosome size (auto-
somes are numbered from 1 to 11 in order of decreasing length), CL
chromosome location of SSR clusters in respect to centromere location (d
distal; i interstitial; p proximal), MCH Microsatellite motifs colocalizing
with the histone cistron, Abundance SSR abundance (%) expressed as
relative coverage (nucleotides/Mb library), AH percent of SSR loci asso-
ciated with the histone cistron, + presence of FISH signal, − absence of
FISH signal
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RepeatExplorer, we annotated all reads; 22,316 out of the
44,416 reads containing microsatellite motifs were annotated
for other repetitive elements. Most SSR repeats (95.1 %) were
found close to TEs (Tables 5 and S2): 58.6 % near
retrotransposons (especially LINEs) and 36.5% in the vicinity
of transposons, the most frequent being the Tc/mariner family.
Other repeated sequences, e.g., histone and rRNA genes
spacers, satellite DNA, and small nuclear RNA (snRNA),
were also found near microsatellite repeats, but at much lower
frequency (a mere collective 4.9 %) (Tables 5 and S2).

The statistical analysis of the association between micro-
satellite and nonmicrosatellite repeats in the L. migratoria 454
library showed a significant association with histone genes
spacers, snRNA, and some retrotransposons and DNA trans-
posons such as LINE/I-Nimb, LINE/Penelope Helitron, or Tc
Mariner-Tc2, as well as a satellite DNA (Table S8). In the
absence of the Bonferroni correction, we also found associa-
tion with other TEs such as Sola elements or SINE/tRNA-Lys
elements.

As mentioned above, the FISH analysis showed the
colocalization of AC, AAG, ACT, and GACA motifs with
histone genes in an interstitial region of chromosome 8,
whereas (AG) was close to them (Table 6; Fig. 2c, e, h). Only
two of these motifs (AC, AAG) were found in the vicinity of
histone gene spacers in the 454 analysis. Likewise in
E. plorans, the 454 analysis in L. migratoria detected more
microsatellite-histone associations than the FISH analysis
(Tables 6 and S2).

Discussion

The two grasshopper species analyzed here, E. plorans and
L. migratoria, are nonmodel species with very limited geno-
mic information about microsatellite occurrence, abundance,
and chromosome location (Zhang et al. 2003; Cuadrado and
Jouve 2010; Muñoz-Pajares et al. 2011). NGS technology is

Fig. 2 FISH mapping of
microsatellite motifs in
L. migratoria. Embryo mitotic
metaphase cells of L. migratoria
showing DAPI staining plus
FISH for A, AC, ACT, and GATA
microsatellite motifs (a, b, f, i)
and double FISH for AG, AAG,
and GACA microsatellites motifs
(red) and H3 gene (green) (c–e, g,
h). Note the absence of FISH
signals on small paracentromeric
regions of all chromosomes as
well as the presence of clustered
hybridization signals for AC, AG,
AAG, ACT, GACA and GATA
motifs on different chromosomes
(b–d, f, g, i). Also note the
colocalization of the AAG and
GACA microsatellites with H3
genes in an interstitial region of
chromosome 8 and the nearby
location of the AG microsatellite
(c–e, g, h). B B chromosome.
Bar=5 μm
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rapidly increasing genomic microsatellite characterization in
model and nonmodel species, but studies addressing their
characterization at both genomic and chromosomal levels
have not virtually been done (Kejnovský et al. 2013). We
have performed this combined approach in two grasshopper
species with genomes of different size, that in E. plorans
(11.11 Gb) being almost double that in L. migratoria
(6.3 Gb). The 454 NGS and FISH results have shown that,
in contrast to the frequently reported species-specific distribu-
tion pattern (for review, see Tóth et al. 2000 and Sharma et al.
2007), both species show a strikingly similar genome organi-
zation and composition regarding their microsatellite abun-
dance, motif type distribution, and chromosome location. The
repetitive DNA sequences found in the neighborhood of
microsatellites are also coincident in both species, with high
prevalence of TEs, histone gene spacers, and ribosomal DNA
IGS.

In fact, the association analysis showed that, in both spe-
cies, these were the repetitive DNAs showing the strongest
association with microsatellites, presumably because their
smaller length (compared to TEs) and their interstitial location
within these spacers increase the likelihood of finding
microsatellite-containing reads in them.

The similarities found between the two species analyzed
are remarkable taking into account that microsatellite abun-
dance varies extensively among Arthropoda species (Meglécz
et al. 2012) and even between closely related species, as
shown in Drosophila (Ross et al. 2003; Pannebakker et al.
2010). Meglécz et al. (2012) analyzed 12 insect species and
found maximum microsatellite coverage of 10,467 nucleo-
tides per Mb of library in Necterosoma penicilatus
(Coleoptera) and a minimum of 1183 nucleotides per Mb in
Ischnura heterosticta (Odonata). Compared to these insect
groups, the two species analyzed here show intermediate
microsatellite coverage (4612–5441). The fact that both spe-
cies belong to two phylogenetically distant subfamilies
(Eyprepocnemidinae and Oedipodinae) within the family
Acrididae raises the possibility that their similar microsatellite
abundance and composition is due to similar mechanisms of
origin and evolution of these genomic elements in grasshop-
pers, rather than to conservation of a common genomic
structure.

Assuming that the 454 library obtained is representative of
the whole genome (Martin et al. 2010), we can infer micro-
satellite genomic contents of 0.46 % in E. plorans and 0.54 %
in L. migratoria. This finding is consistent with the well-
established idea that although microsatellites are present in
all vertebrate and invertebrate species studied so far, inverte-
brate genomes are less prone to accumulate them (Tóth et al.
2000; Li et al. 2002), although the genomes of some inverte-
brates actually show a remarkable microsatellite content
(Meglécz et al. 2012). Microsatellite abundance in grasshop-
pers was thus lower than those found in human (>1.5 %)

(Baltimore 2001; Sharma et al. 2007), mouse (2 %) (Sharma
et al. 2007), and snake (2.8 %) (Castoe et al. 2012) genomes
and was within the ranges observed in arthropod genomes
(1 % or lower) (Pannebakker et al. 2010).

Although it is commonly accepted that microsatellite abun-
dance increases with genome size, many exceptions have been
reported in animals and plants (Ustinova et al. 2006;
Pannebakker et al. 2010). Our present results have also shown
an inverse relationship between genome size and microsatel-
lite content, as the species showing the highest microsatellite
abundance (0.54 % in L. migratoria vs. 0.46 % in E. plorans)
showed the smallest genome (6.3 vs. 11.11 Gb, respectively;
see Ruiz-Ruano et al. 2011). In addition, the frequency of
microsatellite loci per Mb (283 and 240, respectively) was
lower than that reported in hymenopteran species with much
smaller genomes, such as the bee Apis mellifera with 308
microsatellite loci per Mb in its 264.1 Mb genome
(Pannebakker et al. 2010). Furthermore, in fungi, Lim et al.
(2004) reported that microsatellite content was not proportion-
al to genome size in 14 species analyzed, in consistency with a
similar observation by Sharma et al. (2007) and Shoebel et al.
(2013) in a number of different eukaryote species. An inverse
relationship between genome size and microsatellite
frequency has also been observed by Morgante et al. (2002)
in plants.

The different microsatellite motif length classes showed
uneven distribution in the genomes of E. plorans and
L. migratoria, with dinucleotides representing more than
60 % of the microsatellite genome coverage and mono- and
trinucleotides being the next motifs in abundance. Relative
abundance of microsatellite motif length classes shows con-
siderable variation among species (Sharma et al. 2007), but
dinucleotides and mononucleotides are the prevalent types in
most cases (Ross et al. 2003; Sharma et al. 2007; Meglécz
et al. 2012; Kejnovský et al. 2013; Sawaya et al. 2013;
Schoebel et al . 2013). However, tri-, tetra-, and
pentanucleotides have also been reported as predominant
SSR classes in several species of Diptera (Pannebakker et al.
2010) and snakes (Castoe et al. 2012). Interestingly, Sharma
et al. (2007) observed a prevalence of trinucleotide motifs in
species with low repetitive DNA content. The genomes of
E. plorans and L. migratoria contain high amounts of repet-
itive DNA, especially transposable elements and satellite
DNA (López-León et al. 1994; Montiel et al. 2012; Wang
et al. 2014; Ruiz-Ruano et al., in preparation), which may
explain the higher abundance of dinucleotide and mononucle-
otide motifs, since these two classes are more abundant in
noncoding regions, whereas trinucleotide repeats are especial-
ly frequent in coding regions and ESTs (Li et al. 2002;
Morgante et al. 2002).

Microsatellite locus size (10.03 and 11.10 repeats in
E. plorans and L. migratoria, respectively) and distance be-
tween loci (4.16 kb in E. plorans and 3.53 kb in L. migratoria
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on average) also support SSR association with noncoding
sequences because exonic regions use to bear microsatellite
repeats at low density (3 or less units at about 40 kb distance)
(Li et al. 2002, 2011). However, the presence of more distant
microsatellite loci with less than five repeats, located in coding
regions, would have gone unnoticed with our search criterion.
Notwithstanding, our FISH experiments revealed that mono-,
di-, tri-, and tetranucleotide microsatellites showed a dispersed
distribution over euchromatic regions in all chromosomes,
covering nearly their entire length and being absent from the
heterochromatic pericentromeric regions, in consistency with
Guo et al. (2009) claiming that microsatellite content is lower
in centromeric and pericentromeric regions. This same
dispersed-euchromatic pattern of microsatellite distribution
has been previously observed in the grasshopper Abracris
flavolineata (Milani and Cabral-de-Mello 2014) and for AG
motif in E. plorans (Cuadrado and Jouve 2010). Interestingly,
this euchromatic chromosomal distribution of microsatellites
in E. plorans was remarkably coincident with that of TEs
(Montiel et al. 2012), and the same is also observed in
L. migratoria (not shown). This is strongly supported by our
finding of a high percentage (84.7 % in E. plorans and 95.1 %
in L. migratoria) of microsatellite repeats found in the neigh-
borhood of several types of transposons and retrotransposons
(Tables 5, S1, and S2). Therefore, apart from other mecha-
nisms inducing microsatellite propagation, such as unequal
crossing over, DNA recombination, and DNA repair or slip-
page (Dover 1993; McMurray 1995; Hancock 1996), the
expansion of microsatellites observed in E. plorans and
L. migratoria chromosomes may be a result of their close
localization and association with TEs. Hence, the movement
of some transposons, such asMITEs, has been suggested to be
responsible for the proliferation of hitchhiking microsatellites
in several insect species (for review, see Coates et al. 2011).
Accordingly, Primmer et al. (1997) have pointed out the lack
of association between microsatellites and SINES/LINES to
explain the low frequency of microsatellites in avian genomes.
Alternatively, microsatellites could be good targets for trans-
poson insertion (Kejnovský et al. 2013). All these observa-
tions are consistent with our results, as the grasshopper species
with higher microsatellite coverage (L. migratoria) also
showed higher microsatellite repeats abundance in the vicinity
of transposons in the annotated 454 reads.

Other noncoding sequences where microsatellites
could be located in E. plorans and L. migratoria eu-
chromatin are pseudogenes, introns, intergenic spacers,
and untranslated 3′ and 5′ UTR sequences. Indeed, gene
spacers (e.g., in rDNA and histone clusters) were
strongly associated with microsatellites in the 454 reads
of the two species analyzed here (Tables 5, S1, S2, S6,
and S8). This probably diminishes their functional ef-
fects thus making them more tolerable despite residing
within functional genes.

In any case, we cannot rule out that trinucleotide motifs,
representing 15.81% (E. plorans) and 12.50% (L.migratoria)
of total microsatellite coverage, could predominate in coding
regions, as observed in other species (Tóth et al. 2000; Li et al.
2002; Morgante et al. 2002) although, in general,
microsatellites are comparatively less frequent in exonic re-
gions than in introns or noncoding regions, except in some
cases like Populus, where exonic microsatellites are threefold
more frequent than intronic ones (Li et al. 2011). Finally, it is
also conceivable that some of the abundant dinucleotide mo-
tifs could be located in coding regions in E. plorans and
L. migratoria euchromatin, since recent evidence has shown
that long exonic dinucleotide SSRs are submitted to strong
selective constraints (Haasl and Payseur 2014).

Taken together, our results suggest that, in both grasshopper
species, (i) most microsatellites reside into euchromatic noncod-
ing regions, most of them placed in the vicinity of TEs, whereas
others are located within histone-gene spacers and rDNA IGS,
and (ii) their abundance is not high enough to explain the huge
size of grasshopper genomes. The relative distribution of differ-
ent motif sequences within each motif length class was also
rather similar in the E. plorans and L. migratoria genomes. The
predominance of A motifs among mononucleotides, and AC
and AG motifs among dinucleotides, in both species, is coinci-
dent with the general pattern observed in animal genomes.
Indeed, A predominates in animals and plants (Meglécz et al.
2012) and AC and AG seem to be the most common dinucle-
otide motif in animals, whereas AG and AT are predominant in
plant genomes (Powell et al. 1996; Ross et al. 2003; Meglécz
et al. 2012). Likewise, AAC and AAT are prevalent among
trinucleotide motifs in E. plorans and L. migratoria, in consis-
tencywith other invertebrate genomes (Pannebakker et al. 2010;
Meglécz et al. 2012). The remaining motifs (tetra-, penta-, and
hexanucleotides) are scarce and thus probably play a minor role
in genome architecture and evolution.

Our 454 NGS and FISH results were roughly consistent in
each of the two species analyzed here, with the most abundant
microsatellites (AC, AG, and A) yielding the brighter FISH
signals. Remarkably, all SSRs that did not yield any hybridi-
zation signals in E. plorans (AAT, AGG, ACT, CAT, CAC,
ACG, CAG, GCC) and L. migratoria (AAT, AAC, AGG,
CAT, CAC, ACG, CAG, GCC) were trinucleotide motifs,
with a high level of coincidence between species (seven out
of eight are identical). All these trinucleotides were actually
present in the E. plorans and L. migratoria 454 libraries, but at
low frequency (see Tables 1, 6, and S3). By contrast, in both
species, GACA and GATA tetranucleotides yielded conspic-
uous FISH signals (Figs. 1g, h and 2g, i) despite their scarcity
in the 454 libraries (Tables 1 and 6). This might be explained
by the possible existence of noncanonical microsatellite loci
where GATA or GACA repeats are intermixed with other
sequences which allows detection by FISH but prevents de-
tection in the 454 libraries, with the search criterion employed.
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Some microsatellites showed clustered distribution in the
E. plorans and L. migratoria chromosomes, yielding band-
like hybridization patterns. Clustered microsatellite distribu-
tion has been previously reported in several species (Cuadrado
et al. 2000; Ananiev et al. 2005; Santos et al. 2010). Remark-
ably, in E. plorans, a distal band on chromosome 2 is shared
by nearly all SSR motifs, highlighting this chromosome re-
gion as enriched in different microsatellites (Fig. 1; Table 1).
In L. migratoria, clustered SSRs locate predominantly on
interstitial regions of chromosomes 8 and 9 (Fig. 2; Table 6).
In addition, we observed variation for the presence of some
other clustered SSRs, as reported in maize (Ananiev et al.
2005). It has been argued that microsatellite clustering might
suggest a functional role (Santos et al. 2010). In fact, the distal
microsatellite cluster in chromosome 2 of E. plorans and the
interstitial one in chromosome 8 of L. migratoria colocalize
with histone H3 genes, and at least one of the H3-colocating
motifs (AC) has been shown to modulate gene expression in
the ascomycete Podospora anserina (Khashnobish et al.
1999) and is one of the most common motifs in transcription
start site in human promoters (Sawaya et al. 2013). Indeed,
AC is the most predominant motif being found associated
with histone genes spacers in both species analyzed (Table 5).
In addition to AC, other microsatellites showed FISH bands
colocating with the histone cluster (A, AAC, AAG, GATA,
and GACA in E. plorans and AAG, ACT, and GACA in
L. migratoria), and most of them (except GATA in E. plorans
and ACT and GACA in L. migratoria) were found in the 454
reads close to histone genes spacers (Tables 1, 6, S1, S2, S6,
and S8). These latter molecularly undetected motifs presum-
ably belong to minor infrequent alleles differing from the
consensus sequence going unnoticed by the 454 analysis but
still being detectable by FISH.

We have not observed a preferential accumulation of
microsatellites on the X chromosome, despite the growing
number of reports on motifs differentially accumulated on
sexual chromosomes of animals and plants (Kejnovský et al.
2013; Poltronieri et al. 2013). This suggests a minor role for
microsatellites in sexual chromosome differentiation and evo-
lution in both grasshopper species.

B chromosomes in E. plorans and L. migratoria are mainly
heterochromatic, and they are rather poor in microsatellites, in
consistency with the scarcity observed in the pericentromeric
heterochromatic regions of A chromosomes in both species.
In E. plorans B chromosomes, SSR presence was restricted to
the distal region and the small interstitial DAPI− bands located
between the DAPI+ heterochromatic blocks, which include
several types of satellite DNA (López-León et al. 1994; Mar-
tín-Peciña et al., in preparation). In consistency with these
results, Muñoz-Pajares et al. (2011) reported the presence of
a (GATTA)6 microsatellite within a sequence-characterized
amplified region (SCAR) located in the external spacers of
the 45S rDNAwhich is distally located on the B chromosome.

This GATTA/AATCT motif has been found in our 454 data
but at very low frequency (0.14 %). In L. migratoria, B
chromosomes show higher abundance of SSRs in the proxi-
mal euchromatic third, thus showing similar microsatellite
compartmentalization as A chromosomes. Likewise, micro-
satellite clusters have been detected on the long arm of maize
B chromosome (Ananiev et al. 2005) and also on the B
chromosomes in Crepis capillaris (Jamilena et al. 1994) and
rye (Langdon et al. 2000). The B chromosome of the grass-
hopper A. flavolineata is also enriched in microsatellites re-
peats (Milani and Cabral-de-Mello 2014). Although
microsatellites in B chromosomes are unlikely related with
gene regulation, since B chromosomes are mostly silenced,
we cannot rule out that they could have something to do with
the high mutability of E. plorans B chromosomes since this
species shows the highest number of B variants ever found for
a B chromosome system (López-León et al. 1993; Bakkali and
Camacho 2004). Unveiling the precise role of transposable
elements in shaping microsatellite abundance and chromo-
some distribution is an interesting prospect for future research.
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Figure S1. Embryo mitotic metaphase cells of E. plorans (a) and L. migratoria (b) showing DAPI staining + FISH. 

Note the variation observed for hybridization clustered sites (see also Fig. 1 and 2). Bar = 5µm.


