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Abstract The desert locust (Schistocerca gregaria) has been
used as material for numerous cytogenetic studies. Its genome
size is estimated to be 8.55 Gb of DNA comprised in 11
autosomes and the X chromosome. Its X0/XX sex chromo-
some determinism therefore results in females having 24
chromosomes whereas males have 23. Surprisingly, little is
known about the DNA content of this locust’s huge chromo-
somes. Here, we use the Feulgen Image Analysis
Densitometry and C-banding techniques to respectively esti-
mate the DNA quantity and heterochromatin content of each
chromosome.We also identify three satellite DNAs using both
restriction endonucleases and next-generation sequencing.We
then use fluorescent in situ hybridization to determine the
chromosomal location of these satellite DNAs as well as that
of six tandem repeat DNA gene families. The combination of
the results obtained in this work allows distinguishing be-
tween the different chromosomes not only by size, but also
by the kind of repetitive DNAs that they contain. The recent
publication of the draft genome of the migratory locust
(Locusta migratoria), the largest animal genome hitherto se-
quenced, invites for sequencing even larger genomes.

S. gregaria is a pest that causes high economic losses. It is
thus among the primary candidates for genome sequencing.
But this species genome is about 50 % larger than that of
L. migratoria, and although next-generation sequencing cur-
rently allows sequencing large genomes, sequencing it would
mean a greater challenge. The chromosome sizes and markers
provided here should not only help planning the sequencing
project and guide the assembly but would also facilitate
assigning assembled linkage groups to actual chromosomes.

Introduction

Several are the particularities that make species of the
Orthoptera order worth studying. They, for instance, show
some of the most striking morphologies, like the armored-
looking Plagiotriptus carli (Thericleidae) and the leaf-looking
Systella dusmeti (Trigonopterygidae). They also exhibit some
of the most astonishing population dynamics and behaviors.
Of these, the gregariousness and swarming of some
Orthoptera pest species are notorious cases of behavioral
adaptations that give some of these species the status of
‘economically interesting’ (in the negative sense of the word).
Among these, the desert locust (Schistocerca gregaria) is
infamous for the recurring outbreaks its populations experi-
ence in Africa and parts of Asia.

With known genome sizes ranging from 1.52 Gb, estimat-
ed for the cave cricket Hadenoecus subterraneus (Rasch and
Rasch 1981), to the enormous 16.56 Gb, estimated for the
mountain grasshopper Podisma pedestris (Westerman et al.
1987), orthopterans exhibit a high degree of genome size
variability while containing some of the largest genome-
containing species. This seems in agreement with the positive
correlation between genome size and the rate of genome size
evolution proposed by Oliver et al. (2007). In such a case, the
observed diversity in orthopteran genome sizes might be due
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to a high rate of genome size evolution in this group facilitated
by the large genome sizes of its ancestral members. There is an
apparent absence of frequent whole genome duplication
events in orthoptera—for instance, only two out of the over
100 polyploid species reported in Otto andWhitton (2000) are
orthopteran. A key factor for both the size and variation of the
orthopteran genomes should thus be the contribution of tan-
dem repeat DNAs and transposable elements (TEs). These
were proven to increase genomic sizes and diversity in other
organisms (e.g., Bennetzen 2005; Gregory 2005; Oliver et al.
2007). In fact, the extensive occurrence of repetitive elements
in grasshopper genomes has recently been corroborated after
whole genome sequencing of the migratory locust (Locusta
migratoria) genome, whose ∼6.3-Gb size makes it the largest
animal genome hitherto sequenced (Wang et al. 2014).

Since 2010, we are engaged in a research program aiming
at the analysis of several aspects related to the S. gregaria
genetics (see Bakkali 2013). A first Sanger-based sequencing
of a S. gregaria transcriptome was carried out for the central
nervous system (CNS) by Badisco et al. (2011). To comple-
ment it, we carried out comparative next-generation sequenc-
ings of different tissues and physiological states, with results
that should allow for deep insights into the molecular basis of
locust gregariousness (in preparation). Still, on top of what-
ever differentially expressed genes will be the epigenetics—
meaning that, sooner or later, epigenetics studies (including
bisulfite sequencing) need to be done (Bakkali 2013). For that,
the availability of a sequenced genome is more than helpful.
S. gregaria genome has an estimated size of 8.55 Gb (Fox
1970; John and Hewitt 1966; Wilmore and Brown 1975),
almost three times the size of the human genome. Its sequenc-
ing and assembly would thus be a difficult task due to the
inability of the currently available sequence assemblers to
efficiently deal with such repeat-enriched genomes. Still,
the S. gregaria genome is no doubt worth sequencing,
since it would not only produce useful data for under-
standing the genetics of gregariousness, and for the fight
against outbreaks, but would also provide sequences for
comparative studies.

With this in mind, and in line with the workflow and
genetic analyses suggested in Bakkali (2013) for applying to
pest locusts, here we start by a study of the chromosomes. Of
course, ours is not the first chromosome-level work on
S. gregaria. This species has previously been studied for
several purposes, such as the influence of several factors on
chiasma frequency (Craig-Cameron 1970; Csik and Koller
1939; Henderson 1962, 1963, 1964, 1988; White 1934),
chiasma distribution (Fox 1973), and meiotic behavior (John
and Naylor 1961), the effect of X-rays (Fox 1966a, b, 1967a,
b; Westerman 1967, 1968) or actinomycin-D (Jain and Singh
1967) on chromosomes, the nature of crossing-over (Craig-
Cameron and Jones 1970; Jones 1977), chromosome ultra-
structure (Wolf 1996; Wolf and Sumner 1996), chromosome

histone H4 acetylation (Wolf and Turner 1996), presence of
mitochondrial DNA on chromosomes (Bensasson et al. 2000;
Vaughan et al. 1999), and the location of some Hox genes
(Ferrier and Akam 1996).

Still, almost nothing is known about the DNA content and
molecular composition of the S. gregaria chromosomes. So,
here, we provide a number of chromosome-identifying
markers. For that, we first estimated the DNA content of every
chromosome to get a quantitative idea of the differences
between them. We also searched for satellite DNAs
(satDNA) both after restriction endonuclease digestion of the
genomic DNA as well as after Illumina genome sequencing
and in silico search for tandemly repeated sequences. We then
carried out chromosome banding and in situ mapping of the
three resulting satDNAs as well as six genomic markers. In
addition, we estimated the expression levels of the satDNAs in
Illumina-sequenced transcriptomes from four different tissues.

This work should be useful to any future sequencing pro-
ject on the S. gregaria genome, as it might be useful for
mapping some of the assembled genomic contigs to their
corresponding chromosomes and would be yet another step
in the characterization of the chromosomes and genome of this
important pest species.

Materials and methods

Biological samples, chromosome banding, and DNA
extraction

Males and females of the desert locust (S. gregaria) from our
laboratory colony, whose origin were four egg pods kindly
offered to us in 2009 by Prof. Jozef Vanden Broeck (KU
Leuven, Belgium), were crossed to obtain 5-day embryos for
cytological analysis. Eggs were incubated at 27 °C. Three
males were anesthetized, and testes were dissected out and
fixed in 3:1 absolute ethanol–acetic acid. Meiotic and mitotic
chromosomes were obtained from testes and embryos follow-
ing the protocols described in Camacho et al. (1991). C-
banding and fluorochrome banding were performed as de-
scribed in Camacho et al. (1984). Genomic DNA (gDNA)
was obtained from an inbred female using the method de-
scribed for single flies (Bakkali 2011).

Chromosome size estimation

The DNA content of each autosome was assessed using the
Feulgen Image Analysis Densitometry (FIAD) technique as
described in Ruiz-Ruano et al. (2011). For this purpose, and
for each male, we measured the chromosome bivalents from
eight primary spermatocytes at diplotene or metaphase I. We
restricted the analysis to cells where all the 11 autosomal
bivalents and the X chromosome univalent were well

264 Chromosoma (2015) 124:263–275



separated. The obtained Integrated Optical Density (IOD)
values were arranged in order of decreasing value and were
assigned to the autosomes in order of increasing number (L1 to
S11). We then calculated the IOD ratio for each autosome
(with respect to the total autosomal IOD) by dividing each
IOD value by the sum of the IOD values of all the 11
autosomes of the cell.

We did not quantify the DNA content of the X chromo-
some in the same way as we did for the 11 autosomes, since its
different heteropycnosis state during diplotene and metaphase
I, compared to the autosomes, could distort measurement
(Hardie et al. 2002). Instead, we took advantage of the fact
that grasshoppers show an X0/XX sex chromosome determin-
ism, which implies that a male produces two types of sperma-
tids, ones carrying the X chromosome and the others lacking
it.Wemeasured the whole cell (nucleus) IOD in 50 spermatids
from the same three males. This yielded a bimodal distribution
with two peaks corresponding to the X-carrying (X+) and X-
lacking (X−) spermatids, the latter logically showing lower
IOD. The DNA content of the X chromosome was thus
inferred from the difference between the two IOD peaks (see
Ruiz-Ruano et al. 2011). The IOD ratio of the X chromosome
was calculated as the difference between the two IOD peaks
divided by the IOD of the X+ peak. It was then multiplied by
the C-value (8.74 pg, on average (Fox 1970; John and Hewitt
1966; Wilmore and Brown 1975)) to convert it to DNA
quantity (in pg). The total quantity of DNA in the autosomes
was inferred by subtracting the DNA quantity in the X chro-
mosome from the C-value. The DNA amount (in pg) in each
autosome was then calculated by multiplying its IOD ratio by
the total pg of DNA in all the autosomes. Finally, the mass was
converted to gigabase pairs (Gbp) taking into account that
1 pg of DNA corresponds to about 0.978 Gbp (Dolezel et al.
2003).

Satellite DNA identification

To search for satDNAs in the S. gregaria genome, we first
separately digested the gDNA using a set of 14 different
common six-cutter restriction endonucleases that we usually
use for such purposes (given that we had no prior information
on this species genome, we used all the endonucleases avail-
able to us with no prior selection). We then isolated the
appropriate bands from the electrophoresis gels of the diges-
tions that gave ladder patterns. Identification of the satDNA
sequences was then reached after cloning and sequencing (see
protocols in Lorite et al. (2013)). This allowed us to isolate a
satDNA with a repeat unit of about 350 bp. A second ap-
proach, based on Illumina HiSeq 2000 Paired-end sequencing
of the gDNA, was used in order to detect other satDNAs. The
paired-end reads were joined using the “fastq-join” software
of the FASTX-Toolkit suit (Gordon and Hannon 2010) with
default options. Of the joined reads, 500,000 sequences were

randomly selected for clustering, using the RepeatExplorer
(Novak et al. 2013) server at http://www.repeatexplorer.org
(as options; the paired-end reads were considered, and 55 and
40 bp were respectively taken as minimum overlap length for
clustering and assembly). We then searched for clusters that
show high graph density, a typical characteristic of satDNA
families (Novak et al. 2010). We manually processed the
assembled contigs using Geneious v4.8 (Drummond et al.
2009) using the High Sensitivity/Slow option, and we visual-
ized the dotplot graphics in order to determine tandem repeti-
tions, split them in monomers, then aligned and got a consen-
sus sequence of the monomeric units. We then used the
assembled DNA sequences to design primers (Table S1),
using the Primer3 software (Rozen and Skaletsky 1999), and
we polymerase chain reaction (PCR)-amplified the three
satDNAs detected in this work.

Transcription of satellite DNAs

Sets of Illumina sequencing reads, belonging to S. gregaria
CNS, muscle, testis, and ovary transcriptome projects that are
in preparation in our lab (unpublished data), were used to
estimate the expression levels of some of the repeated se-
quences in each of the abovementioned tissues. For this pur-
pose, all the raw sequencing reads from each tissue-
sequencing library were separately aligned to each of the
repeated sequences using BWA (Li and Durbin 2009). The
succession of commands for BWAwere as follows: bwa index
-a is file.fasta, then bwa aln -t 2 file.fasta reads1.fastq (for the
file.sai1) then bwa aln -t 2 file.fasta reads2.fastq (for the
file.sai2) then bwa sampe -s file.fasta file.sai1 file.sai2 (for
the file.sam). The aligned reads were counted using the htseq-
count script of the HTSeq (Anders et al. 2014) program with -
q -s no -m intersection-nonempty as options. The read counts
were then compared between sequences and tissues after
normalization (i.e., division by the total number of reads in
each tissue sequencing library). For comparative purposes, the
normalized numbers were taken as indicative of the relative
degree of expression of each satDNA in each tissue. The
relative abundance of the respective sequences in the genome
was calculated by dividing the number of reads from the
genomic sequencing that align to the respective satDNA by
the total number of reads in the genome sequencing library.
The ratio of the normalized numbers of read counts corre-
sponding to a satDNA in a transcriptome, and the relative
abundance of the same satDNA in the genome gave us an
indication of the degree of expression of that satDNA in the
tissue in question relative to its abundance in the genome.

Fluorescent in situ hybridization

Mapping of the DNAs on S. gregaria chromosomes was
carried out following the fluorescent in situ hybridization
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(FISH) protocol described in Cabrero et al. (2003). In addition
to the three satDNAs detected in this work, we took advantage
of the conservation of primers that work for us in other
orthopteran species, to amplify sequences of multi-copy genes
that are often used as chromosomal markers (they usually
form FISH-detectable clusters). We thus amplified, labelled,
and mapped the 18S and 5S rRNA genes, the histone H3
genes, U1 and U2 snRNA genes, and the telomeric DNA.
The 18S probe was obtained by PCR amplification of a 1,113-
bp fragment of the Eyprepocnemis plorans 18S ribosomal
gene using the 18S-E and 1100R primers designed by
Timothy et al. (2000). The PCR consisted of an initial dena-
turation at 94 °C for 3 min, followed by 30 cycles of 94 °C for
30 s, 45 °C for 1 min, 72 °C for 2 min, and a final extension of
72 °C for 7 min. 5S rRNA and H3 histone genes probes were
obtained as described in Cabrero et al. (2003) and Cabrero
et al. (2009), respectively. For amplification of the U1 and U2
snDNA fragments, we used the primers and conditions de-
scribed by Cabral-de-Mello et al. (2012) and Bueno et al.
(2013), respectively. As telomeric probe, we used the
fluorescein-labelled synthetic deoxyoligomers (GGTTA)x7
and (TAACC)x7 described in Meyne et al. (1995). Probes of
the three satDNAs detected in this work were obtained after
PCR amplification using the primers designed as described
above (see Table S1) and the following reaction conditions:
initial denaturation for 5 min at 94 °C, 35 cycles of 20 s at
94 °C, 30 s at 62 °C and 15 s at 72 °C, and a final extension
step at 72 °C for 7 min. PCR products of the three satDNA
amplifications were visualized in a 1.5 % agarose gel. Ladder-
like band patterns were obtained in the agarose gel column
corresponding to each of the three PCRs as expected for our
satDNAs whose previously determined monomer lengths (see
above) are 171, 352, and 170 bp, respectively. After excision
from the gel and PCR re-amplification of 10 ng of DNA using
the same PCR primers and cycling as the first PCR, the
reamplified DNA from each monomer gel band was se-
quenced by Macrogen Inc. For direct detection of the hybrid-
ization signals, probes were labelled by nick-translation using
tetramethylrhodamine-11-dUTP (5S, histone H3, SG1 and
SG3) or fluorescein-11-dUTP (18S, SG2-alpha, SG1). The
U1 and U2 snDNA probes, however, were PCR-labelled
using digoxigenin-11-dUTP and detected using anti-
digoxigenin rhodamine (Roche).

Double FISHwas carried out by simultaneously combining
two DNA probes labelled with different fluorochromes. In
order to show the three satDNAs in a same cell, double
FISH was first used for two of the differently labelled probes
and the result documented by photographing cells and taking
their coordinates in the x–y axes of the microscope stage. Slide
washing in 4XSSC/Tween 20 for 0.5 h at room temperature
and in 2XSSC at 42 °C for 1 h removed the hybridized probes
from the chromosomes. This allowed us to carry out a new
hybridization with the third remaining satDNA. After

photographing the same cells as in the earlier double-FISH
and replacing the red color of the third probe by a yellow
color, the images with the results of the three satDNA hybrid-
izations were merged using the Gimp software. For photogra-
phy, slides were counterstained using DAPI and mounted in
Vectashield (Vector, USA). Fiber-FISH was carried out as
described in Muñoz-Pajares et al. (2011). Hybridization sig-
nals were observed under a BX41 epifluorescence Olympus
microscope equipped with a DP70 cooled digital camera for
photography and after application of the appropriate filters.
Images were merged and optimized for brightness and con-
trast using the Gimp software.

Statistical analyses

Shapiro-Wilk’s W test was used to check whether the IOD
ratio variable fitted a normal distribution, and then non-
parametric Kruskal–Wallis ANOVA and ttest for dependent
samples were applied to compare the IOD ratio for each
chromosome between individuals and IOD ratio between
consecutive autosomes, respectively. All analyses were car-
ried out using the Statistica 6.0 software (Statsoft Inc.).

Results

DNA content of each S. gregaria chromosome

Likewise most acridid species, S. gregaria X0/XX sex chro-
mosome determinism results in a chromosome complement
consisting of 23 apparently telocentric chromosomes in males
and 24 in females. The autosomes can be classified into three
size groups: long (L1–L3), medium (M4–M8), and short (S9–
S11), the X chromosome being the second element in size
(Fig. 1a). After measuring the DNA content of each chromo-
some, using the FIAD technique, the combined IOD ratio
variable failed to fit a normal distribution (Shapiro–Wilk’s
W test, p<0.05), for which reason we used nonparametric
Kruskal–Wallis ANOVA to compare the IOD ratios between
males and chromosomes. While the differences between the
three analyzed males were not significant (p=0.992), there
were highly significant differences between the different chro-
mosomes (p<2.2−16). The results of the technique employed
were therefore consistent between the different males, and
they discriminated very well between the chromosome sets
of the complement. Within individual chromosomes,
Shapiro–Wilk’s W test suggested that the IOD values of each
single chromosome follow a normal distribution (p>0.05)
except for chromosome S9, whose p=0.041 could be attribut-
ed to type I error. To compare IOD values between consecu-
tive autosomes, we performed ttests for dependent samples
which showed significant differences in all cases (Table 1).
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This indicates that the FIAD technique discriminates verywell
even between the autosomes showing the smallest size differ-
ence. The X chromosomewas excluded from the ttest because
its IOD value was indirectly inferred (see “Material and
methods”). The coefficients of variation of the IOD ratios
were lower than 10 % for 30 out of the 33 autosomes of the
three analyzed males (the S9, S10, and S11 chromosomes of the
third male being the only exception). Our results therefore
meet Hardie et al. (2002) criterion for the FIAD technique. As
a whole, the measurements in the three males allowed us to
calculate the proportion that each autosome represents with
respect to the total autosomal DNA (IOD ratio) (Table 1). Our
estimates of the DNA content in the X chromosome showed
that it comprises about 13.72 % of the C-value (i.e., 1.2 pg,
equivalent to 1.17 Gbp), the total DNA content of the 11
autosomes thus being 7.54 pg (Table 1). Our results therefore
provide quantitative measurements of the sizes of each chro-
mosome of the S. gregaria genome and confirm that the X
chromosome is the second largest element in size.

C-banding and DA-DAPI-CMA3 banding

The C-banding pattern of the S. gregaria chromosome com-
plement consists of paracentromeric C-positive bands in all
chromosomes and distal bands in the three smallest autosomes
(Fig. 1a). The fluorescence pattern revealed by the triple DA-
DAPI-CMA3 staining revealed the absence of differential
staining for DAPI (Fig. 1b) and the presence of conspicuous
CMA3+ interstitial bands in three chromosome pairs, i.e., L3,
M6, and M8 (Fig. 1c).

Chromosome mapping of the rDNA, histone, U snDNA,
and telomeric sequences

FISH with the 18S and 5S rDNA probes showed the
presence of 18S rDNA at interstitial locations of both
L3 and M6 chromosomes (Fig. 1e). The 5S rDNA is
also interstitially located in these two chromosomes. In
addition, other FISH signals for the 5S rDNA are

Fig. 1 Characterization of the
S. gregaria chromosomes by C-
banding (a), DAPI and CMA3
banding (b–d), and FISH (e) and
fiber-FISH (f–i) with 18S and 5S
rDNA probes. Note the C-bands
at the centromeric regions of all
the chromosomes and the distal
parts of the three smallest ones.
Also note the CMA3 bands of the
chromosomes L3, M6, and M8 as
well as the coincidence between
the first two and some of the 18S
and 5S rDNA FISH signals. The
two 18S rDNA signals detected
on chromosomes L3 and M6

coincide in location with two of
the five 5S rDNA signals (e), and
fiber FISH reveals that the co-
localization actually corresponds
to intermingled clusters of both
rDNAs (f–i). The 5S rDNA also
appears alone on the distal region
of the chromosome L3 and the
proximal and interstitial parts of
the chromosome M5 (e). The bar
in figure (a) corresponds to 5 μm,
and the asterisks in figure h mark
some of the 18S and 5S rDNA
hybridization sites as revealed by
fiber FISH
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located on a distal region of the L3 chromosome as well
as in a proximal and an interstitial region of the M5

chromosome (Fig. 1e). Remarkably, merging of the two
FISH images suggests that the two interstitial 18S
rDNA bands in chromosomes L3 and M6 coincide in
location with 5S rDNA bands. Indeed, fiber FISH anal-
ysis showed that these chromosomal regions harbor
mixed clusters of the two types of rDNA, meaning that
the overlap of the FISH signals in the merged image is
due to genuine co-localization rather than imprecision or
optical effect of the FISH or image merging (Fig. 1f–i).

FISH with the H3 histone gene probe showed the
presence of a single interstitial cluster in the M8 chro-
mosome (Fig. 2a), a conserved location in most acridid
grasshoppers whose karyotype is composed of 11 auto-
somal pairs and the X chromosome (Cabrero and
Camacho 2008). The U1 and U2 snDNAs are both
interstitially located in the longest chromosome (L1),
but they do not co-localize since U1 is located in the
distal half of that chromosome (Fig. 2b) whereas U2 is
located in the proximal half (Fig. 2c). FISH with the
telomeric DNA probe showed its presence in all chro-
mosome ends. Interestingly, the two smallest autosomes
(S10 and S11) carried additional interstitial telomeric
DNA (Fig. 2d).

Satellite DNA detection

Out of the 14 restriction endonucleases used for digesting the
genomic DNA, only HindIII generated the typical pattern
expected for tandemly repeated DNAs (Fig. S1). After gel
extraction, cloning, and sequencing, the monomeric band
(350 bp) happened to contain two different repetitive DNA
families. The sequence of one of these families shows high
similarity (more than 80 %) to a region of the EploRTE5 and
EploRT20 non-LTR retrotransposons from the grasshopper
E. plorans (GenBank accession nos. JN604090 and
JN604091). It was excluded from the current work whose
aim does not cover the analysis of TEs. These are not restrict-
ed to a specific chromosome and thus would not provide
potential chromosomal markers. The sequence of the second
repetitive DNA family (Fig. S2) was highly similar to a
sequence defined as S. gregaria alpha repetitive DNA
(GenBank accession no. X52936). To our knowledge, nothing
has been published yet about this repetitive DNA (which we
will henceforth call SG2-alpha), although its sequence was
deposited in GenBank in 1992. All the sequenced clones from
the dimeric 700 bp band obtained after HindIII digestion of
the gDNA harbored the same sequence. This latter was also
highly similar (more than 80 %) to the EploRTE5 and
EploRT20 non-LTR retrotransposons from the grasshopper

Table 1 C-value and DNA content of each of the S. gregaria 11 autosomes and the X chromosome, expressed in IOD ratio (the proportion that each
autosome represents with respect to the total IOD of all the 11 autosomes)

Chromosome IODr male 1 IODr male 2 IODr male 3 IODr total DNA amount

Mean SD CV Mean SD CV Mean SD CV Mean SD ttest (pvalue) pg Gbp

L1 0.168 0.006 0.036 0.159 0.007 0.042 0.171 0.005 0.028 0.166 0.006 – 1.25 1.22

L2 0.144 0.010 0.066 0.149 0.007 0.047 0.136 0.006 0.045 0.143 0.007 8,605 (<10−6) 1.08 1.06

L3 0.123 0.009 0.069 0.130 0.007 0.051 0.117 0.010 0.083 0.123 0.007 5,024 (1.51 10−4) 0.93 0.91

M4 0.106 0.008 0.080 0.108 0.010 0.095 0.105 0.003 0.033 0.106 0.002 4,975 (1.66 10−4) 0.80 0.79

M5 0.094 0.005 0.053 0.094 0.008 0.085 0.097 0.004 0.039 0.095 0.002 3,959 (1.26 10−3) 0.72 0.70

M6 0.090 0.005 0.054 0.083 0.005 0.056 0.088 0.007 0.083 0.087 0.003 5,082 (1.35 10−4) 0.66 0.64

M7 0.081 0.005 0.064 0.074 0.006 0.076 0.076 0.003 0.043 0.077 0.004 5,312 (8.7 10−5) 0.58 0.57

M8 0.067 0.005 0.081 0.066 0.005 0.073 0.071 0.001 0.019 0.068 0.003 4,124 (9.01 10−4) 0.51 0.50

S9 0.048 0.004 0.075 0.050 0.004 0.085 0.052 0.010 0.181 0.050 0.002 7,588 (2 10−6) 0.40 0.37

S10 0.042 0.004 0.090 0.046 0.001 0.025 0.046 0.008 0.180 0.045 0.002 5,052 (1.43 10−4) 0.34 0.33

S11 0.036 0.003 0.098 0.040 0.003 0.085 0.040 0.006 0.148 0.038 0.002 7,450 (2 10−6) 0.29 0.28

X 0.136 0.135 0.141 0.137 0.003 – 1.20 1.17

All autosomes 7.54 7.38

All chromosomes 8.74 8.55

ttests compare the IOD values of all the consecutive autosome pairs (ordered by size) in each of the 16 cells (degree of freedom 15) from the three males
analyzed. The mean values were converted to picograms taking into account that S. gregaria C-value has been previously estimated as 8.74 pg and that
the IOD ratio of the X chromosome, with respect to the C-value, was of 0.137 on average. This gave 1.20 pg of DNA for the X chromosome and 7.54 pg
for all the autosomes as a whole. The IOD ratio of each autosomewas thenmultiplied by this latter value to estimate its DNA content in picograms. These
results were obtained from the analysis of eight cells from male 1 and four cells from each of males 2 and 3

IODr relative integrated optical density, SD standard deviation, CV coefficient of variation
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E. plorans. The 350 and the 700 bp non-LTR retrotransposon
sequences are thus products of the differential cuts of an
abundant S. gregaria retrotransposon at three equidistant
HindIII sites. Southern blot hybridization of the HindIII
digested gDNA using the SG2-alpha sequence as probe gen-
erated a ladder of multimers with a basic unit of 350 bp
(Fig. S1). Therefore, the SG2-alpha repeat belongs indeed to
a tandem repeat DNA family.

Given the difficulty and potential limitations of the con-
ventional restriction endonuclease digestion as method for
identifying satDNAs (see “Discussion”), we complemented
our results by searching for tandem repeats in a 5 Gb set of
Illumina Hiseq2000 Paired-End reads from a whole
S. gregaria genome sequencing run (i.e., about 0.5× cover-
age). As proof of the reliability of the method, we recovered
the SG2-alpha satDNA (previously identified by HindIII di-
gestion of the gDNA). In addition, we found two other
satDNA families, henceforth named SG1 and SG3, with con-
sensus sequences of 171 and 170 bp, respectively (Table 2 and

Fig. S3). The sequences of eight SG2-alpha clones (Fig. S2)
and the consensus sequences of the SG1 and SG3 satDNAs
(Fig. S3) were deposited in GenBank under the accession
numbers HG965751 to HG965758, KJ649466, and
KJ649467, respectively.

Physical mapping of the satellite DNAs

The chromosomal location of the three satDNAs identified in
this work was analyzed using single and double FISH.
Positive hybridization signals were detected at different chro-
mosomal locations, with SG1 being located at the
pericentromeric regions of all the chromosomes (Fig. 2e and
f), SG2-alpha being restricted to the distal half of the three
smallest autosomal pairs (Fig. 2f, g) whereas SG3 locates only
to an interstitial region of one of the smallest autosomes (S10)
(Fig. 2e and g). The visualization of the three satDNAs in the
S10 autosome clearly showed that they occupy separate loca-
tions (Fig. 2h). Finally, the fiber-FISH technique showed that

Fig. 2 FISH mapping of the
histone H3 (a), U1 and U2
snDNA (b and c), telomeric DNA
(d), SG1 and SG2 satDNAs (e),
SG1 and SG3 satDNAs (f), SG2-
alpha and SG3 satDNAs (g) and
SG1, SG2-alpha and SG3
satDNAs (h). Fiber-FISH reveals
the intermingling between some
of the telomeric DNA and the
SG1 and SG3 satDNAs (i and j).
Chromosomes of the FISH
preparations were counterstained
using DAPI. Note that the histone
H3 signal is apparent only on
chromosome M8, coinciding with
the only CMA3+ band that do not
coincide with the rDNAs in
Fig. 1. U1 and U2 snDNAs both
locate to different interstitial
regions of the largest
chromosome (L1) and, for its part,
the telomeric DNA locates to
telomeres of all chromosomes as
well as to interstitial regions of the
two smallest chromosomes (S10
and S11). SG1 satDNA is present
at the pericentromeric regions of
all the chromosomes of the
complement; SG2-alpha is
distally located on the three
shortest chromosomes
(coinciding with the distal C-
bands in Fig. 1), whereas SG3 is
restricted to the interstitial part of
the chromosome S10. The little c
next the L1 chromosomes in
subpanel c marks the centromer
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the interstitial telomeric DNA observed in some chromosomes
(see Fig. 2d) is intermingled with the SG1 (Fig. 2i) and SG3
(Fig. 2j) satDNAs. It is worth mentioning that none of these
satDNA sequences showed evidence of potential hybridiza-
tion neither with the (GGTTA)x7 repeat nor with its reverse
complement.

Transcription of the satellite DNAs

The proportions of reads observed for each satDNA in
each of the four transcriptome libraries (i.e., the normal-
ized read counts obtained by dividing the read counts
corresponding to each satDNA by the total read counts
in each library) indicated transcription of the three
satDNAs in most organs (Table 3). The gonads showed
higher expression than somatic tissues, and the testis had
more satDNA expression than the ovary. To compare the
degree of expression between the three satDNAs, we
divided the normalized read proportions in Table 3 by
the proportion that each satDNA represents in the ge-
nome (see Table 2). This showed that, relative to their
abundance in the genome, the highest expression is ob-
served for SG3 and the lowest for SG2-alpha. The latter
was almost absent from the two somatic tissues
(Fig. 3)—only four reads in the CNS and none in the
muscles (see Table 3).

Discussion

The chromosomes, repetitive DNA distribution, and satellite
DNA transcription

Given the importance of the species and the state-of-the-art in
the genetics science, one would expect certain chromosome-
level aspects of the S. gegaria genome to be established.
However, in reality, there are still discrepancies on issues as
basic as the size-ordering of the chromosomes and the location
of certain commonly used markers, such as the nucleolar
organizing regions (NORs).

The acrocentric chromosomes of S. gregaria were first
described by White (1934), who classified the autosomes into
three size groups: long (L1–L3), medium (M4–M8), and short
(S9–S11) pairs, with no mention of the X chromosome. The
latter was described as second largest by John and Naylor
(1961), whereas Dutt (1966) measurements suggested that it is
one of the medium-sized chromosomes. Our results strongly
support John and Naylor’s conclusion, since we found the X
chromosome to be the second largest chromosome in DNA
content and size.

NORs are the chromosomal loci that contain ribosomal
DNA (McClintock 1934). The first mention of them in
S. gregariawas by John and Henderson (1962), who detected
nucleoli attached to interstitial positions of the L3 and M6

bivalents. However, here again, the picture is not clear due

Table 2 Principal characteristics of the three S. gregaria satDNAs described in this work

SatDNA ML(bp) GP (%) Density (%) Chromosomal location AN

SG1 171 17.8 18 L1p–S11p, Xp KJ649466

SG2-alpha 352 12.4 16 S9d, S10d, S11d HG965751–HG965758

SG3 170 0.224 53 S10i KJ649467

Graph density is the proportion of connections between nodes (reads) with respect to all the possible connections

MLmonomer length, GP genome proportion, AN GenBank accession number; chromosomal location: L long,M medium, S short, p pericentromeric, i
interstitial, d distal—e.g., L1p pericentromeric region of the long chromosome 1

Table 3 Number of raw reads from each tissue sequencing library that
align to each of the three S. gregaria satDNAs studied in this work and
their proportion with respect to the total number of reads (i.e., number of

raw reads that align to a satDNA divided by the total number of raw reads
in the sequencing library) in the gDNA and in each of the four different
tissue transcriptomes obtained by Illumina sequencing

SatDNA Genomic proportion Transcriptome

CNS Muscle Ovary Testis

Reads Proportion Reads Proportion Reads Proportion Reads Proportion

SG1 0.178 93 1.22E-06 62 7.65E-07 586 9.54E-06 849 1.49E-05

SG2-alpha 0.124 4 5.25E-08 0 0 62 1.01E-06 263 4.60E-06

SG3 0.00224 120 1.57E-06 23 2.84E-07 4 6.51E-08 222 3.88E-06

Total reads 76,248,284 81,044,490 61,406,784 57,167,782
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to contradicting reports. On the one hand, both the achromatic
gaps reported by John and Naylor (1961) and later confirmed
by John and Hewitt (1966) and the G-bands reported by Fox
et al. (1973) at the same interstitial positions of the L3 and M6

chromosomes agree with John and Henderson’s 1962 finding.
On the other hand, NORs were undetectable by C-banding
(Fox et al. 1973), and Hagele (1979) concluded that neither
the distal N bands on the L2 and M6 chromosomes nor the
interstitial ones on the M8 and S9 chromosomes corresponded
to NORs. If this was not confusing enough, Rufas and
Gosalvez (1982) reported the presence of additional nucleoli
attached to the M6 and S9 bivalents at diplotene. Fox and
Santos (1985) however showed that S. gregaria consistently
expresses interstitial NORs in the L3 and M6 chromosomes,
whereas L. migratoria expressed distal NORs in the L2 and
M6 chromosomes and an interstitial NOR in the S9

chromosome. The L. migratoria NOR expression pattern is
remarkably similar to the one previously reported by Hagele
(1979) and Rufas and Gosalvez (1982) for S. gregaria.
Furthermore, Fox and Santos (1985) also reported the pres-
ence of an interstitial N+ C-band in the M8 chromosome of
both S. gregaria and L. migratoria but concluded that this
band does not correspond to a NOR. They speculated that the
N bands correspond to G+C-rich regions and that the M8

chromosome could harbor the 5S rRNA genes. Finally, they
explained the differences between their results and those
reported by Hagele (1979) in terms of possible chromosomal
polymorphism, although they also remarked the close simi-
larity of Hagele’s results with their own results in
L. migratoria. With our present data, the confusion about the
relative chromosomal localization and correspondence be-
tween the gaps and the NORs is also solved. We clearly show
that the gaps observed by some authors in the L3, M6, and M8

chromosomes (which coincide with N bands) are actually G+
C-rich regions (see Fig. 1c) harboring 18S and 5S rDNA

clusters (L3 and M6; see Fig. 1e) and H3 histone genes (M8;
see Fig. 2a).

The C-banding pattern of S. gregaria chromosomes was
first described by Fox et al. (1973) and is further confirmed by
our present data. It consists of paracentromeric C-bands in all
chromosomes and distal ones in the three S chromosome
pairs. In consistency, Brown and Wilmore (1974) showed
the presence of repetitive DNA at the centromeric regions of
all the chromosomes and at the telomeric regions of the S
chromosomes. These authors also showed that 30–40% of the
nuclear DNA is composed of repetitive DNA, as deduced
from renaturation kinetics. However, CsC1 gradients analyses
failed to show the presence of satDNAs.

Our initial search for S. gregaria satDNAs using restriction
endonuclease digestion of the gDNA had relatively poor
success. A low efficiency of that conventional method would
thus explain the scarcity of satDNAs previously reported for
the repetitive DNA-rich genome of this species. Indeed,
among the 14 restriction endonucleases tested in this work,
only HindIII gave the ladder pattern typical of a satDNA.
However, the 352-bp monomer of that satDNA happened to
be no new discovery, as it was already available in the
GeneBank under the description of ‘S. gregaria alpha repeti-
tive DNA (accession no. X52936). Furthermore, the chromo-
somal location of that satDNA (here called SG2-alpha) coin-
cides with the distal C-positive bands of the three smallest
autosomal pairs, meaning that the restriction endonucleases
method did not succeed in isolating the most abundant
satDNA. The latter is located at the paracentromeric regions
of all the S. gregaria chromosomes, as predicted by autora-
diographic methods (Fox 1966a, b), as well as from the C-
banding results here and in Fox et al. (1973) and Brown and
Wilmore (1974). In contrast, our second approach for identi-
fying satDNAs, i.e., Illumina sequencing of gDNA, further
confirmed the presence of the SG2-alpha satellite and added

Fig. 3 Relative degree of
expression in different body parts
of each of the three satDNAs
studied in this work in relation to
their abundance in the S. gregaria
genome. This was calculated as
the ratio between the normalized
number (proportion) of a tran-
scriptome reads that align to a
satDNA and the relative number
(proportion) of reads that align to
that satDNA in the genomic
library
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two more satDNAs (SG1 and SG3). This method also re-
vealed that SG1, SG2-alpha, and SG3 are the three most
abundant satDNAs. They respectively account for 18 %,
12 %, and 0.22 % of the S. gregaria genome. The presence
and relative abundances of these satDNAs, inferred from the
Illumina gDNA sequencing results, were in concordance with
the FISH results. These revealed a paracentromeric location of
the SG1 in all chromosomes, very high amounts of SG2-alpha
in the distal regions of the three smallest autosomes, whereas
the SG3 FISH signal was restricted to the interstitial region of
a single autosome (S10). As a whole, the three satDNAs
represent about 30 % of the genome (Table 2), meaning that
Brown and Wilmore’s (Brown and Wilmore 1974) prediction
that 30–40 % of the S. gregaria genome is made up of
repetitive DNA is clearly an underestimate. It would not
account for the satDNAs, all the repeated gene families (e.g.,
rDNA, histone genes and U snDNA), the other repetitive
DNAs (including the telomeric), as well as the high variety
of mobile elements. The latter are abundant in grasshopper
genomes but were excluded from the current work as they do
not tend to be located in specific chromosomes (i.e., they
cannot be used as chromosomal markers).

Our present results clearly show that in silico search of
tandem repeat DNAs among the reads resulting from massive
sequencing of the gDNA is a much powerful and reliable
approach for isolating satDNAs than the digestion of the
gDNA with restriction endonucleases. The former method
was suggested to allow detecting even sub-represented
satDNA families (Wang et al. 2008), and our results confirm
that it can detect satDNAs representing even less than 1 % of
the genome (e.g., SG3) based on as little as 0.5× sequencing
coverage of the genome. Furthermore, although this sequenc-
ing approach is applicable to genomes of any size, we think it
is especially useful for large genomes, whose huge amounts of
DNA, repeated sequences, and complex organization often
render conventional techniques less efficient. The large ge-
nome size and complexity, together with the lower efficiency
of the conventional detection of satDNAs by restriction endo-
nucleases, would explain the paucity of satDNAs hitherto
characterized in grasshoppers—only 12 satDNAs described
in seven species (for review, see Palomeque and Lorite
(2008)). Of course, when the digestion by the restriction
endonucleases method works, it gives reliable results, as dem-
onstrated by our HindIII isolation of a confirmed satDNA
(SG2-alpha). It can even be efficient in detecting some abun-
dant elements in the genome, as shown by our HindIII detec-
tion of a retrotransposon. However, we think its weakness
comes from its dependence not only on the genomic abun-
dance of the repeat (note that we could not detect the most
abundant S. gregaria satDNA), but also on the size and
composition of the repeat unit (monomer). Small repeat units
or unfavorable nucleotide composition mean lower probabil-
ity of finding an enzyme that cleaves within the units (which

was the case for the SG1 and SG3 satDNAs). One solution
might be the use of four-cutters instead of the conventional
six-cutter restriction endonucleases, which would result in
higher probability of cutting within the short satDNA unit.
However, four-cutters are also more likely to cut several other
genomic DNAs, resulting in a complex pattern of bands in the
electrophoresis gels. For instance, Sau3AI cuts GATC sites
both in our SG1 and SG2 satDNA monomers.

The observed transcription of the three satDNAs described
here is consistent with previous findings in amphibians (Diaz
et al. 1981; Epstein et al. 1986; Jamrich et al. 1983; Varley
et al. 1980), insects (Lorite et al. 2002; Renault et al. 1999;
Rouleux-Bonnin et al. 1996; Varadaraj and Skinner 1994),
and mammals (Gaubatz and Cutler 1990). The possible func-
tion of satDNA transcripts is mostly unknown, and it has been
suggested that satDNA transcription might start from inter-
spersed genes or transposable elements (Hori et al. 1996;
Solovei et al. 1996). However, recent research on the beetle
Tribolium castaneum has reported satDNA-associated small
interfering RNAs (siRNAs) that affect the epigenetic state of
the constitutive heterochromatin under heat-shock stress con-
ditions (Pezer and Ugarkovic 2012). In the case of S. gregaria,
the observed transcription levels of the three satDNAs were
very low. In fact, the highest transcriptome to genome satDNA
abundance ratio was only 1.73×10−3. It was found for SG3
expression in the testis (Table 3) and means that only one out
of each 577 SG3 genomic copies is transcribed in the cells of
that organ. The satDNA expression reported for S. gregaria
here actually represents a residual level of transcription most
likely due to passive transcription driven by the expression of
adjacent DNA sequences.

Repeated DNAs and the challenge of sequencing
and assembly of the desert locust genome

Our results suggest that as much as about 50 % of the
S. gregaria genome might be repeated DNAs, meaning that
the magnitude of assembly artefacts would be a real issue for
any future genome assembly project on that species. The use
of combined paired-end and mate pair sequencing strategies
(Belova et al. 2013; Treangen and Salzberg 2012) should
attenuate the noise of such mis-assemblies but would not
eliminate it, as long as the sequencing depth does not reach
prohibitively costly hundreds fold coverage and the length of
the longest mate pair library does not match the length of the
largest repeated DNA region. Here, our data show that the
8.55-Gb genome of S. gregaria contains repeated DNA re-
gions of tens of kilobases (almost a third of some of the
chromosomes—see Fig. 2); both issues have to be taken into
account for any future sequencing project.

Furthermore, and in addition to the chimeric sequences
(that can form even between sequences from different chro-
mosomes), another challenge would be mapping and
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attributing linkage groups to actual chromosomes. Here again,
having a prior knowledge of the repeated sequences and their
physical location should be helpful in two different ways.
First, it would help identify the chromosomes between which
mis-assembly into chimeric contigs would be more likely
(since it would be more likely to have chimeric contigs be-
tween sequences of chromosomes that share the same repeat-
ed DNA). For instance, SG1 would cause chimeric mis-
assemblies between pericentromeric regions of all the chro-
mosomes of the S. gregaria complement, while SG2 would
cause mis-assemblies between sequences of the three smallest
chromosomes. Second, knowing the distribution of the repeat-
ed DNAs should help attribute linkage groups to actual chro-
mosomes (since the different repeated, ribosomal, histone, and
U DNAs would serve as markers to discriminate between
some of the linkage groups belonging to the different chro-
mosomes). In this way, 18S and 5S rDNA blocks would
attribute contigs to the L3 or M6 chromosomes, whereas M5

is the only chromosome to have the 5S rDNA alone. Similarly,
a linkage group that contains a H3 histone block would
correspond to the M8 chromosome, whereas one that contains
U1 or U2 snDNA would correspond to the L1 chromosome
and SG3would correspond to the S10 chromosome. Of course,
having an estimate of the relative length and DNA content of
each chromosome (Table 1) would always be helpful, at least
as a reference datum against which the length of the different
final assemblies could be compared with check for potential
large deviations.

The recent publication of a L. migratoria draft genome by
Wang et al. (2014) involved a huge sequencing and assembly
effort. The genuineness of the resulting sequences was
extensively tested by the different complementing methods
included in the same published work. Still, potential unde-
tected errors aside, and in spite of the titanic work carried
out by the research team, L. migratoria chromosome se-
quences are not completely assembled into 12 single con-
tinuous sequences. The currently available L. migratoria
draft genome is still a collection of linkage groups
consisting of contigs of between few hundreds and tens
of thousands bases of size, and the linkage groups are not
unequivocally attributed to actual chromosomes yet. The
reason for such difficulty is the large size of the
L. migratoria genome and the huge amount of its repetitive
DNAs (at least 60 %).

Sooner or later, the even larger S. gregaria genome is to be
sequenced, and, judging by the sequencing and assembly
work needed for producing the hitherto draft L. migratoria
genome, the task will not be an easy one. Still, we expect that
our data on the sequences and mapping of repetitive DNAs
and other chromosomal markers would contribute to a better
planning of the sequencing and assembly strategies and to the
identification of any potential automated mis-assembly. Like
any other prior information on S. gregaria genome, our data

should also help with attributing some of the then assembled
linkage groups to actual chromosomes.
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