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Abstract B chromosomes are supernumerary genomic ele-
ments most likely derived from the standard (A) chromo-
somes, whose dispensability has freed their DNA sequences
to evolve fast, thus making it difficult to uncover their ances-
try. Here, we show the ancestry of a B chromosome in the
grasshopper Eumigus monticola by means of the high-
throughput analysis of the satellitome, i.e., the whole collec-
tion of satellite DNA (satDNA). The satellitome found in this
species consists of 27 satDNA families, with monomer length
between 5 and 325 nt and A + T content between 42.9 and
83.3 %. Two out of the 20 clustered satDNA families
(EmoSat26–41 and EmoSat27–102) were observed only on
the B chromosome. The A chromosome carrying the highest
number of satDNA families was the megameric S8 (13 fam-
ilies), six of which were also present in the B chromosome,
and three of these were exclusive of the S8 and B chromo-
somes. The absence in the B chromosome of the H3 histone
gene cluster (located interstitially on S8) and three satDNA
families (located distally on S8) allowed delimiting the possi-
ble origin of the B chromosome to the proximal third of the S8
autosome, through a breakpoint between EmoSat11–122 and
the H3 cluster. Interestingly, bioinformatic analysis revealed
the presence of seeds for the two B-specific satDNAs in the A
chromosomes, suggesting their massive amplification in the B
chromosome after its origin. Therefore, intraspecifically arisen

B chromosomes can harbor DNA sequences apparently being
B-specific.
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Introduction

The satellitome is the catalog of satellite DNAs contained in a
genome (Ruiz-Ruano et al. 2016). Thorough knowledge of
the satellitome thus opens the gates of the satDNA library
(Fry and Salser 1977) for intra- and interspecific analyses
which might illuminate new evolutionary pathways for these
repetitive elements. For instance, satellitome analysis in the
Northern and Southern evolutionary lineages of the migratory
locust (Locusta migratoria) has revealed a total of 62 satDNA
families, almost all coexisting in both lineages and showing
only slight differences in abundance (Ruiz-Ruano et al. 2016).
Satellitome analysis in a group of species sharing their last
common ancestor at different times would provide estimates
of the average lifespan of satDNAs in different types of or-
ganisms. Alternatively, the intraspecific analysis of satellitome
chromosomal distribution can be very informative about the
spatial and temporal relationships between the chromosomes
of a same genome, thus providing new approaches to analyze
genomic compartmentalization based on satDNA chromo-
some localization, the relationships between homologous
and/or non-homologous chromosomes during interphase,
and also the origin of some genomic elements, such as B
chromosomes, which is the focus of the present research.

Supernumerary (B) chromosomes are a dispensable part of
the genome in about 15 % of eukaryote organisms, but they
are still mostly unknown at molecular and functional levels. It
is believed that they are derived from standard genomic
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elements (i.e., the A chromosomes) from the same (intraspe-
cific origin) or a different (interspecific origin) species (for
review, see Camacho 2005), in the latter case including both
their origin as a by-product during interspecific hybridization
(Perfectti and Werren 2001) or through interspecies introgres-
sion (Tosta et al. 2014). The dispensability of B chromosomes
explains why their DNA sequences evolve at high rate, which
makes it difficult to ascertain their intragenomic ancestry, i.e.,
from which A chromosome (from the same or a different
species) they derived, and this task gets more difficult for
old B chromosomes. Up to now, reliable conclusions on B
chromosome ancestry are actually scarce. Table S1 shows 18
plant and animal species where B chromosome origin has
been discerned in higher or lower detail (16 of them were
reported in the last 9 years). Most of these B chromosomes
(14) were reported as derived from the host genome (i.e.,
intraspecifically), in nine cases with a putative A chromosome
ancestor, and only four B chromosomes arose interspecifically
(in wasps, fish, and bee).

Here, we show that a B chromosome in the grasshopper
Eumigus monticola most likely arose from the proximal re-
gion of the S8 autosome, as deduced from satellitome analy-
sis, as it shared a much higher number of satDNAs with S8
than with any other A chromosome. In addition, the presence
of two specific satDNAs in the B chromosome can be ex-
plained intraspecifically since seeds for them were already
present in the B-lacking genome.

Materials and methods

Two males and one female of the grasshopper E. monticola
were collected at Hoya de la Mora (HM) (37.092277 N,
−3.387084 W, 2505 m asl) in Sierra Nevada (Granada,
Spain) in 2011 and two males in 2013. In addition, five males
were collected in 2013 by the road to HM population, at
1.5 km distance (37.103590 N, −3.397716 W, 2394 m asl).
All males showed the characteristic curved apical valves of the
penis shown in the study of Cabrero et al. (1985).

Males were anesthetized with ethyl acetate vapors before
dissection to fix testes in 3:1 ethanol/acetic acid and store them
at 4 °C for cytological analysis. Body remains were frozen in
liquid nitrogen and stored at −80 °C to extract DNA for mo-
lecular analysis.

The presence of B chromosomes was analyzed by the C-
banding technique in all collected individuals. A first ap-
proach to analyzing the content of B chromosomes was per-
formed by FISH for three repetitive gene families, namely 45S
and 5S ribosomal DNA (rDNA) and the H3 histone gene,
following the protocols described by Camacho et al. (2015).

We extracted genomic DNA (gDNA) from the hind legs of
each individual, with the GenElute Mamalian Genomic DNA
Miniprep kit (Sigma). Illumina HiSeq 2000 sequencing was

performed on gDNA of one B-carrying and one B-lacking
individuals, each yielding ∼5 Gbp of 2 × 101 bp reads. We
deposited the 0B and +B genomic libraries in the SRA data-
base with accession numbers SRR3000673 and SRR3000773,
respectively.

We first performed a typical RepeatExplorer (Novák et al.
2013) clustering on 2 × 125,000 reads combined from the B-
carrying and B-lacking genomic libraries. This allowed the
detection of 14 satDNAs, but to uncover as many satDNAs
as possible, we followed the protocol suggested by Ruiz-
Ruano et al. (2016) by using the satMiner toolkit. Briefly,
we performed a quality trimming with Trimomatic (Bolger
et al. 2014) and then a clustering with RepeatExplorer of a
selection of 2 × 250,000 reads. We then selected clusters with
typical satDNA structure, i.e., spherical or ring-shaped and
searched for those assembled contigs showing tandem repeat
structure with Geneious v4.8 (Drummond et al. 2009). We
then filtered out reads showing homology with the previously
found clusters, with DeconSeq (Schmieder and Edwards
2011), and performed a new RepeatExplorer run to a sample
of the remaining reads. We applied this pipeline four times,
duplicating the number of reads until no more satDNA clus-
ters appeared. We searched for homology between the mono-
mers found and grouped them into a same sequence variant if
identity was higher than 95 %, within a same family if it was
higher than 80 %, and within a same superfamily if identity
was between 50 and 80 %. Abundance and divergence for
each variant were determined by RepeatMasker (Smit et al.
2013), with the Cross_match search engine, and we assigned a
catalog number to satDNA families, in order of decreasing
abundance, following Ruiz-Ruano et al. (2016). Each
satDNA family was named following the Ruiz-Ruano et al.
(2016) criterion. The assembled sequences were deposited in
GenBank with accession numbers KU315340-KU315381.

We searched for homology with other repetitive sequences
in RepBase (Bao et al. 2015). We built a minimum spanning
tree for DNA sequences in each superfamily with Arlequin
v3.5 (Excoffier and Lischer 2010), considering each indel as a
single change and representing the relative abundance in 0B
and +B individuals.

To detect satDNA families possibly residing in the B chro-
mosome, we calculated log2 of the quotient between B-
carrying and B-lacking abundances and interpreted it as a
measure of the fold change (FC) in abundance due to the
presence of B chromosomes.

For satDNA families which appeared to be B-specific, we
performed additional analyses to investigate their possible
presence in the B-lacking genome. We first selected pairs of
reads, in each library separately, showing homology with
these two satDNAs, by using BLAT (Kent 2002). This step
is implemented in a custom script (https://github.
com/fjruizruano/ngs-protocols/blob/master/mapping_blat_gs.
py). We then selected 2 × 2500 of the reads selected from the
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B-lacking genome to run a RepeatExplorer clustering using a
custom database for annotating the sequences of all assembled
satDNAs. To assemble other repeated elements showing ho-
mology with the B-specific satDNAs, but lacking a tandem
structure, we used the Roche’s 454 Newbler assembler with
the reads selected from the 0B library.We analyzed the contigs
showing some homology with the satDNA, selected the cor-
responding reads, and assembled them until the contig could
not grow longer. To analyze the genomic structure of these
contigs, we finally assembled the selected reads with
RepeatExplorer and mapped then with SSAHA2 software
(Ning et al. 2001) to score coverage along the contig.

All satDNAs found bioinformatically were amplified by
PCR using primers designed in opposite orientation
(Table S2), as in Ruiz-Ruano et al. (2016), and they were
sequenced by the Sanger method to verify their reliability.
PCR product for each satDNAwas labeled by nick translation
using 2.5 units of DNA Polymerase I/DNase I (Invitrogen) to
generate DNA probes for fluorescent in situ hybridization
(FISH), which was performed following the protocols de-
scribed by Cabrero et al. (2003). FISH probes were labeled
with tetramethylrhodamine-5-dUTP (satDNAs, H3 histone
and rDNA 5S genes) or fluorescein-12-dUTP (rDNA 45S
genes) from Roche.

To build an ideogram reflecting actual chromosome sizes,
we quantified chromosome area in 5 DAPI-stained metaphase
I cells by the pyFIA software (Ruiz-Ruano et al. 2011) and
expressed it relative to total chromosome area.

Statistical analysis was performed by the non-parametric
Mann-Whitney test, with the software Statistica 6.0.

Results

B chromosomes carry 5S rRNA genes

The standard chromosome complement of E. monticola con-
sists of nine autosome pairs and one or two X chromosomes in
males and females, respectively. Autosomes can be classified
into three size groups: four long (L1-L4), three medium-sized
(M5-M7), and two short (S8 and S9) chromosomes, the X
chromosome being the third element in size, and the S8 auto-
some behaving as the megameric bivalent during first meiotic
prophase thus showing positive heteropycnosis (Cabrero et al.
1985). Two males from the HM population, one collected in
2011 and other in 2013, carried a mitotically unstable B chro-
mosome, thus showing intraindividual variation in number. C-
banding showed the presence of pericentromeric dark bands
on all A chromosomes, but not on B chromosomes, although
the latter were almost as dark as the pericentromeric bands in
A chromosomes (Fig. 1a). By contrast, only the X chromo-
some and M5-S9 autosomes showed pericentromeric DAPI+

bands, whereas all four L chromosomes and the B chromo-
some lacked them (Fig. 1b).

FISH analysis showed that 45S rDNA is located on auto-
somes L2 and L3 (Fig. 1c), in consistency with the silver
staining pattern reported by Cabrero et al. (1985) in specimens
from Campos de Otero (Sierra Nevada, Granada, Spain). H3
histone genes were located only on autosome S8 (Fig. 1c),
whereas 5S rRNA genes were found on L1-L4, S8-S9, and
X and B chromosomes (Fig. 1d). The high number of A chro-
mosomes carrying 5S rRNA genes made this marker useless
to investigate B chromosome origin, for which reason we
analyzed the satellitome in one B-carrying and one B-
lacking males.

Satellitome analysis

In the two genomes analyzed, as a whole, we found 41
satDNA sequences grouped into 27 families, with monomer
lengths from 5 to 325 nt (mean = 115.5, SD = 99.5), and A + T
content from 42.9 to 83.3 % (mean = 59.6, SD = 10.08)
(Tables 1 and S3). We numbered them in order of decreasing
abundance in the B-lacking genome to build the satellitome
catalog in this species according to Ruiz-Ruano et al. (2016).
The most abundant satDNA (EmoSat01–325) represented
0.53 % of the B-lacking and 0.55 % of the B-carrying ge-
nomes. The seventh most abundant satDNA (EmoSat07–5)
was the telomeric repeat conserved in insects (Frydrychová
et al. 2004), representing 0.06% of the genome, a very similar
figure to that reported in the migratory locust (Ruiz-Ruano
et al. 2016). The least abundant satDNAs were EmoSat27–
102 in the B-lacking genome (0.00032 %) and EmoSat25–
184 in the B-carrying genome (0.00423 %) (Table 1, Fig. 2).

Sequence comparison between the 27 satDNA families re-
vealed the existence of four superfamilies (SF), indicating the
common ancestry of some satDNA families, i.e., EmoSat02–
89 and EmoSat06–87 (SF1), EmoSat05–16 and EmoSat18–7
(SF2), EmoSat15–207, EmoSat16–208, EmoSat19–203,
EmoSat20–199 and EmoSat21–208 (SF3), and EmoSat11–
122 and EmoSat12–122 (SF4).

Average satDNA family divergence in the B-carrying ge-
nome (9.21 %) was lower than that in the B-lacking one
(9.77 %), presumably as a result of satDNA amplification in
the B chromosome (see below). The minimum divergence
was shown by the telomeric repeat (1.44 and 1.34 % in the
B-lacking and B-carrying genomes, respectively) whereas the
highest divergence was shown by Emosat05–16 (17.39 and
17.43 %). These figures are rather similar to those found in the
migratory locust (Ruiz-Ruano et al. 2016).We found homolo-
gy of some satDNAs with previously known repeated ele-
ments in Repbase. EmoSat03–304 and EmoSat25–184
showed homology with the L. migratoria elements BEL-
2_LMi-I and Helitron-N18_LMi, respectively, both laying
outside TEs CDS region (Fig. S1).
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Fold change (FC) and difference (Diff) in abundance be-
tween +B and 0B genomes, due to the presence of B chromo-
somes, showed that at least EmoSat11–122 (FC = 0.71,
D i f f = 0 .01959 %) , EmoSa t22–12 (FC = 1 .3 ,
D i f f = 0 .01070 %) , EmoSa t26–41 (FC = 6 .8 ,
Diff = 0.09747 %), and EmoSat27–102 (FC = 5.7,
Diff = 0.01665 %) are abundant in the B chromosomes
(Table 1, Fig. S1).

Location of satDNAs on standard (A) chromosomes

We designed primers for PCR amplification of all 27
satDNAs, and all except four (EmoSat04–60, EmoSat13–24,
EmoSat14–24, and EmoSat23–14) were successfully ampli-
fied. EmoSat04–60 showed long stretches of adenines making
it difficult its specific PCR amplification (Fig. S2). The PCR
products of the 23 satDNas amplified were then labeled to
build probes for FISH mapping on chromosomes, which in-
dicated that 20 of them were clustered on one or more chro-
mosomes (Fig. 3a–d, f, h, i), whereas the three remaining were
non-clustered, i.e., interspersed across the whole genome
(Fig. 3e). Excluding EmoSat07–5-tel. which was the
telomeric repeat and was present on all chromosome ends,
the A chromosomes showed 64 satDNA clusters, most of
them being proximal to the centromeric region (46) and very
few being distal (11) or interstitial (7) (Table 2). Only one

satDNA (EmoSat08–41) was present in all ten A chromosome
pairs, and its pericentromeric location suggests its possible
implication in centromeric function (Fig. 3a) despite the fact
that it was only the eighth satDNA in abundance. In total, nine
out of the 17 clustered satDNAs on A chromosomes were
located on two or more chromosome pairs, the eight remain-
ing being chromosome specific (Table 2). Those satDNAs
being located on two or more chromosomes show an interest-
ing distribution pattern, as most of them were limited to M, S,
and X chromosomes (Fig. 3b, c), the only exception being
EmoSat03–304 which was located on the four L chromo-
somes, the X chromosome and the S9 pair (Fig. 3d). We cal-
culated an equilocality index for these nine satDNas as the
proportion of clusters showing the same location (proximal,
interstitial, or distal) on non-homologous chromosomes, indi-
cating that 95 % of satDNA clusters are equilocal in this
species.

Sequence comparison between the 27 satDNA families re-
vealed the existence of four superfamilies showing different
patterns of chromosomal location (p, i, or d) and chromo-
somes carrying them (Table S4). SF1 was restricted to
pericentromeric regions of six M, S, and X chromosomes,
with only slight differences between the two satDNA mem-
bers of this superfamily, since EmoSat02–89 (5 clusters) was
not found on S9 and EmoSat06–87 (4 clusters) was absent
from M5 and X (Table 2). A minimum spanning tree (MST)

Fig. 1 C-Banding (a), DAPI fluorescence (b), FISH for 45S rDNA
(green) and histone H3 genes (red) (c), and FISH for 5S rDNA (d) in
meiotic first metaphase cells of E. monticola. In (a), note the presence of
C-bands on the pericentromeric regions of all A chromosomes and the
dark gray color of the B chromosomes compared to the euchromatin of A
chromosomes. In (b), note the absence of DAPI+ bands on the L1-L4

chromosomes. In (c), note the presence of 45S rDNA close to
pericentromeric regions of L2 and L3 chromosomes, and of H3 genes
on an interstitial region of the S8 chromosome. In (d) note the presence of
clusters for 5S RNA genes on L1-L4 and S8 chromosomes and also on
the B chromosomes. Bar in a = 5 μm
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for this superfamily suggested that the EmoSat06–87 variant
could be ancestral for this superfamily (Table 2, Fig. 4a), and
that the accumulation of mutational changes gave rise to other
variants of this family (B and C) and also to the Emosat02–89
family with its three variants (A–C). The high abundance of
this latter family (the second most abundant one), and its low
divergence (6 %), point to a recent massive amplification of
this family on the M, S, and X chromosomes.

The SF2 superfamily showed exactly the same location for
the twomembers, i.e., EmoSat05–16 and EmoSat18–7, name-
ly pericentromeric regions of all six M, S, and X chromo-
somes (Table 2, Fig. 3i). MST for this superfamily showed
that EmoSat05–16 could have derived from two monomers of
EmoSat18–7 with a GT replication slippage in one of them
making it growing up to 16 nt (Fig. 4b). The presence of these

two satDNA families in the same M, S, X, and B chromo-
somes suggests that they could precede B chromosome origin.

In high contrast, the five satDNAs included in SF3 showed
high differences between them, as two of them (EmoSat16–
208 and EmoSat20–199) were chromosome-specific but on
different chromosomes (M5 and M7, respectively), whereas
the three remaining satDNAs showed interstitial and distal
clusters on two (EmoSat19–203), four (EmoSat15–207), or
five (EmoSat21–208) chromosomes, mostly onM and S chro-
mosomes, with two exceptional interstitial clusters on L1 and
L3 chromosomes (Table 2). The MST for this satDNA super-
family was less informative as it includes five families with
about similar abundance, and it is difficult to infer their evo-
lutionary relationships (Fig. 4c). Anyway, this is a complex
superfamily mostly located on distal and interstitial clusters on

Table 1 Characteristics,
divergence, abundance and
library comparison for the
satDNA families in E. monticola

Divergence
(%)

Abundance (%) log2

SF SatDNA family ML A+T
(%)

V 0B +B 0B +B (+B/0B) Diff

EmoSat01–325 325 62.5 1 5.76 6.01 0.52623 0.54959 0.06 0.02336

1 EmoSat02–89 89 74.2 3 6.11 6.26 0.28885 0.26365 −0.13 −0.02520
EmoSat03–304 304 44.1 1 12.26 12.22 0.24134 0.24188 0.00 0.00054

EmoSat04–60 60 83.3 1 12.13 12.24 0.17223 0.16315 −0.08 −0.00908
2 EmoSat05–16 16 43.7 1 17.39 17.43 0.10019 0.10598 0.08 0.00579

1 EmoSat06–87 87 73.6 3 10.13 10.15 0.06739 0.05906 −0.19 −0.00833
EmoSat07–5 5 46.9 1 1.44 1.34 0.05976 0.06761 0.18 0.00785

EmoSat08–41 41 58.5 1 11.45 11.48 0.04889 0.04831 −0.02 −0.00058
EmoSat09–14 14 50.0 4 12.71 12.99 0.04739 0.03547 −0.42 −0.01192
EmoSat10–302 302 63.6 1 8.74 8.43 0.03447 0.03579 0.05 0.00132

4 EmoSat11–122 122 63.9 2 6.10 7.34 0.03090 0.05049 0.71 0.01959

4 EmoSat12–122 122 64.8 2 6.38 8.08 0.02630 0.01441 −0.87 −0.01189
EmoSat13–24 24 58.3 1 13.65 13.59 0.02517 0.02596 0.04 0.00079

EmoSat14–24 24 62.5 1 13.88 13.72 0.01442 0.00953 −0.60 −0.00489
3 EmoSat15–207 207 62.8 2 8.28 8.49 0.01418 0.01949 0.46 0.00531

3 EmoSat16–208 208 57.7 1 5.90 5.95 0.01398 0.01275 −0.13 −0.00123
EmoSat17–97 97 66.7 1 5.87 6.00 0.01358 0.01447 0.09 0.00089

2 EmoSat18–7 7 42.9 1 16.17 16.29 0.01299 0.01525 0.23 0.00226

3 EmoSat19–203 203 61.1 2 9 8.31 0.01205 0.01055 −0.19 −0.00150
3 EmoSat20–199 199 60.3 1 4.6 4.74 0.00912 0.01229 0.43 0.00317

3 EmoSat21–208 208 61.1 1 6.25 6.30 0.00832 0.00891 0.10 0.00059

EmoSat22–12 12 43.6 1 8.1 9.35 0.00732 0.01802 1.30 0.01070

EmoSat23–14 14 71.4 2 9.98 9.86 0.00588 0.00717 0.29 0.00129

EmoSat24–101 101 65.3 1 13.6 13.26 0.00498 0.00501 0.01 0.00003

EmoSat25–184 184 52.2 1 10.71 10.27 0.00472 0.00423 −0.16 −0.00049
EmoSat26–41 41 58.5 3 16.83 6.22 0.00089 0.09836 6.78 0.09747

EmoSat27–102 102 55.9 1 10.33 2.33 0.00032 0.01697 5.73 0.01665

Total 41 1.79186 1.91435 0.12249

SF superfamily, ML monomer length, V number of variants. Diff = +B-0B
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M and S autosomes, probably being the oldest of the four
superfamilies.

Finally, the SF4 superfamily included the EmoSat11–
122 and EmoSat12–122 families located only in the S8
autosome (one interstitial cluster) and the B chromo-
some (Table 2). Both families show interesting differ-
ences in chromosome location pattern, as the former is
highly abundant in the B chromosome and scarce in S8,
and the latter shows a slightly reversed pattern (Fig. 3f).
MST for this superfamily supported the differential am-
plification of the EmoSat11B-123 variant in the B chro-
mosome and EmoSat11A-122 in the S8 chromosome
(Fig. 4d).

The different A chromosomes within the E. monticola ge-
nome differ in the number of satDNAs (excluding the
telomeric repeat), with the four L autosomes carrying only 2
or 3 different satDNAs, in sharp contrast with the M, S, and X
chromosomes carrying 6–13 satDNAs. The S8 autosome was,
by far, the chromosome carrying the highest number of
satDNAs, with seven proximal, four interstitial and three dis-
tal clusters (belonging to 13 different satDNA families) along
its full length (Fig. 5).

SatDNAs in the B chromosome

In addition to EmoSat07–5-tel., eight satDNAs were found in
the B chromosome, namely EmoSat05–16, EmoSat08–41,
EmoSat11–122, EmoSat12–122, EmoSat18–7, EmoSat22–12,

EmoSat26–41, and EmoSat27–102 (Table 2, Fig. 3a, f, h–k).
Remarkably, these eight satDNAs showed significantly shorter
monomer length (mean = 57.9, SD = 49.6) than the 11 satDNAs
found only on A chromosomes (mean = 195.1, SD = 98.2)
(Mann-Whitney test: U = 12, P = 0.008).

The satDNAs being most informative for B chromosome
origin were EmoSat11–122, EmoSat12–122 and EmoSat22–
12, as they were restricted to the S8 and B chromosomes,
suggesting B chromosome origin from the S8 autosome
(Fig. 5).

Two satDNAs (EmoSat26–41 and EmoSat27–102) did
not map on A chromosomes submitted to FISH (Table 2),
thus appearing to be B-specific. However, they were found
bioinformatically in the B-lacking individual, at very low
abundances (0.00089 and 0.00032 % respectively)
(Table 1).

Interestingly, bioinformatic analysis in the B-lacking
genome revealed the presence of four reads containing
tandem monomers of EmoSat26–41 (Fig. 6), suggesting
that this DNA is tandemly repeated in the A chromo-
somes, although at very low abundance, but it has mas-
sively been amplified in the B chromosome. On the other
hand, no tandem repeats were found for EmoSat27–102
in the 0B genome, but we found a contig, annotated as
RTE, whose DNA sequence includes this monomer.
Remarkably, in the B-carrying genome, the same RTE
contig included this satDNA, suggesting that it has most
likely arisen in the B chromosome (Fig. 7).

Fig. 2 Repeat Landscape for the satDNAs of the 0B individual (a) and substractive repeat landscape, obtained by substracting 0B to +B counts, showing
the enrichment of B chromosomes for some satDNAs (positive values) and their impoverishment for others (negative values) (b)
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Fig. 3 FISH for satDNAs found in the E. monticola genome on meiotic
first metaphase (a–g, and i–k) and second anaphase (h) cells. a
EmoSat08–41 is present in the pericentromeric regions of all A and B
chromosomes. b EmoSat01–325 is located on pericentromeric regions of
M, S, and X chromosomes but is absent from L and B ones. c EmoSat21–
208 is interstitially located on the L4 chromosome and distally on M6,
M7, S8, and S9. d EmoSat03–304 is located on pericentromeric regions
of L and X chromosomes. e EmoSat17–97 did not show clusters on A or
B chromosomes. f EmoSat11–122 showed a small cluster on the S8
chromosome, which is proximal in respect to the histone gene cluster

(g), and occupies almost all B chromosome length, whereas EmoSat12–
122 showed a conspicuous cluster on S8 but was very scarce on the B
chromosome (inset in f). h EmoSat22–12 is interstitially located on the S8
chromosome and pericentromerically on the B chromosome. i
EmoSat18–7 is pericentromerically located on the M, S, and X
chromosomes and shows conspicuous FISH signal in about half of B
chromosome length. j, k EmoSat26–41 and EmoSat27–102 showed
FISH signal only on the B chromosome. B = B chromosome univalent,
BB = B chromosome bivalent. Bar in i = 5 μm
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Discussion

Genomic insights from the satellitome

The satellitome in E. monticola consists of 27 satellite DNAs,
less than half than in the migratory locust, where Ruiz-Ruano
et al. (2016) found 62. These two species show other remarkable
satellitome differences in chromosome distribution patterns
(clustered or non-clustered in E. monticola but with a third
mixed pattern in L. migratoria) and the proportion of

chromosome-specific satDNAs (one third and about half, re-
spectively). However, the most remarkable difference is the ab-
sence of homology between the satellitomes in both species, as
they did not shared a single satellite family. This indicates that
the satDNA library (Fry and Salser 1977) might have complete-
ly diverged between the Acrididae (L. migratoria) and
Pamphagidae (E. monticola) families of grasshoppers, which
shared their most recent common ancestor about 100 mya
(Song et al. 2015) and indicates that the evolutionary lifespan
of satDNA in grasshoppers is usually shorter than this figure.

Table 2 Chromosome location
of the cytogenetic markers used in
this study: C-bands, DAPI bands,
45S and 5S ribosomal DNA
(rDNA), H3 histone genes, and
satDNAs. For totals in the
bottom, we excluded the
telomeric EmoSat07–5

Chromosome location

Marker L1 L2 X L3 L4 M5 M6 M7 S8 S9 B

C-bands p p p p p p p p p p

DAPI p p p p p p

45S rDNA p i

5S rDNA p p p pd pd p p p

H3 histone i

SF SatDNA family L1 L2 X L3 L4 M5 M6 M7 S8 S9 B Pattern

EmoSat01–325 p p p p p p c

1 EmoSat02–89 p p p p p c

EmoSat03–304 p p p p p p c

2 EmoSat05–16 p p p p p p c

1 EmoSat06–87 p p p p c

EmoSat07–5 t t t t t t t t t t t c

EmoSat08–41 p p p p p p p p p p p c

EmoSat09–14 p p c

EmoSat10–302 p c

4 EmoSat11–122 i pid c

4 EmoSat12–122 i c

3 EmoSat15–207 i d d d c

3 EmoSat16–208 d c

EmoSat17–97 nc

2 EmoSat18–7 p p p p p p pi c

3 EmoSat19–203 id id c

3 EmoSat20–199 d c

3 EmoSat21–208 i d d d d c

EmoSat22–12 i p c

EmoSat24–101 nc

EmoSat25–184 nc

EmoSat26–41 pid c

EmoSat27–102 i c

p 2 2 6 3 2 6 6 6 7 6 5

i 1 0 0 0 1 0 0 0 4 1 4

d 0 0 0 0 0 1 1 3 3 3 2

Total 3 2 6 3 3 7 7 9 14 10 11

ADNsats 3 2 6 3 3 6 8 9 13 9 8

Shared with B 1 1 3 1 1 3 3 3 6 3 –

Chromosome locations: p proximal to centromere, i interstitial, d distal, t telomeric, c clustered, nc non-clustered
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In E. monticola, EmoSat08–41 was the only satDNA being
present in all ten A chromosome pairs (and also in the B
chromosome), and its pericentromeric location suggests its
possible involvement in centromeric function. The fact that
it was only the eighth satDNA, in order of decreasing abun-
dance, calls attention on the usual assumption that the most
abundant satDNA in a genome plays a centromeric role
(Melters et al. 2013).

The satDNA showing the highest A + T content was
EmoSat04–60 (83.3 %), but the long stretches of adenines in
its DNA sequence impeded its PCR amplification (Fig. S2).
Out of the remaining satDNAs, the two belonging to SF1
(EmoSat02–89 and EmoSat06–87) showed the highest A +
T content (74.2 and 73.6 %, respectively). Remarkably, the
joint pattern of chromosome distribution for these two
satDNAs (pericentromeric on M, S, and X chromosomes)

Fig. 4 Minimum spanning trees for the four satDNA superfamilies 1–4 (a–d). For superfamily 2 (b), it is additionally shown the alignment of an
EmoSat05–16 monomer with an EmoSat18–7 dimer

Fig. 5 Ideogram representing the
chromosomal location for each
clustered satDNA (excluding the
telomeric EmoSat07–5) and the
H3 histone, 5S rDNA, and 45S
rDNA genes. Interstitial positions
for satDNAs are only orientative
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was coincident with the DAPI+ pattern (see Table 2 and
Fig. 1). This suggests that SF1 satDNAs are responsible for
the DAPI+ pattern in these chromosomes. A similar distribu-
tion pattern was shown for EmoSat01–325, with 62.5%A + T
content. Therefore, the possibility exists that this A + T con-
tent is enough to yield the DAPI+ pattern. However, the fact
that the EmoSat10–302 and EmoSat15–207 sequences show
63.6% and 62.8 %A + T, respectively, and are located on two
L chromosomes lacking a DAPI+ pattern, strongly suggests
that, in E. monticola, the DAPI+ pattern is due to the presence
of the two SF1 satDNAs. In the migratory locust, however, all
chromosomes show DAPI+ bands in the pericentromeric re-
gion, and the only satDNA showing this location pattern
(LmiSat01–193) exhibited only 59.59 % A + T content
(Ruiz-Ruano et al. 2016). This suggests either that A + T
biases as low as 60 % can yield a DAPI+ pattern in some
species, or else that the LmiSat01–193 is not responsible for
the DAPI+ pattern in L. migratoria. Knowledge of the
satellitome in other species will allow, in the next years,

determining the minimum threshold for the A + T bias char-
acterizing the DAPI+ pattern.

According to the DAPI pattern, the A chromosomes in
E. monticola are compartmentalized into two groups, with
the M, S, and X chromosomes showing DAPI+

pericentromeric bands which are absent from the L chromo-
somes. This resembles the bimodal karyotype of the domestic
pig, where all 12 acrocentric chromosomes carry DAPI+

pericentromeric heterochromatin which is absent from the 24
biarmed autosomes and the X chromosome (Schwarzacher
et al. 1984), and it has been shown that these differences are
due to the presence of different families of satDNA (Jantsch
et al. 1990). Our present results demonstrate that the DAPI+

compartmentalization in E. monticola is also due to different
satDNA content (for SF1, see above). However, the
satellitome in this species also demonstrates compartmentali-
zation for several other satDNA families being present in M,
S, and X chromosomes, but not in L ones (e.g., EmoSat01–
325, EmoSat05–16 and EmoSat18–7). This suggests a general

Fig. 6 The B-specific satDNA
EmoSat26–41 shows tandem
repeats in the A chromosomes.
We found four reads in the 0B
individual showing homology
with several tandem repeats of
this satDNA. Note in the dotplots
that two of them are completely
covered by repetitions (a and d)
and the two remaining (b and c)
show repetitions in only a part of
the read. The location of the
repetitions is shown above the
dotplots
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tendency of these two groups of chromosomes to exchange
different satDNAs and, perhaps, other repetitive elements.

SatDNAs in E. monticola show an extremely high tenden-
cy to equilocal distribution between non-homologous chro-
mosomes (95 %), much higher than the 64 % calculated in
the L. migratoria satellitome (Ruiz-Ruano et al. 2016).
Chromosomes show characteristic polarized arrangements
during interphase (Rabl orientation) and meiosis (bouquet)
which join together all centromeres and/or telomeres in a same
cell region (Carlton and Cande 2002), and it has been sug-
gested that these polarized arrangements can facilitate
equilocal exchanges of satDNA between non-homologous
chromosomes (Jantsch et al. 1990; Žinic et al. 2000;
Mravinac and Plohl 2010).

The S8 autosome in E. monticola behaves as the
megameric bivalent during spermatogenesis so that it is
facultatively heterochromatic and is thus highly condensed
during first meiotic prophase, as in other grasshoppers
(Corey 1938). Remarkably, in E. monticola and the migra-
tory locust, the megameric bivalent is the A chromosome
carrying the highest number of different satDNAs, on
which basis Ruiz-Ruano et al. (2016) suggested a possible
relationship between satDNA content in this chromosome
and its facultative heterochromatinization. Our present re-
sults support this conclusion.

SatDNA content illuminates B chromosome ancestry

The A chromosome sharing more satDNAs with the B chro-
mosome is S8 which, apart from the telomeric repeat, carries
six out of the eight satDNAs contained in the B chromosome,
whereas none of the remaining A chromosomes carried more
than three of the B-satDNAs, and all of themwere also present
in the S8 autosome (Table 2). Remarkably, three satDNAs
shared with the B chromosome (EmoSat05–16, EmoSat08–
41, and EmoSat18–7) are located in the pericentromeric re-
gion of S8 (Table 2), whereas the three remainder (EmoSat11–
122, EmoSat12–122, and EmoSat22–12) are interstitially lo-
cated next to the proximal DAPI+ band in this A chromosome
(Fig. 3f–h) and are exclusive of the S8 and B chromosomes
(Table 2). The location of these three satDNAs restricted to S8
and B is strong evidence for B origin from S8. Interestingly,
the B chromosome carries much higher amounts of
EmoSat11–122 than EmoSat12–122, both belonging to SF4,
whereas the S8 chromosome shows the opposite pattern
(Fig. 3f), indicating that the amounts of both satDNAs have
changed in these two chromosomes since B origin.

In addition to sharing these six S8 proximal–interstitial
satDNAs, an S8-derived B chromosome should carry other
S8-satDNAs. However, the three distal satDNAs (EmoSat15–
207, EmoSat19–203, and EmoSat21–208) (Table 2) are absent

Fig. 7 The B-specific satDNA EmoSat27–102 is derived from an RTE
element. Here, we show the coverage per position for this RTE element in
the 0B (soft red line) and +B (dark red line) individuals. Note an increase
of ∼40 times for the +B individual in the region showing homology with
EmoSat27–102. We selected reads homologous to this RTE element and

clustered them with RepeatExplorer, separately in both individuals. We
got a linear graph for the two individuals, but in the B-carrying one the
graph showed and extra spherical structure coincident with the satDNA
region (inset). We did not found tandem repeats for EmoSat27–102 in the
0B individual
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from the B chromosome, indicating that the B chromosome
derived from a partial S8 chromosome not including distal re-
gions. Double FISH for the EmoSat11–122 satDNA and H3
histone genes (the latter being interstitially located on the S8
autosome but absent from the B chromosome) showed that, in
the S8 chromosome, EmoSat11–122 is closer to the
pericentromeric DAPI+ band than H3 genes (Fig. 3g), thus
delimiting B chromosome origin to the proximal third of S8
including this satDNA, but not the H3 histone genes. This
explains the presence, in the B chromosome, of the six S8
proximal-interstitial satDNAs, as well as the 5S rDNA proxi-
mally located on S8, but not the interstitial H3 histone genes or
the distal SF3 satDNAs.

Although this hypothesis sounds logical, the absence in the
B of four satDNAs being present in the proximal region of S8
(EmoSat01–325, EmoSat02–89, EmoSat06–87, and
EmoSat09–14) demands an explanation. Three out of the
eight satDNAs contained in the B chromosome (EmoSat05–
16, EmoSat11–122, and EmoSat18–7) were conspicuously
more abundant in the B than in the S8 autosome (Fig. 3f, i).
This demonstrates that satDNA abundance has changed in the
B chromosome, since its origin, through the massive amplifi-
cation of these three satDNAs. In addition, FISH mapping
suggested that the B chromosome carries two exclusive
satDNA families (EmoSat26–41 and EmoSat27–102)
(Fig. 3j, k) which did not map on A chromosomes.
Remarkably, the bioinformatic analysis showed that these
two satDNAs were actually present in B-lacking individuals,
suggesting that they might be present in the S8, at small
amounts, and that they have been massively amplified in the
B chromosome. In fact, one of them (EmoSat26–41) is al-
ready tandemly arranged in the 0B genome, but its abundance
is below the FISH threshold, whereas the other most likely
arose in the B chromosome itself from an RTE element, pro-
viding a nice example on how satDNA can emerge from TEs
(see other examples in Meštrovic et al. 2015).

The differential amplification of these five satDNAs in the B
chromosome illustrates how B chromosomes enrich very much
in repetitive DNA after their origin (Banaei-Moghaddam et al.
2015). A parallel decrease in the relative proportion of the four
S8 pericentric satDNAs which are apparently absent from the B
chromosome (i.e., EmoSat01–325, EmoSat02–89, EmoSat06–
87, and EmoSat09–14), or even their loss, would explain the
difficulty in finding them in the B chromosome. The absence of
DAPI+ bands in the B chromosome, which in this species are
associated with the presence of two of the former satDNAs
belonging to the SF1 superfamily (EmoSat02–89 and
EmoSat06–87), would appear to be consistent with B origin
preceding SF1 origin, or else SF1 loss after B origin. The nu-
cleotide substitution rate for different satDNAs has been esti-
mated to be 0.2 % per Myr in Cetacea (Arnason et al. 1992),
3 % in the Drosophila obscura group (Bachmann and Sperlich
1993), and 0.5–1 % in Bovids (Nijman and Lenstra 2001).

Bearing in mind that EmoSat02–89 and EmoSat06–87 showed
16 % divergence between them, and assuming 1 % substitution
rate, we can estimate an approximate age of 16Myr for the SF1
superfamily, which makes unlikely B origin prior to SF1, since
the few cases of B chromosome age hitherto dated, in several
organisms, indicate that B chromosome lifespan is usually low-
er than 3 Myr (Hewitt and Ruscoe 1971; Lamb et al. 2007;
Teruel et al. 2010;Martis et al. 2012). On this basis, we consider
that SF1 preceded B origin and that this superfamily is very
scarce or absent in the B chromosome due to partial or full loss.

The finding of B-specific DNA sequences has been
interpreted in the past as evidence for the interspecific origin
of B chromosomes (for review, see Camacho 2005). We could
thus be tempted to reach this conclusion inE. monticola on the
basis of the two B-specific satDNAs found in the B chromo-
some. This flightless grasshopper lives in Sierra Nevada
(Granada, Spain) from 2000 to 3400 m asl, partly coinciding
with E. rubioi in its distribution at the highest altitude. This
might have provided ample opportunities for interspecific hy-
bridization and B chromosome origin, but these two species
show clear differences in penis morphology (Cabrero et al.
1985) which could make mating inviable. Alternatively, the
B chromosome could have arisen after intraspecific mating
between individuals from two populations previously isolated
geographically during pleistocene glaciations. Previous de-
scription of chromosomal races in E. monticola (Cabrero
et al. 1985) supports this possibility. Postglacial hybridization
between diversified populations might have facilitated B chro-
mosome origin as a byproduct of chromosome instability due
to genetic differences accumulated during the isolation period.
The high coincidence in satDNA content between S8 and B
suggests that this latter hypothesis is more likely than the
interspecific hybridization.

Our present results suggest that EmoSat26–41 and
EmoSat27–102 could have arisen intrapopulationally through
differential amplification and de novo origin from a TE, re-
spectively. Similar de novo origin of B-specific satDNA fam-
ilies, from TEs, has previously been reported in rye (Langdon
et al. 2000), where NGS analysis has shown intraspecific B
chromosome origin (Martis et al. 2012). In L. migratoria, no
B-specific satDNA has been found (Ruiz-Ruano et al. unpub-
lished) even though the B chromosome is quite old (750 kya)
(Teruel et al. 2010). Therefore, the origin of B-specific
satDNA appears to be contingent in each species.

Taken together, all former considerations call attention on
the possibility that B chromosomes carrying B-specific DNA
sequences can have arisen intraspecifically. In fact, the intra-
specific mode of origin appears to bemuchmore frequent than
the interspecific one (see Table S1), and it is also more parsi-
monious since the latter implies breaking interspecies repro-
ductive isolating barriers, which could be feasible only in
certain types of eukaryote organisms. Anyhow, the interspe-
cific mode of B chromosome origin has been directly
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witnessed in interspecific controlled crosses in Nasonia
(Perfectti and Werren 2001). Of course, situations of poor
coadaptation, like the former, can be a source of chromosome
instability leading to B chromosome origin, but our present
results also suggest that about similar situations can occur
intraspecifically. Therefore, we suggest that the interspecific
explanation, except direct experimental demonstration, should
be the last resort when no evidence for intraspecific origin is
found.
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Supplementary Figures
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Figure S1: RepBase homology found for the EmoSat03-304 and the EmoSat25-184 satDNA
families.

Figure S2: Consensus sequence of the EmoSat04-60 satDNA family.
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Supplementary Tables

Table S1: B chromosome origin in other publications. CP= chromosome painting. A=
autosome.

Organism Species Type of origin Evidence Ancestry Year Reference

Wasp Nasonia vitripennis Interspecific NATE 1997 MacAllister et al. (1997)
Frog Leiopelma hochstetteri Intraspecific Microdissection W 1998 Sharbel et al. (1998)
Plant Brachycome dichromosomatica Intraspecific ITS2 2007 Marschner et al. (2007)
Plant Plantago lagopus Intraspecific rDNA 2009 Kour et al. (2009)
Wasp Trichogramma kaykai Interspecific ITS2 2009 Van Vugt et al. (2009)
Grasshopper Locusta migratoria Intraspecific DNA seq A8 2010 Teruel et al. (2010)
Fruit fly Drosophila albomicans Intraspecific NGS 2012 Zhou et al. (2012)
Plant Secale cereale Intraspecific NGS 3R and 7R 2012 Martis et al. (2012)
Fish Astyanax goyacensis Intraspecific CP 2013 Santos et al. (2013)
Fish Astyanax paranae Intraspecific CP 2014 Silva et al. (2014)
Fish Characidium gomesi Intraspecific CP sex chrom. 2014 Pansonato-Alves et al. (2014)
Fish Characidium pterostictum Intraspecific CP sex chrom. 2014 Pansonato-Alves et al. (2014)
Fish Characidium oiticicai Intraspecific CP sex chrom. 2014 Pansonato-Alves et al. (2014)
Fruit fly Drosophila melanogaster Intraspecific DNA seq IV 2014 Bauerly et al. (2014)
Grasshopper Eyprepocnemis plorans Intraspecific DNA seq A11 2014 Teruel et al. (2014)
Fish Hypsiboas albopunctatus Interspecific CP 2014 Gruber et al. (2014)
Bee Partamona helleri Interspecific SCAR 2014 Tosta et al. (2014)
Grasshopper Abracris flavolineata Intraspecific U2 A1 2015 Menezes-de-Carvalho et al. (2015)
Grasshopper Eumigus monticola Intraspecific NGS A8 This study
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Table S2: Primers designed for this work to amplified the different satDNA families.

SatDNA family F R

EmoSat01-325 CACCCTGGGCCATATCAACA AGTCTCTTTATTCTTTGGTGTTCA
EmoSat02-89 TAATTCAGATCTAGTACGACCTACGAA AATCGTCGTAGTGGTACAGCAT
EmoSat03-304 ACTATGTGTCCACGTTCGGC AGACCTGAGCAAAACGCTCG
EmoSat04-60 TGTTTTGGTTTTAATGTTTTTGTTTTG CAAAACAAAAACATTAAAACCAAAACA
EmoSat05-16 GGACTCTGGACACTCTGGACTCTGG CCAGAGTCCAGAGTGTCCAGAGTCC
EmoSat05-16-B CTACCGAGAGTCATAGTTACTCC GTAACTATGACTCTCGGTAGAGG
EmoSat06-87 TAACTAGTGCTTGACAAATACGACT AAGAAAGGGGAAGATAGTCGT
EmoSat06-87-B TCCCCTTTCTTATTTAGGGCAGA TCGTCGTATTTGTCCTGCACT
EmoSat08-41 TCTAAGTGCCAAAACGACGC GGAACAAGCAAAAAGCGTCG
EmoSat09-14 GGCGACAGTTTACTGGCG CGCCAGTAAACTGTCGCC
EmoSat09-14-B AAACTGGCGCCAGTAAAC GTTTACTGGCGCCAGTTT
EmoSat10-302 GCGATGTATTTCCTTGAGTGCC CGCTCCAGAAAAGAAGGTAAGACA
EmoSat11-122 CAAATGATGGTTCCCTGCGC TGGCTTTAAAAGAGGTATTTCC
EmoSat12-122 CCACATGCACAGGCACTACT TTTCCTACATTTTCAACTCTGGCTC
EmoSat13-24 TCATAGTTACTCCTCTACTGAGAGTCA TGACTCTCAGTAGAGGAGTAACTATGA
EmoSat14-24 TCTTCTCTCCATTCGATTTCGATATC GATATCGAAATCGAATGGAGAGAAGA
EmoSat14-24-B AGAGAAGATATCGAAATCGAATGG TTCGATTTCGATATCTTCTCTCC
EmoSat15-207 GGGAGGGGAATTAAGATAGCAA CCCTCTGACTACTGAGCAGC
EmoSat16-208 TGGGGGAGGGCTTGATTCTT TCCACATGGTCGTTGTCTCG
EmoSat17-97 CCCCTTGGTGCTTTCAAATTTTT GGGACTTCCGAGCTTAACT
EmoSat18-7 TCTGGACTCTGGACTC GAGTCCAGAGTCCAGA
EmoSat19-203 GCCACTGAGCTGGATTAACTATAAG GGCTCCTTCTGCTTGCCATGC
EmoSat20-199 TTTTAAGCTAGCACTCTAACTTTGA TACTGCAGGGATGCTCCCAT
EmoSat21-208 GAATCATCCCAGCATTACATTTAAG AACAGCTGAATGTTGTCTTGTGG
EmoSat22-12 CCAACAATGTGTCCAACAATGTGTCC GGACACATTGTTGGACACATTGTTGG
EmoSat23-14 AAACGAAAGTTCATAAACGAAAGTTCA TGAACTTTCGTTTATGAACTTTCGTTT
EmoSat24-101 ACCATACAATATGAATACTGACAGAGC ACGAGGTAGGTAGGCAACATG
EmoSat25-184 AGTGGTTTGCAGCAGGTGGTT TGGTTGTAGTTGTAGATAGCCCTTGGT
EmoSat26-41 ATGAATGAATGACTGCCTC TCATTCATTCATTCATTCATTC
EmoSat27-102 TCATCAGCGTGCTGCAACTC ATGCAGTAGTGGCTCAATCGG
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Table S3: Characteristics, divergence, abundance and library comparison for each satDNA
variant. SF= superfamily. ML= monomer length. Diff= +B-0B.

Divergence (%) Abundance (%) log2

SF SatDNA variant ML A+T (%) 0B +B 0B +B (+B/0B) Diff

EmoSat01A-325 325 62.5 5.76 6.01 0.5262 0.5496 0.0627 0.0234
1 EmoSat02A-89 89 74.2 6.08 6.1 0.1049 0.0949 -0.1440 -0.0100
1 EmoSat02B-84 84 72.6 6.91 7.1 0.0974 0.0862 -0.1754 -0.0112
1 EmoSat02C-77 77 70.1 4.59 4.98 0.0866 0.0825 -0.0699 -0.0041

EmoSat03A-304 304 44.1 12.26 12.22 0.2413 0.2419 0.0032 0.0006
EmoSat04A-60 60 83.3 12.13 12.24 0.1722 0.1631 -0.0781 -0.0091

2 EmoSat05A-16 16 43.7 17.39 17.43 0.1002 0.1060 0.0809 0.0058
1 EmoSat06A-87 87 73.6 11.41 11.34 0.0313 0.0274 -0.1948 -0.0039
1 EmoSat06B-85 85 71.8 9.74 9.92 0.0207 0.0180 -0.2018 -0.0027
1 EmoSat06C-83 83 71.1 7.97 7.99 0.0154 0.0137 -0.1664 -0.0017

EmoSat07A-5 5 46.9 1.44 1.34 0.0598 0.0676 0.1780 0.0078
EmoSat08A-41 41 58.5 11.45 11.48 0.0489 0.0483 -0.0170 -0.0006
EmoSat09A-14 14 50.0 12.43 12.79 0.0205 0.0145 -0.5028 -0.0060
EmoSat09B-14 14 42.9 12.79 13.16 0.0112 0.0085 -0.3939 -0.0027
EmoSat09C-14 14 50.0 12.82 12.87 0.0107 0.0085 -0.3314 -0.0022
EmoSat09D-14 14 42.9 13.4 13.61 0.0050 0.0040 -0.3301 -0.0010
EmoSat10A-302 302 63.6 8.74 8.43 0.0345 0.0358 0.0542 0.0013

4 EmoSat11A-122 122 63.9 6.05 16.23 0.0308 0.0008 -5.3269 -0.0300
4 EmoSat11B-123 123 66.7 18.17 7.19 0.0001 0.0497 9.2101 0.0496
4 EmoSat12A-122 122 64.8 4.7 6.78 0.0201 0.0077 -1.3772 -0.0124
4 EmoSat12B-123 123 63.4 11.72 9.57 0.0062 0.0067 0.1023 0.0005

EmoSat13A-24 24 58.3 13.65 13.59 0.0252 0.0260 0.0442 0.0008
EmoSat14A-24 24 62.5 13.88 13.72 0.0144 0.0095 -0.5981 -0.0049

3 EmoSat15A-207 207 62.8 8.66 8.96 0.0124 0.0161 0.3820 0.0037
3 EmoSat15B-207 207 62.8 5.69 6.23 0.0018 0.0034 0.8955 0.0016
3 EmoSat16A-208 208 57.7 5.9 5.95 0.0140 0.0127 -0.1333 -0.0013

EmoSat17A-97 97 66.7 5.87 6 0.0136 0.0145 0.0909 0.0009
2 EmoSat18A-7 7 42.9 16.17 16.29 0.0130 0.0153 0.2313 0.0023
3 EmoSat19A-203 203 61.1 8.63 7.89 0.0078 0.0087 0.1468 0.0009
3 EmoSat19B-203 203 62.1 9.68 10.26 0.0042 0.0019 -1.1749 -0.0023
3 EmoSat20A-199 199 60.3 4.6 4.74 0.0091 0.0123 0.4297 0.0032
3 EmoSat21A-208 208 61.1 6.25 6.3 0.0083 0.0089 0.0981 0.0006

EmoSat22A-12 12 43.6 8.1 9.35 0.0073 0.0180 1.2995 0.0107
EmoSat23A-14 14 71.4 10.78 10.74 0.0043 0.0050 0.2358 0.0007
EmoSat23B-18 18 72.2 7.81 7.71 0.0016 0.0021 0.4096 0.0005
EmoSat24A-101 101 65.3 13.6 13.26 0.0050 0.0050 0.0093 0.0000
EmoSat25A-184 184 52.2 10.71 10.27 0.0047 0.0042 -0.1561 -0.0005
EmoSat26A-41 41 58.5 17.37 7.88 0.0004 0.0219 5.6550 0.0215
EmoSat26B-29 29 62.1 16.3 5.59 0.0004 0.0666 7.3242 0.0662
EmoSat26C-17 17 52.9 16.36 6.82 0.0000 0.0098 7.8227 0.0098
EmoSat27A-102 102 55.9 10.33 2.33 0.0003 0.0170 5.7266 0.0167

Total 1.7919 1.9143 0.1224
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Table S4: Location of the satDNAs families grouped in superfamilies.

Chromosome

Superfamily SatDNA family L1 L2 L3 L4 M5 M6 M7 S8 S9 X B

1 EmoSat02-89 p p p p p
1 EmoSat06-87 p p p p
2 EmoSat05-16 p p p p p p s
2 EmoSat18-7 p p p p p p pi
3 EmoSat15-207 i d d d
3 EmoSat16-208 d
3 EmoSat19-203 id id
3 EmoSat20-199 d
3 EmoSat21-208 i d d d d
4 EmoSat11-122 i pid
4 EmoSat12-122 i s
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