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Satellitome comparison of two oedipodine
grasshoppers highlights the contingent
nature of satellite DNA evolution
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Abstract

Background: The full catalog of satellite DNA (satDNA) within a same genome constitutes the satellitome. The
Library Hypothesis predicts that satDNA in relative species reflects that in their common ancestor, but the
evolutionary mechanisms and pathways of satDNA evolution have never been analyzed for full satellitomes. We
compare here the satellitomes of two Oedipodine grasshoppers (Locusta migratoria and Oedaleus decorus) which
shared their most recent common ancestor about 22.8 Ma ago.

Results: We found that about one third of their satDNA families (near 60 in every species) showed sequence
homology and were grouped into 12 orthologous superfamilies. The turnover rate of consensus sequences was
extremely variable among the 20 orthologous family pairs analyzed in both species. The satDNAs shared by both
species showed poor association with sequence signatures and motives frequently argued as functional, except for
short inverted repeats allowing short dyad symmetries and non-B DNA conformations. Orthologous satDNAs
frequently showed different FISH patterns at both intra- and interspecific levels. We defined indices of
homogenization and degeneration and quantified the level of incomplete library sorting between species.

Conclusions: Our analyses revealed that satDNA degenerates through point mutation and homogenizes through
partial turnovers caused by massive tandem duplications (the so-called satDNA amplification). Remarkably, satDNA
amplification increases homogenization, at intragenomic level, and diversification between species, thus
constituting the basis for concerted evolution. We suggest a model of satDNA evolution by means of recursive
cycles of amplification and degeneration, leading to mostly contingent evolutionary pathways where concerted
evolution emerges promptly after lineages split.
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Background
Satellite DNA (satDNA) was first described by Kit [1] in
mouse and guinea-pig DNA with its repetitive nature
demonstrated by Waring and Britten [2]. The first model
for satDNA evolution was devised by Smith [3], who
demonstrated that DNA sequences that are not main-
tained by natural selection evolve a tandem repeat struc-
ture due to unequal crossing-over. Later, theoretical
analyses assumed that satDNA evolution usually de-
pends on mutation, unequal crossing-over, and random
drift, with purifying selection controlling for excessive
copy number [4–11].
Changes in satDNA amount are mainly due to unequal

crossing-over, although other mechanisms have been
proposed to explain both amplification and spread of
satDNA repeats (for review, see Garrido-Ramos [12]).
Walsh [13] proposed the replication of extrachromo-
somal circles of tandem repeats by the rolling-circle
mechanism and reinsertion of replicated arrays as a
powerful satDNA amplification process, a mechanism
for which Cohen et al. [14, 15] have found some sup-
port. Additionally, transposition may operate in satDNA
emergence and amplification [16–19]. Ultimately, repli-
cation slippage might be an amplification process [10,
13], mainly involved in lengthening satellite monomers
from basic shorter ones [20].
To explain the conservation of satellite sequences over

long evolutionary periods, Fry and Salser [21] suggested
the Library Hypothesis. According to this hypothesis, a
group of related species should share a common library
of satDNA sequences that mostly show quantitative dif-
ferences among species due to differential amplification.
Therefore, a given member of the library may appear as
an abundant satDNA, while others remain at low
amounts and technically undetectable. Now we know
that the former can be visualized by FISH and the latter
discovered by next-generation sequencing [22]. Fry and
Salser [21] suggested that an essential step in the evolu-
tion of some satDNA families may be the acquisition of
a biological function, in which case natural selection
would conserve its sequence for long evolutionary pe-
riods [23–25].
There are some examples of satDNA persisting for

long, i.e., more than 40Ma (see Arnason et al. [26];
Garrido-Ramos et al. [27, 28]; de la Herrán et al. [29,
30]; Mravinac et al. [31, 32]; Robles et al. [33]; Cafasso
and Chinali [34]; Chaves et al. [35]). Whereas the con-
servation of functional satDNA repeats is explained by
purifying selection (see references above), the persistence
over time of other satDNA arrays lacking apparent func-
tion might be simply due to chance events [8, 9, 13, 36].
Therefore, whether satDNA conservation in two or more
species is just chance or due to selective events remains
unanswered.

Dover [37, 38] suggested unequal crossing-over, gene
conversion, and transposition as molecular drive mecha-
nisms for the concerted fixation of paralogous variants,
which operate independently of natural selection and
drift. Recently, this evolutionary pattern has been re-
placed by the birth-and-death model in the case of cod-
ing multigene families [39, 40]. Concerted evolution
implies that paralogous copies are more homogenized
than orthologous ones when two species are compared.
SatDNA families comprise thousands or millions of cop-
ies of noncoding paralogous repeat units, frequently ar-
ranged in many short arrays spread at different genomic
locations [17, 22, 41–45], so that fixation is improbable
in these conditions. In fact, although concerted evolution
is the predominant pattern for satDNA evolution, non-
concerted evolution has also been reported and ex-
plained through various factors such as life history,
population, location, organization, number of repeat-
copies, or functional constraints (for review, see
Garrido-Ramos [12, 44]). However, the ultimate causes
for concerted or non-concerted patterns are still
unknown.
In this paper, we compare the full catalog of satDNA

families (i.e., the satellitome) between two grasshopper
species belonging to the subfamily Oedipodinae, Locusta
migratoria (Lmi) and Oedaleus decorus(Ode), which di-
verged 22.81Ma [45]. We show the presence of about
one third of orthologous satDNA families whose se-
quence comparison pointed to mutation and drift as the
main drivers of satDNA evolution. We also got estimates
of nucleotide turnover rate at the level of consensus se-
quences (consensus turnover rate, CTR), using 20
orthologous pairs present in both species, and found that
they were highly variable and depended on the history of
satDNA amplifications. We also analyzed repeat
landscapes and developed indices for satDNA
homogenization and degeneration and an index for con-
certed evolution, which may be useful for future re-
search. Also, we propose a general model for satDNA
evolution and suggest that the evolution of these se-
quences constitute a good example of contingent evolu-
tion (see Blount et al. [46]).

Results
One third of satDNA families showed sequence homology
between species
The range of variation for repeat unit length (RUL) was
8–400 bp for the 60 satDNA families found in L. migra-
toria and 12–469 bp for the 58 families found in O. dec-
orus. For subsequent analyses, we included only those
satDNA families showing more than 100 copies, which
excluded the four least abundant satDNAs in L. migra-
toria (Additional file 1: Table S1). After comparing the
consensus sequences of all satDNA families present in
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both species, we found that 21 families in O. decorus
showed homology with 20 in L. migratoria (Additional
file 1: Table S2). We assume that these sets of satDNAs
showing some sequence identity were already present in
the most recent common ancestor of these two species
(dated about 22.81Ma) and thus belonged to the ances-
tor satDNA library. Therefore, these homologous sets
constituted 12 orthologous superfamilies (OSFs) includ-
ing 31 and 44 subfamilies in O. decorusand L. migra-
toria, respectively (Additional file 1: Table S2). On the
other hand, the non-shared satDNA families (37 in O.
decorusand 36 in L. migratoria) could have arisen de
novo after both lineages split, or else they were lost in
one of the species.
Between species comparison of basic satellitome fea-

tures (Table 1) revealed that shared satDNAs did not
show significant differences between species for RUL, A
+ T content, and abundance, but divergence was lower
in L. migratoria. However, the non-shared satDNAs
showed higher RUL and abundance in O. decorus.

Within species comparisons between shared and non-
shared satDNAs failed to show differences in O. decorus.
In L. migratoria; however, the shared satDNA families
showed higher RUL, A + T content and abundance, and
lower divergence than the non-shared ones (Table 1).
Taken together, these results revealed the presence of
many satDNA families showing short monomers among
the non-shared ones in L. migratoria which also showed
lower A + T content and abundance, but higher diver-
gence than those shared with O. decorus.

Tandem structure and association with other repetitive
elements
The quantification of homogeneous and heterogeneous
read pairs allowed estimating the degree of tandem
structure (TSI) for each satDNA family (Additional file
1: Table S1). The annotation of the heterogeneous read
pairs allowed identifying other genomic elements adja-
cent to satDNA (Additional file 1: Table S3). This re-
vealed that LmiSat03-195 (TSI = 99.7%) was associated

Table 1 Comparison of satellitome characteristics between O. decorus and L. migratoria (Southern Lineage), by means of estimation
graphics using DABEST (Ho et al. 2019). 95% CI confidence interval, RUL repeat unit length. * means that 95% CI does not include
the zero value

Comparison Item Mean (SE) Effect size

O. decorus (N = 58) L. migratoria (N = 56) Unpaired mean difference CI_low CI_high Includes zero?

All satDNAs RUL 201.5 (13.6) 152.7 (14) 48.8 12.1 86.6 *

A + T (%) 55.7 (1.2) 54.4 (1.1) 1.27 − 1.81 4.38

Abundance (%) 0.044 (0.013) 0.038 (0.019) 0.0055 − 0.0557 0.0415

Divergence 7.19 (0.56) 7.09 (0.61) 0.093 − 1.55 1.75

O. decorus(N= 21) L. migratoria(N= 20)

Shared RUL 212.8 (12.6) 216.5 (14.1) − 3.69 − 39.4 33.3

satDNAs A + T (%) 58.3 (1.1) 58.0 (1.1) 0.333 − 2.8 3.27

Abundance (%) 0.071 (0.033) 0.091 (0.052) − 0.0196 − 0.171 0.0715

Divergence 8.08 (1.22) 4.90 (0.50) 3.18 1.19 6.34 *

O. decorus(N= 37) L. migratoria(N= 36)

Non-shared RUL 195.1 (20.2) 117.2 (17.8) 77.9 26.7 129 *

satDNAs A + T (%) 54.2 (1.7) 52.5 (1.6) 1.76 − 2.75 6.21

Abundance (%) 0.028 (0.01) 0.009 (0.002) 0.019 0.00635 0.0496 *

Divergence 6.68 (0.53) 8.31 (0.84) − 1.63 − 3.64 0.244

Shared (N= 21) Non-shared (N= 37)

O. decorus RUL 212.8 (12.6) 195.1 (20.2) 17.7 − 34.4 58.3

A + T (%) 58.3 (1.1) 54.2 (1.7) 4.11 0.299 8.19 *

Abundance (%) 0.071 (0.033) 0.028 (0.01) 0.0434 − 0.00243 0.139

Divergence 8.08 (1.22) 6.68 (0.53) 1.4 − 0.699 4.63

Shared (N= 20) Non-shared (N= 36)

L. migratoria RUL 216.5 (14.1) 117.2 (17.8) 99.3 50 139 *

A + T (%) 58.0 (1.1) 52.5 (1.6) 5.45 1.95 9.43 *

Abundance (%) 0.091 (0.052) 0.009 (0.002) 0.082 0.018 0.261 *

Divergence 4.90 (0.50) 8.31 (0.84) − 3.41 − 5.42 − 1.59 *
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with LINEs in 57 out of the 100 heterogeneous read
pairs observed. However, only 2% of the 1356 heteroge-
neous read pairs showed association with LINEs for its
orthologous OdeSat02-204 (TSI = 95.9%), suggesting
that association with LINEs occurred only in L. migra-
toria. Likewise, OdeSat17-176 and LmiSat02-176 showed
association with Helitron TEs in 93% and 76% of the
2379 and 1356 heterogeneous read pairs observed, re-
spectively. Bearing in mind that the sequence of the
LmiSat02-176 repeat unit shows homology with Helitron
TEs (Ruiz-Ruano et al. 2016), the high frequency of asso-
ciation with Helitron observed for OdeSat17-176 and
the low TSI (11.1%) suggest that most units detected for
this satDNA were part of the TE itself and are not in
tandem (i.e., 1-TSI = 88.9%). However, LmiSat02-176
showed high TSI (94.7%) and lower association with the
TE (76%), suggesting that this satDNA arose from this
TE, but it also constitutes an independent entity which
has reached quite long arrays in L. migratoria (longer
than 20 kb in the MinION reads). The FISH pattern of
both satDNAs (see below) reinforced this conclusion, as
OdeSat17-176 yielded no hybridization signals (Table 2),
whereas LmiSat02-176 showed pericentromeric bands
on six chromosome pairs (see Ruiz-Ruano et al. [22] and
Additional file 1: Table S1).

A same orthologous satDNA may show different FISH
patterns at intra- and interspecific levels
FISH analysis for 14 OdeSat families, which showed
homology with 20 LmiSat ones, revealed that six Ode-
Sats displayed conspicuous bands on chromosomes (B
pattern from hereafter). In contrast, the eight remainders
failed to show FISH signal (NS pattern from hereafter),
of which seven showed the B pattern in L. migratoria
(Table 2). This revealed that a same OSF may show
FISH signals in one species but not in a close relative.
To search for molecular differences between satDNAs

showing the B and NS patterns, we analyzed MinION
long reads in L. migratoria to score the maximum array
length (MAL) for each LmisatDNA (Table 2). Even
though coverage was very low (0.02×), we found that
none of the seven NS families analyzed showed arrays
higher than 2,500 bp, whereas almost half of those show-
ing the B pattern did (Gardner-Altman unpaired mean
difference = 2930, 95.0%CI 1540, 4790), and the three
orders of magnitude of the difference indicated that
satDNAs with the B pattern have been submitted to
more (and extensive) amplification events than those
showing the NS pattern. This difference justifies using
the presence of FISH signals as an indication of the de-
gree of satDNA amplification. The fact that 18 out of 20
orthologous satDNA families in L. migratoria showed
the B pattern, whereas only six out of the 14 orthologous
families analyzed in O. decorusshowed it, represents the

first indication for a higher incidence of satDNA amplifi-
cations in L. migratoria (RxC contingency test, with
50,000 replicates: P = 0.00562, SE = 0.00077). This result
was reinforced by the fact that the 14 OdeSat families
included 24 subfamilies whereas the 20 LmiSat ones in-
cluded 44 subfamilies (Table 2) (Wilcoxon matched-
pairs test: z = 2.11, N = 12, P = 0.035). As subfamilies
represent different amplification events, the former re-
sults demonstrate that a same orthologous satDNA may
show different amplification trajectories during their in-
dependent evolution in different species.
Careful examination of orthologous satDNAs revealed

a unique case of no satDNA amplification in both spe-
cies during the 22.8Ma of separate evolution, as the
LmiSat27-57 and OdeSat41-75 OSF showed the same
NS pattern. Consistently with their low degree of ampli-
fication, these two satDNAs showed very low values for
tandem structure (TSI 9% in O. decorusand 32% in L.
migratoria) and homogenization (RPS 29% and 32%) in-
dices (see next section), indicating poor tandem struc-
ture and homogenization (see Table 2 and Additional
file 1: Table S4). The remaining OSFs, however, showed
amplification in at least one species. One of the most
dramatic differences was found for the orthologs
OdeSat59-185 and LmiSat01-185, which were the scar-
cest and the most abundant satDNAs in O. decorusand
L. migratoria, respectively, with the latter showing peri-
centromeric FISH bands on all chromosomes [22] and
OdeSat59-185 showing the NS pattern (Fig. 1 and Table
2). In fact, seven orthologous satDNA families with the
NS pattern in O. decorusshowed the B pattern in L.
migratoria (Table 2 and Fig. 2).
An interesting case was OSF7, where one of the five

L. migratoria families showed the NS pattern (Lmi-
Sat24-266) whereas the four remaining (LmiSat28-
263, LmiSat43-231, LmiSat45-274, and LmiSat54-272)
showed the B pattern (Table 2). Likewise, one of the
two O. decorusfamilies (OdeSat28-276) showed the B
pattern whereas the other (OdeSat58-265) showed the
NS one. This shows that homologous satDNAs can
display the NS or B patterns at intra- and interspe-
cific levels. Finally, even those satDNAs with FISH
bands in both species showed remarkable differences
regarding chromosome location (proximal, interstitial,
or distal; see Additional file 1: Table S1). Taken to-
gether, these results show that orthologous satDNAs
can display disparate chromosome distribution in sep-
arate species due to their independent evolution, a
fact previously reported in the literature [47–50].
These differences can range from short arrays being
undetectable by FISH, which may eventually serve as
seeds for species-specific amplification (as suggested
by Ruiz-Ruano et al. [22]), up to long arrays yielding
conspicuous FISH bands.
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SatDNA homogenization and degeneration
SatDNA homogenization and degeneration are consid-
ered important drivers of satDNA evolution, but their
relative importance has been debated. It would thus be
desirable to find satDNA parameters being good indices
for these two alternative states. To search for a
homogenization index, we hypothesized that it should
show a high negative correlation with intraspecific diver-
gence. Spearman rank correlation analysis showed that,
in both species, RPS (relative peak size, see Methods and
Fig. 3) showed a very high negative correlation with di-
vergence (measured as K2P) (rS = − 0.9 in both species)

(Table 3), which revealed RPS as a good homogenization
index. On the contrary, a degeneration index should be
negatively correlated with homogenization, and Spear-
man rank correlations revealed that DIVPEAK (i.e., the
divergence value showing the maximum abundance in a
repeat landscape, see Fig. 3) showed the highest negative
correlation index with RPS in both species (Table 3).
This means that the relative size of amplification peaks
decreases as satDNA sequences accumulate divergence
through mutational decay since the last satDNA amplifi-
cation (see repeat landscapes in Fig. 4, Additional file 2:
Fig. S1 and Additional file 3: Dataset 1).

Fig. 1 FISH analysis of a pair of orthologous families, belonging to OSF12, in O.decorus (a) and L. migratoria (b). a OdeSat59-185 showed no FISH
bands on this meiotic metaphase I cell, thus showing the NS pattern. b LmiSat01A-193 showed conspicuous pericentromeric FISH bands on most
chromosomes of this embryo mitotic metaphase cell, thus showing the B pattern
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To ascertain whether satDNA degeneration, measured
by DIVPEAK, is associated with any of the satDNA pa-
rameters analyzed (RUL, A + T, no. subfam, and TSI),
we performed Spearman rank correlation analyses,
which revealed that RUL was the only satDNA property
showing significant correlation with DIVPEAK (Table 3)
and it was negative and of similar magnitude as that be-
tween DIVPEAK and RPS. This suggests that RUL is an
important determinant of satDNA degeneration, with

shorter satDNAs degenerating faster. A possible explan-
ation is that short monomers degenerate faster through
mutational decay because every point mutation implies a
higher proportion of degeneration for short than for
long monomers, as if the Muller’s ratchet would have
fewer teeth for short than long repeat units and the
same number of new mutations would imply a higher
number of ratchet’s turns for short repeating units than
for long ones.

Table 3 Spearman rank correlation (rS) between satellitome characteristics in Oedaleus decorus (Ode) and Locusta migratoria (Lmi)

Ode Ode (N = 58) Lmi (N = 56)

rS t(N-2) P Pb rS t(N-2) P Pb

Divergence & RUL -0.29 -2.23 3.0E-02 3.6E-01 -0.39 -3.07 3.4E-03 4.7E-02

Divergence & A+T (%) -0.20 -1.51 1.4E-01 1.4E+00 -0.11 -0.83 4.1E-01 2.9E+00

Divergence & subfam 0.02 0.18 8.6E-01 8.6E-01 -0.04 -0.27 7.9E-01 7.9E-01

Divergence & TSI -0.56 -5.11 4.0E-06 6.0E-05 -0.26 -1.94 5.7E-02 6.9E-01

Divergence & Abundance 0.03 0.19 8.5E-01 2.5E+00 -0.24 -1.83 7.2E-02 7.9E-01

Divergence & RPS -0.89 -14.91 3.8E-21 6.5E-20 -0.90 -15.09 5.1E-21 8.7E-20

RPS & RUL 0.14 1.05 3.0E-01 2.4E+00 0.31 2.38 2.1E-02 2.7E-01

RPS & A+T (%) 0.10 0.76 4.5E-01 2.7E+00 0.05 0.39 7.0E-01 2.8E+00

RPS & subfam -0.02 -0.19 8.5E-01 1.7E+00 0.04 0.28 7.8E-01 1.6E+00

RPS & TSI 0.58 5.32 1.9E-06 3.0E-05 0.21 1.59 1.2E-01 1.2E+00

RPS & Abundance -0.14 -1.03 3.1E-01 2.2E+00 0.11 0.85 4.0E-01 3.2E+00

RPS & DIVPEAK -0.53 -4.74 1.5E-05 2.0E-04 -0.63 -5.98 1.8E-07 2.9E-06

DIVPEAK & RUL -0.55 -4.99 6.2E-06 8.6E-05 -0.52 -4.47 4.0E-05 6.0E-04

DIVPEAK & A+T (%) -0.20 -1.55 1.3E-01 1.4E+00 -0.10 -0.75 4.6E-01 2.7E+00

DIVPEAK & subfam -0.07 -0.50 6.2E-01 3.1E+00 0.05 0.33 7.4E-01 2.2E+00

DIVPEAK & TSI -0.05 -0.40 6.9E-01 2.8E+00 0.07 0.53 6.0E-01 3.0E+00

DIVPEAK & Abundance 0.17 1.29 2.0E-01 1.8E+00 -0.13 -0.99 3.2E-01 2.9E+00

Pb Sequential Bonferroni correction, RUL Repeat unit length, TSI Tandem structure index, RPS Relative peak size

Fig. 2 FISH analysis of three pairs of orthologous families in O.decorus and L. migratoria: showing the B pattern in both species for OSF1 (a and
b), the NS and B patterns, respectively, for OSF3 (c and d), and the B and NS patterns, respectively, for OSF7 (e and f) (see also Table 2 for satDNA
classification into OSFs). a Presence of pericentromeric FISH bands for OdeSat01-287 on all chromosomes of this meiotic metaphase II cell of O.
decorus. b Note the presence of its orthologous family (LmiSat09-181) on a single chromosome pair of this embryo mitotic metaphase cell of L.
migratoria. c Absence of FISH bands for OdeSat17-176 in a meiotic metaphase I cell of O. decorus. d Presence of its orthologous LmiSat02-176 on
pericentromeric regions of several chromosome pairs and on whole B chromosome length (B) of this embryo mitotic metaphase cell of L.
migratoria. e Presence of a pericentromeric FISH band on a single chromosome of the haploid set shown in this meiotic metaphase II cell of O.
decorus. f Absence of FISH bands for LmiSat24-266 on the haploid chromosome set shown in this embryo mitotic metaphase cell of L. migratoria
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The analysis of the statistical properties of RPS and
DIVPEAK indicated that, in both species, RPS fitted a
normal distribution (ODE χ2 = 4.45, df = 3, P = 0.215;
LMI: χ2 = 4.78, df = 3, P = 0.189 whereas DIVPEAK fit-
ted an exponential distribution (ODE χ2 = 4.55, df = 2, P

= 0.103; LMI: χ2 = 4.93, df = 3, P = 0.177). Their scales
ranged between 0 and 1 for RPS and between 0 and 27%
(within the 0–40% scale of divergence measured here)
for DIVPEAK.
To apply these indices to satDNA evolution, we

consider that satDNA families follow evolutionary
pathways that include recursive cycles of
homogenization (through amplification by tandem du-
plication) and degeneration (through random muta-
tion). After an amplification event, homogenization
(measured by RPS) will increase, and degeneration
(measured by DIVPEAK) will decrease. As time goes
by, with no other amplification events, RPS will de-
crease and DIVPEAK will move towards higher values. An
expected outcome of mutation accumulation is reducing
the kurtosis of the repeat landscape (RL) distribution (i.e.,
curve flattening, Fig. 4 for examples). In fact, kurtosis was
correlated negatively with DIVPEAK (Ode: N = 58, rS= −
0.80, t = 9.89, P < 0.000001; Lmi: N = 56, rS = − 0.76, t =
8.58, P < 0.000001) and positively with RPS (Ode: N = 58,
rS = 0.80, t = 9.68, P < 0.000001; Lmi: N = 56, rS = 0.83, t
= 10.98, P < 0.000001). Kurtosis is thus proportional to
RPS, so that highly homogenized satDNAs show lep-
tokurtic RLs whereas highly degenerated ones show
platikurtic RLs. Therefore, kurtosis and RPS are ex-
pected to be high for recently amplified satDNAs and
low for satDNAs that have not been amplified for a
long time (see some examples in Fig. 4 and Add-
itional file 2: Fig. S1). Although these parameters do
not constitute absolute measures of time, however,
they can be useful as measures of “time since the last
satDNA amplification”. As satDNA can undergo suc-
cessive amplifications across evolutionary time, we
can also consider RPS and kurtosis as homogenization
indices indicating how far is a satDNA from
degeneration.
To analyze whether conservation of the orthologous

satDNA families in both species was associated with
homogenization and degeneration indices, we com-
pared them between the shared and non-shared
satDNA families found in each species. In O. decorus,
the effect size (unpaired mean difference) found be-
tween non-shared and shared satDNAs by means of
Gardner-Altman estimation plots revealed no mean dif-
ferences for RPS (unpaired mean difference = − 0.0682,
95.0%CI − 0.159, 0.0348), kurtosis (unpaired mean dif-
ference = 0.678, 95.0%CI − 1.62, 5.78) and DIVPEAK
(unpaired mean difference = 1.13, 95.0%CI − 0.954,
5.61), indicating similar levels of homogenization and
degeneration in both groups. In L. migratoria, however,
the three indices showed differences between shared
and non-shared satDNA families, indicating higher
homogenization and lower degeneration for the shared
ones (Fig. 5).

Fig. 3 Definition of satDNA parameters in respect to abundance and
divergence. The distribution of the abundances of groups of
sequences differing by 1% divergence constitutes a repeat
landscape (RL). It may be seen as a curve (left) or an histogram
(right). In addition of variation in kurtosis, represented by several
curves on the left, three properties of satDNA can be defined on
RLs: DIVPEAK is the divergence class showing the highest
abundance (3% in the histogram); PEAK-SIZE is the sum of the
abundances of the five classes included around DIVPEAK, thus
constituting the sum of all sequences differing by less than 5%, thus
coinciding with our definition of satDNA subfamily; RPS is the
relative peak size and represents the fraction of abundance which is
included in the 5% amplification peak.
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arrays with satDNAs, transposable elements, rDNAs,
snDNAs, tRNAs, histones, mitochondrial DNA, and un-
known elements in some read pairs, and counted the
number of occurrences. This analysis is also integrated
in the abovementioned pipeline.

Homogenization and degeneration indices
SatDNA homogenization, i.e., the degree of intraspecific
similarity between its tandemly structured monomers, is
conceptually inverse to average sequence divergence.
Therefore, a homogenization index should be negatively
correlated with the K2P divergence. Trying to get such
an index, we built repeat landscapes for each satDNA
subfamily (90 in O. decorusand 103 in L. migratoria)
and searched for divergence peaks, i.e., those divergence
values showing the highest abundance in the repeat
landscape (DIVPEAK) (Fig. 3). Then, we summed up the
abundances of all satDNA sequences at ± 2% divergence
from the DIVPEAK class to calculate abundance in the
5% peak or PEAK-SIZE (Fig. 3). The logic was to get a
collection of sequences diverging 5% or less to the con-
sensus sequence, thus coinciding with our criterion to
define subfamilies, as they probably derived from the
same amplification event (see Ruiz-Ruano et al. [22] for
details). Finally, we calculated relative peak size (RPS) as
the quotient between PEAK-SIZE and total abundance
(see Fig. 3), which measures the proportion of repeat
units being part of the last amplification event. To calcu-
late RPS at the family level in those families showing
two or more subfamilies, we followed the same proced-
ure including all subfamily satDNA sequences, so that
each subfamily weighted in proportion to its abundance.
RPS serves as an index of homogenization because it is
expected to increase with satDNA amplification, as the
new units derived from tandem duplication will initially
show identical sequences, thus increasing global identity.
DIVPEAK serves as an index of degeneration because it
will increase by mutation accumulation and is thus pro-
portional to the time passed since the last amplification.
Specifically, DIVPEAK is the value of divergence (from
0% onwards) at which a given satDNA shows its max-
imum abundance, and increases when mutational decay
move its abundance peak away from complete
homogenization (divergence = 0) where it arrived after
its last major amplification event. The values for average
divergence, total abundance, maximum abundance, max-
imum divergence, RPS, and DIVPEAK for every satDNA
family were estimated from with a custom script using
the divsum files from RepeatMasker (https://github.com/
fjruizruano/SatIntExt/blob/main/divsum_stats.py).

Concerted evolution index and incomplete library sorting
We calculated the divergence at intra- (K2Pintra) and in-
terspecific (K2Pinter) levels for the 20 pairs of

orthologous satDNA families, and calculated an index of
concerted evolution (CEI) as log2 the K2Pinter/K2Pintra
quotient.
The comparative analysis of RLs and MSTs revealed

that the observed differences between OSFs in CTR were
due to the state of library sorting between species. On
this basis, we observed that the OSF showing the highest
CTR was that showing a best separation between species
for all families and subfamilies of satDNA. We then gave
1 to the sorting state of this OSF and then divided all
CTR values by this maxCTR to obtain an index of the
relative sorting for each OSF. One minus the obtained
value thus indicated the degree of incomplete library
sorting (ILibS) for each OSF.

Analysis of conserved motifs and curvature
We analyzed the consensus sequences of shared and
non-shared satDNAs between the two species looking
for functional signatures. We used the ETANDEM,
EINVERTED, and PALINDROME programs from the
EMBOSS suite of bioinformatics tools [98] for the detec-
tion of internal repeats (direct or inverted) and palin-
dromes. Short internal direct repeats indicate the
presence of functional motifs within the satDNA repeats.
Dyad symmetries, many of them associated with thermo-
dynamically stable secondary structures, are predicted to
adopt non-B DNA conformations, such as stem-loops or
cruciforms, which might have a role as targets for pro-
tein binding. Thus, as an additional test on the propen-
sity to form non-B DNA conformations, we checked all
satDNA families using the Mfold web server (http://
www.unafold.org/mfold/applications/rna-folding-form-
v2.php) for nucleic acid folding prediction [99], estimat-
ing Gibbs free energy (dG) of the predicted secondary
structures [100]. We also checked the consensus se-
quences of both types of satDNAs for sequence-
dependent bendability/curvature propensity of repeats.
We produced the bendability/curvature propensity plots
with the bend.it server at http://pongor.itk.ppke.hu/dna/
bend_it.html#/bendit_intro [101], using the DNase I-
based bendability parameters of Brukner et al. [102] and
the consensus bendability scale [103]. Finally, we used
the sliding windows option of the DnaSP v.5.10 program
[104] for the analysis of nucleotide diversity (π) per pos-
ition for every shared satDNA in order to detect DNA
conserved motifs. For this, we use multiple alignments
of several dozens of monomer repeats selected per each
satDNA.

Chromosomal location of the O. decorus satDNAs
To compare the chromosomal location of orthologous
satDNA families in these species, we performed fluores-
cent in situ hybridization (FISH) for 14 satDNA families
in O. decoruswhich showed sequence homology with 20
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families in L. migratoria. For this purpose, we designed
divergent primers for these 14 satDNA families in O.
decorususing Primer3 [105] with a Tm ~ 60 °C, to gen-
erate FISH probes as described in Cabrero et al. [106]
and Ruiz-Ruano et al. [22].

Statistical analysis
To investigate distribution fitting of RPS and DIVPEAK,
we used the chi-square test, and the normality of other
variable distributions was tested by the Shapiro-Wilks
test, and, when this condition was not met, we used the
non-parametric Spearman rank correlation test. In the
case of turnover rate, we performed forward stepwise
multiple regression to analyze its dependence on other
variables. In this case, we calculated variance inflation
factors (VIFs) to test for multicolinearity, and the fit of
standardized residuals of this regression to a normal dis-
tribution was tested by means of the Shapiro-Wilks test.
All these analyses were performed using the Statistica
software (Statsoft Inc.). Two-group comparisons were
performed by the Gardner-Altman estimation plot
method devised by Ho et al. [107] following the design
in Gardner and Altman [108], as implemented in
https://www.estimationstats.com. This analysis calculates
the effect size by the mean difference between groups,
for independent samples, or else by the paired mean dif-
ference in case of paired samples. The effect size is then
evaluated by the 95% confidence interval (95% CI) and
whether it includes or not the zero value. Contingency
tests were performed by the RXC program, which em-
ploys the Metropolis algorithm to obtain an unbiased es-
timate of the exact p value [109]. In all cases, 20 batches
of 2500 replicates were performed.
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Additional file 1: Tables S1-S4. Table S1. Molecular and cytological
properties of the satellitomes in Oedaleus decorus (Ode) and Locusta
migratoria (Lmig). Note that telomeric DNA was also numbered in both
species (no. 13 and 7, respectively) but are omited here because they
were not considered for this paper analyses. RUL = Repeat unit length.
TSI = Tandem structure index. SF = Superfamily. RPS = Relative peak size.
DIVPEAK = Divergence peak. MAL = Maximum array length observed in
MinIon reads of L. migratoria. FISH = FISH pattern (B = banded, NS = No
signal). Local = Localization (p = proximal, i = interstitial, d = distal).

Motifs = Conserved motifs in the DNA sequence (0 = Yes, 1 = No).
Curvature = Propensity to adquire stable structures (0 = Yes, 1 = No). dG
= Gibbs gree energy of the predicted secondary structure. Table S2.
Homology between satDNA families found in O. decorus and L.
migratoria. OSF = Orthologous superfamily. Those families chosen for
comparisons between orthologous pairs are noted in bold-type letter.
Table S3. Total number of external reads for each satellite family in O.
decorus (Ode) and L. migratoria (Lmig) and its annotation. TSI = Tandem
Structure Index. Table S4. Characteristics of the orthologous satDNA
families analyzed in O. decorus (14) and L. migratoria (20). Each row in-
cludes one Ode and one Lmi satDNA families showing homology. Note
that some Ode families showed homology with two or three Lmi ones.
OSF = Orthologous superfamily, sf = number of subfamilies, SF = super-
family name, FISH = FISH pattern (B = banded, NS = no signal), RUL = Re-
peat unit length (bp), A + T = % A + T content, abun = abundance (% of
the genome), div = divergence (%), peak_size = abundance of the 5% di-
vergence classes around DIVPEAK, RPS = Relative peak size, DP = DIV-
PEAK, kur = kurtosis of repeat landscape distribution, TSI = Tandem
structure index, dG = Free energy of repeat unit sequence, MAL = Max-
imum array length observed in MinIon reads of L. migratoria, CEI = Con-
certed evolution index (L = L. migratoria, O = O. decorus), Intid =
Interspecific sequence identity (%), Intdiv = Interspecific divergence, CTR
= Consensus turnover rate, ILibS = Incomplete library sorting. Negative
CEI values and Int_id> 95% are remarked in bold type letter.

Additional file 2: Figure S1. Repeat landscape (RL) and minimum
spanning tree (MST) of three orthologous superfamilies of satellite DNA
in O. decorus and L. migratoria (OSF04, OSF05 and OSF07). a) RLs showed
that OSF04 showed large peaks of amplification in both species but CTR
values ranged between 1.16 and 1.6, presumably due to the incomplete
library sorting (ILibS) evidenced by the MST (note how OdeSat32A and
LmiSat51A connect with both species' sequences). b) OSF05 showed
high CTR values, large amplification peaks in both species and ILibS for
only OdeSat22C, which was the only sequence connected with
sequences from both species. c) OSF07 showed the lowest CTR values
and showed very small amplification peaks for OdeSat58 (green curves in
the RL on the left) and higher ILibS, with three sequences being
connected with both species' sequences (LmiSat45-274, LmiSat28A-263
and OdeSat58A-265).

Additional file 3: Dataset S1. Dataset 1a. Data from the Oedaleus
decorus repeat landscape indicating genomic abundance for each
satellite DNA family and divergence interval. Dataset 1b. Data from the
Locusta migratoria repeat landscape indicating genomic abundance for
each satellite DNA family and divergence interval.
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