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Abstract

The neo-Xand neo-Y sex chromosomes of Dysdercus albofas-
ciatus represent a unique model for the study of early stages
of sex chromosome evolution since they retained the ability
to pair and recombine, in contrast to sex chromosomes in
most Heteroptera. Here we examined structure, molecular
differentiation, and meiotic behaviour of the D. albofasciatus
neo-sex chromosomes. Two related species with the ances-
tral X0 system, D. chaquensis and D. ruficollis, were used for
a comparison. In D. albofasciatus, 2 nucleolar organizer re-
gions (NORs) were identified on the neo-X chromosome us-
ing fluorescence in situ hybridization (FISH) with an rDNA
probe, whereas a single NOR was found on an autosomal
pair in the other 2 species. Genomic in situ hybridization
(GISH) differentiated a part of the original X in the neo-X
chromosome but not the neo-Y chromosome. The same seg-
ment of the neo-X chromosome was identified by Zoo-FISH
with a chromosome painting probe derived from the X chro-
mosome of D. ruficollis, indicating that this part is conserved
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between the species. Immunostaining against the cohesin
subunit SMC3 revealed that only terminal regions of the
D. albofasciatus neo-Xneo-Y bivalent pair and form a synap-
tonemal complex, which is in keeping with the occurrence
of terminal chiasmata, whereas the interstitial region forms
a large loop indicating the absence of homology. These re-
sults support the hypothesis that the neo-X chromosome
evolved by insertion of the original X chromosome into 1
NOR-bearing autosome in an ancestor carrying the X0 sys-
tem. As a consequence, the homologue of this NOR-auto-
some became the neo-Y chromosome. A subsequent inver-
sion followed by transposition of the NOR located on the
neo-Y onto the neo-X chromosome resulted in the present
neo-sex chromosome system in D. albofasciatus.

Copyright © 2009 S. Karger AG, Basel

Itis generally accepted that differentiated sex chromo-
somes evolved from a pair of autosomes after 1 member
of the pair acquired a sex-determining function. An im-
portant step in the evolution of sex chromosomes is
thought to be the restriction of recombination. This key
event is a necessary prerequisite for their molecular and
morphological differentiation resulting in the progres-
sive degeneration of the chromosome that is present only
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in the heterogametic sex, i.e. the Y in systems with male
heterogamety or the W in systems with female hetero-
gamety [Traut, 1999; Ayling and Griffin, 2002; Charles-
worth et al.,, 2005; Steinemann and Steinemann, 2005;
Bachtrog, 2006]. This hypothesis is based on observa-
tions in different groups of organisms, with species pre-
senting the so-called ‘primitive forms’ of sex-chromo-
some differentiation in which the X and Y (or the W and
Z) are hardly distinguished from each other, and species
carrying highly evolved systems with remarkably hetero-
morphic sex chromosomes [Traut et al., 1999; Vyskot and
Hobza, 2004; Steinemann and Steinemann, 2005].

In insects, the majority of data on the evolution of sex
chromosomes were obtained in flies (Diptera) and moths
(Lepidoptera) [e.g., Steinemann and Steinemann, 1998;
Traut, 1999; Traut et al., 2007; Flores et al., 2008]. In the 2
groups, meiosis is achiasmatic in the heterogametic sex as
documented in Drosophila melanogaster and several moth
species [reviewed by Marec, 1996]. Consequently, the Y or
W chromosomes, even those of recent origin, are non-re-
combining from the beginning [Traut, 1999]. Insects of
the order Heteroptera (true bugs) represent another inter-
esting model group to study sex chromosome evolution.
In heteropterans, meiosis is generally chiasmatic in both
sexes but the sex chromosomes are asynaptic and achias-
matic in males. Most sex-chromosome systems described
so far in Heteroptera are either simple systems, XY/XX
(71.4%) and X0/XX (14.7%), or multiple systems (X,Y/
XX Xn0/X, X, and XY,/XX; 13.5% in total) that prob-
ably originated through fragmentation of the ancestral X
or Y chromosomes of simple systems, respectively [Pape-
schi and Bressa, 2006]. From about 1,600 species cytoge-
netically analyzed, only 7 species and subspecies (0.4%)
have neo-sex chromosomes of complex origin. These are
(male karyotypes given): Lethocerus indicum Lep. et Ser-
vielle with 2n = 24 + neo-Xneo-Y and Lethocerus sp. Mayr
with 2n = 2 + neo-Xneo-Y (Belostomatidae), Rhytidolo-
mia senilis (Say) with 2n = 4 + neo-Xneo-Y (Pentatomi-
dae), Dundocoris nodulicarinus novenus Jacobs with 2n =
6 + neo-XY,Y, and D. n. septeni Jacobs with 2n = 4 + neo-
XY neo-Y, (Aradidae), Hebrus pusillus Fallén 2n = 22 +
neo-XneoY (Hebridae), and Dysdercus albofasciatus Berg
2n =10 + neo-Xneo-Y (Pyrrhocoridae) [Chickering, 1927;
Chickering and Bacorn, 1933; Schrader, 1940; Jande, 1959;
Bressa et al., 1999; Nokkala and Nokkala, 1999; Jacobs,
2004]. In all of them, with the exception of D. albofascia-
tus, the ancestral sex chromosome system was XY/XX [re-
viewed in Papeschi and Bressa, 2006].

Heteroptera have holokinetic chromosomes, i.e. chro-
mosomes without localized centromeres, which makes
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identification of individual pairs very difficult, mainly
due to the absence of a primary constriction but also due
to the lack of convenient banding techniques [Bedo, 1984;
Gokhman and Kuznetsova, 2006]. The only chromo-
somes that can be constantly identified are those carry-
ing nucleolus organizer regions (NORs) and the sex chro-
mosomes in males [Ueshima, 1979; Manna, 1984; Pape-
schi and Bressa, 2006].

Heteropteran sex chromosomes are discernible from
early stages of male meiosis I and up to diakinesis as pos-
itively heteropycnotic, highly condensed ‘chromatin bod-
ies’ [Henking, 1891; Ueshima, 1979]. The number of het-
eropycnotic chromatin bodies depends on the sex chro-
mosome system, and the maximum number of chromatin
bodies depends on the number of sex chromosomes [Fran-
co et al,, 2006]. This positive heteropycnosis suggests that
the sex chromosomes are heterochromatic; the constitu-
tive or facultative nature of the X and Y heterochromatin
largely depends on the family, the genus and also the spe-
cies [Messthaler and Traut, 1975; Papeschi, 1988, 1991; Re-
bagliati et al., 2003]. After pachytene, the nucleus increas-
es its size and acquires an interphase appearance, because
bivalents decondense completely while the sex chromo-
somes remain condensed. In the first meiotic division, au-
tosomal bivalents segregate reductionally, but the sex
chromosomes behave as univalents. At anaphase I, the sex
chromosomes divide equationally, and the resulting sin-
gle chromatids, either in simple or multiple systems with
X and Y chromosomes, associate in the second meiotic
division by the so-called ‘touch-and-go pairing” and seg-
regate reductionally at anaphase I [Ueshima, 1979; Man-
na, 1984; Papeschi and Bressa, 2006].

Cotton stainers of the genus Dysdercus (Pyrrhocori-
dae), particularly the New World species, show a consid-
erable variability in the sex chromosome constitution
and also in diploid chromosome numbers. In 6 Neotrop-
ical species, 4 different karyotypes were found: 2n = 14 +
X0 in D. honestus Bloete, 2n = 14 + X;X,0 in D. peruvia-
nus Guérin Méneville, 2n = 12 + X0 in D. chaquensis Frei-
berg, D. ruficollis Linnaeus, and D. imitator Bloete, and
2n = 10 + neo-Xneo-Y in D. albofasciatus Berg [Piza,
1947a, 1947b, 1951; Mola and Papeschi, 1997; Bressa et al.,
1999, 2003]. In D. albofasciatus, it was proposed that the
neo-X chromosome evolved by insertion of the ancestral
X chromosome into an autosome followed by a large in-
version, which included a part of the ancestral X chromo-
some. Then the autosome homologue became a neo-Y
chromosome. This hypothesis was supported by (i) re-
duced chromosome number by 1 pair, (ii) 2 heteropyc-
notic chromatin bodies in the diffuse stage, indicating
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separation of the ancestral X chromosome into 2 seg-
ments, (iii) occurrence of 1 and less frequently 2 terminal
chiasmata in the neo-sex chromosome bivalent, and (iv)
reductional segregation of the neo-XneoY bivalent at ana-
phase I. Thus, the D. albofasciatus neo-sex chromosomes
displayed meiotic behaviour similar to autosomes, except
a few spermatocytes, in which the neo-X and neo-Y each
formed a univalent that divided post-reductionally as
typical for sex chromosomes in most Heteroptera [Bressa
etal., 1999]. This particular system with chiasmatic neo-
sex chromosomes in males raises a question whether mo-
lecular differentiation has occurred in the non-recom-
bining segments of the neo-X and neo-Y.

With this in mind, we used several approaches to per-
form a detailed comparison of sex chromosomes in 3 spe-
cies of the genus Dysdercus, namely D. chaquensis and
D. ruficollis with the original X0 system, and D. albofas-
ciatus with the derived neo-Xneo-Y system. Using fluo-
rescence in situ hybridization (FISH) with the 18S rDNA
probe we localized the nucleolus organizer region (NOR)
and showed that the ancestral NOR-autosome pair played
the key role in the evolution of neo-sex chromosomes in
D. albofasciatus. We also examined the structure of neo-
sex chromosomes by means of C-banding and fluores-
cent banding, genomic in situ hybridization (GISH), and
comparative chromosome painting (the so-called Zoo-
FISH) using an X-chromosome painting probe derived
from laser-microdissected X-chromosomes of D. ruficol-
lis. Finally, we studied synaptic behaviour of the neo-X
and neo-Y chromosomes and formation of the neo-Xneo-
Y bivalent in D. albofasciatus on spread preparations of
synaptonemal complexes using immunostaining against
the cohesin subunit SMC3 (structural maintenance of
chromosomes 3 protein). Results obtained enabled us to
propose a scenario of the sex chromosome evolution in
the genus Dysdercus.

Materials and Methods

Insects

We used adult males of Dysdercus albofasciatus from Pereyra
Iraola Park, Buenos Aires province, D. chaquensis from Cayasta
Park, Santa Fe province, and D. ruficollis from El Palmar Nation-
al Park, Entre Rios province (all in Argentina). All specimens
were collected in 2006.

Chromosome Preparations

For FISH techniques, spread chromosome preparations were
made from testes of adult males. Gonads were dissected in a phys-
iological solution for Ephestia [Glaser, 1917 cited in Lockwood,
1961], swollen for 10 min in a hypotonic solution (0.075 M KCl), and
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then fixed for 15-30 min in freshly prepared Carnoy fixative (eth-
anol:chloroform:acetic acid, 6:3:1). Cells were dissociated in a drop
of 60% acetic acid with the help of tungsten needles and spread on
the slide using a heating plate at 45°C as described in Traut [1976].
Then the preparations were dehydrated in an ethanol series (70, 80,
and 96%, 30 s each) and stored at ~20°C until further use.

For preparations of D. ruficollis meiotic chromosomes for laser
microdissection of the X chromosome, we modified a protocol
described in Fukova et al. [2007] as follows. Male gonads were dis-
sected out, hypotonized, and fixed as described above. Then they
were transferred into a drop of 60% acetic acid on a glass slide
coated with a polyethylene naphthalate membrane (P.A.L.M.
GmbH, Bernried, Germany) and spread at 45°C using a heating
plate. Shortly before spreading, the membrane was treated with
ultraviolet light for 30 min to prevent DNA contamination. Prep-
arations were passed through an ethanol series (see above), air-
dried, and stained with 5% Giemsa for 5 min.

C-Banding and Fluorescent Banding

C-banding was performed according to Papeschi [1988]. Fluo-
rescent banding with the GC-specific chromomycin A; (CMA3;
Fluka BioChemika, Sigma Aldrich Production GmbH, Buchs,
Switzerland) and AT-specific 4',6-diamidino-2-phenylindole
(DAPI; Fluka BioChemika) was performed according to Reba-
gliati et al. [2003]. The slides pretreated for C-banding were
stained with DAPI for a better resolution of C-bands. Total num-
bers of cells and individuals examined were the following: D. al-
bofasciatus (C-banding, 32 cells/2 males; fluorescent banding, 28
cells/2 males), D. chaquensis (C-banding, 25 cells/2 males; fluo-
rescent banding, 20 cells/2 males), and D. ruficollis (C-banding,
23 cells/2 males; fluorescent banding, 27 cells/2 males).

FISH with 18S rDNA Probes

Unlabeled 18S ribosomal DNA (rDNA) probes were generated
by polymerase chain reaction (PCR) using universal arthropod
primers: forward 5'-CCTGAGAAACGGCTACCACATC-3" and
reverse 5'-GAGTCTCGTTCGTTATCGGA-3" [Whiting, 2002].
Total genomic DNA of D. albofasciatus, obtained by standard
phenol-chloroform-isoamylalcohol extraction, was used as a tem-
plate. PCR was done following the procedure described in Fukova
etal. [2005]. The PCR product showed a single band of about 1,000
bp on a 1% agarose gel. The band was cut out from the gel, and the
DNA was extracted using a QIAquick Gel Extraction Kit (Qiagen
GmbH, Hilden, Germany). The 18S rDNA fragment was re-am-
plified by PCR and then labeled with biotin-14-dATP by nick
translation using a BioNick Labeling System (Invitrogen, Life
Technologies Inc., San Diego, Calif., USA).

FISH with biotinylated 18S rDNA probe was performed essen-
tially following the procedure in Sahara et al. [1999] with several
modifications described in Fukova et al. [2005]. Briefly, denatur-
ation of chromosomes was done at 72°C for 3 min 30 s in 70%
deionized formamide in 2X SSC. The probe cocktail for 1 slide
(10 pl; 50% deionized formamide, 10% dextran sulfate in 2X
SSC) contained 30-50 ng of the labeled probe and 25 g of soni-
cated salmon sperm DNA (Sigma-Aldrich, St. Louis, Mo., USA).
Hybridization was carried out overnight. Hybridization signals
were detected with Cy3-conjugated streptavidin (Jackson Immu-
noRes. Labs. Inc., West Grove, Pa., USA), followed by 1 round of
amplification with biotinylated anti-streptavidin (Vector Labora-
tories, Burlingame, Calif., USA) and Cy-3-conjugated streptavi-
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din. The preparations were counterstained with 0.5 pg/ml DAPI
in PBS buffer containing 1% Triton X-100 and mounted either in
antifade based on DABCO (Sigma Aldrich; for composition see
Traut et al. [1999]) or in Vectashield Mounting Medium (Vector
Laboratories). Total numbers of cells and individuals examined
in rDNA-FISH experiments were as follows: D. albofasciatus (120
cells/8 males), D. chaquensis (22 cells/2 males), and D. ruficollis
(58 cells/5 males).

Genomic in situ Hybridization

Genomic DNAs were isolated separately from female and male
adults by standard phenol-chloroform extraction. Labeling was
done using a Nick Translation Mix (Roche Diagnostics GmbH,
Mannheim, Germany). Female DNAs were labeled with Cy3-
dUTP (red) (GE Healthcare Life Sciences, Little Chalfont, UK),
male DNAs with Alexa Fluor 488-dUTP (green) (Molecular
Probes Inc., Eugene, Oreg., USA). Unlabeled genomic DNAs, used
as a species-specific competitor, were sonicated using a Sonoplus
HD 2070 (Bandelin Electric, Berlin, Germany), with 2 cycles of 5
pulses at 70% power, 10 s each.

GISH was carried out essentially following the procedure of
Traut et al. [1999] for comparative genomic hybridization (CGH)
with slight modifications described in Vitkovd et al. [2007]. De-
naturation of chromosomes was done at 68°C for 3 min 30 s in
70% deionized formamide in 2 X SSC. One probe cocktail for each
slide (10 pl; 50% deionized formamide, 10% dextran sulfate in 2 X
SSC) contained 500 ng of labeled female genomic DNA of
D. chaquensis, 5.85 g of unlabeled sonicated female genomic
DNA of D. albofasciatus, and 25 g of sonicated salmon sperm
DNA. The other probe was composed of 410 ng of labeled male
genomic DNA of D. ruficollis, 4.8 g of unlabeled sonicated fe-
male genomic DNA of D. albofasciatus, and 25 pg of sonicated
salmon sperm DNA. Hybridization was carried out for 3 days at
37°C. Stringent wash, counterstaining, and mounting were done
as described in Fukovd et al. (2005). GISH experiments were done
on chromosome preparations made from D. albofasciatus males.
A total of 156 cells from 7 individuals were inspected.

Laser Microdissection of X Chromosomes and Preparation of

X-Chromosome Painting Probe

For laser microdissection of the D. ruficollis X chromosome,
we used only well-spread mitotic spermatogonial metaphases and
meiotic metaphase I spermatocytes. X chromosomes were identi-
fied in an inverted microscope according to their size (X is the
smallest element in metaphase I) and microdissected with the
help of a P.A.L.M. MicroLaser System (P.A.L.M. GmbH) as de-
scribed in Kubickova et al. [2002].

DNA of microdissected samples, each sample containing 10 X
chromosomes, was used as a template for DOP-PCR amplifica-
tion in a T-personal thermocycler (Biometra, Gottingen, Germa-
ny) with degenerate primers (5'-CCGACTCGAGNNNNNNAT-
GTGG-3'; VBC-Genomics GmbH, Vienna, Austria). The original
DOP-PCR product was labeled with biotin-14-dATP (Invitrogen)
by another round of DOP-PCR and used as a probe for FISH.
DOP-PCR conditions were the same as described in Fukova et al.
[2007].

Zoo-FISH with the X-Chromosome Painting Probe
In Zoo-FISH experiments, the biotinylated X-chromosome
painting probe derived from microdissected X chromosomes of
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D. ruficollis was first hybridized to chromosome preparations of
the same species to test specificity of the probe and only then
cross-hybridized to chromosome preparations of D. albofasciatus
males. The procedure was the same as for FISH with the rDNA
probe (see above). For 1 slide, the probe cocktail contained about
30 ng of the biotinylated X-chromosome painting probe, 300 ng
of unlabeled sonicated female genomic DNA from the same spe-
cies as the chromosomes, and 25 g of sonicated salmon sperm
DNA. In Zoo-FISH on D. albofasciatus chromosomes, a total of
61 cells from 2 individuals were inspected.

Immunostaining and Synaptonemal Complex Spreads

Testes were dissected and minced gently in a 190-mM sucrose
solution at pH 8.0. The cell suspension was dropped onto clean
slides previously covered with a thin layer of 1% formaldehyde
fixative, freshly made from paraformaldehyde, containing 0.05%
Triton X-100. After fixation for 10 min in a humid chamber, the
spreads were dried on a warm surface at 37°C and then briefly
rinsed in 0.4% Kodak Photo-Flo. Immunostaining was performed
as previously described [Pigozzi and Solari, 2003] using a poly-
clonal antibody against the cohesin component SMC3 (Millipore,
Chemicon, Temecula, Calif., USA) to label meiotic axes of chro-
mosomes (i.e., lateral elements of synaptonemal complexes), fol-
lowed by detection with a goat-anti-rabbit antibody conjugated
with fluorescein isothiocyanate (FITC) (Jackson ImmunoRes.
Labs. Inc.). Slides were mounted in Vectashield containing DAPI
as a counterstain. A total of 100 cells from 5 males of D. albofas-
ciatus were analyzed.

Microscopy and Image Processing

The preparations were observed in epifluorescence micro-
scopes Zeiss Axioplan 2 (Carl Zeiss Jena, Germany) equipped
with an F-View CCD camera and AnalySIS software, version 3.2
(Soft Imaging System GmbH, Miinster, Germany) and Leica
DMLB equipped with a Leica DFC350 FX CCD camera and Leica
IM50 software, version 4.0 (Leica Microsystems Imaging Solu-
tions Ltd., Cambridge, UK). Black-and-white images of chromo-
somes were recorded separately for each fluorescent dye. Images
were pseudocoloured (light blue for DAPI, red for Cy3, and green
for Alexa Fluor 488 and FITC) and processed with Adobe Photo-
shop, version 7.0.

Results

Meiotic karyotypes based on metaphase I bivalents of
the 3 species under study are shown in figure 1. In Dys-
dercus albofasciatus (2n = 10 + neo-Xneo-Y), the sex bi-
valent is heteromorphic and the largest of the comple-
ment, and 1 autosomal bivalent is noticeably larger than
the other 4 (fig. 1a). Karyotypes of D. chaquensis and D.
ruficollis males resemble each other with 6 autosomal bi-
valents of similar size and a single X chromosome (2n =
12 + XO0). In D. chaquensis, the X is larger than the 5th and
6th bivalent, while in D. ruficollis it is the smallest ele-
ment of the metaphase I complement (fig. 1b, c).
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Fig. 1. Meiotic karyotypes of Dysdercus albofasciatus (a), D.
chaquensis (b), and D. ruficollis (c). Chromosomes are stained
with acetic haematoxylin. Bar = 10 wm.

Localization of rDNA

In D. albofasciatus, FISH experiments with the 18S
rDNA probe showed 2 clusters of rDNA genes, both lo-
cated on the neo-X chromosome (fig. 2a-g). One hybrid-
ization signal was regularly observed near 1 end and the
other in a medial position of this chromosome, whereas
no hybridization signal was found in the medium-sized
neo-Y chromosome in spermatogonial metaphases
(fig. 2a). In the diffuse stage, the neo-X chromosome
showed 2 compact DAPI-bright bodies of different size
(the so-called chromatin bodies), positively heteropyc-
notic and probably corresponding to 2 segments of the
ancestral X chromosome. The probe identified 2 rDNA
clusters always associated with the larger chromatin body
(fig. 2b). From early diplotene onwards, 5 autosomal bi-
valents and the neo-Xneo-Y bivalent were distinguished.
The neo-Xneo-Y bivalent displayed 2 DAPI-bright chro-
matin bodies, the larger one near the end of the bivalent
and the smaller one in a middle position. Two clusters of
hybridization signals were associated with the larger
body (fig. 2¢c). At diakinesis-metaphase I, hybridization
signals were observed in both chromatids of the neo-X.
In some cells, the neo-Y chromosome seemed to be de-
tached from the neo-X (fig. 2d), and in a few cells the neo-
X and the neo-Y were present as univalents. It was shown
earlier that during anaphase I the neo-Xneo-Y bivalent
regularly segregates like autosomes, i.e. reductionally
with the neo-X to 1 pole and the neo-Y to the other pole
of the spindle, with only a few exceptions [Bressa et al.,
1999]. In accordance with the previous findings, the ma-
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jority of metaphase II complements in this study dis-
played either the neo-X chromosome with rDNA signals
in both chromatids (fig. 2f) or the neo-Y chromosome
without hybridization signals (not shown). Nevertheless,
we also observed a few metaphase II plates, in which a
neo-X chromatid labeled with the rDNA probe was asso-
ciated with a neo-Y chromatid forming a pseudobivalent
(fig. 2g). This configuration obviously resulted from
equational division of the neo-X and neo-Y univalents at
anaphaseI. Thus, the present results with the rDNA probe
as a marker of the neo-X chromosome confirmed previ-
ous findings [Bressa et al., 1999].

InrDNA-FISH preparations from testes of D. chaquen-
sis, we failed to find mitotic metaphases. Nevertheless,
hybridization signals in various meiotic cells suggested
that this species has a single cluster of rRNA genes locat-
ed at 1 terminal region of an autosomal pair (fig. 2h-k).
At the diffuse stage, the X chromosome remained con-
densed forming a conspicuous DAPI-bright chromatin
body without hybridization signals. We regularly ob-
served a dispersed cluster of weak hybridization signals
embedded in the decondensed mass of autosomal chro-
matin (fig. 2h). At diakinesis, strong hybridization sig-
nals were observed at both ends of 1 autosomal bivalent
(fig. 2i). At metaphase I, the autosomal bivalents were of-
ten arranged in a ring configuration, while the X-chro-
mosome univalent lay outside the group. One autosomal
bivalent showed strong hybridization signals at 1 termi-
nal region of each homologue (fig. 2j). In this species, as
it is characteristic for Heteroptera, autosomes divided
pre-reductionally, but the X chromosome segregated
chromatids at anaphase I. Accordingly, each metaphase
II complement showed 6 autosomes, grouped together in
an arrangement similar to that observed in metaphase I,
with a single chromatid of the X chromosome laying
apart. The probe hybridized to 1 end of both sister chro-
matids of 1 autosome (fig. 2k).

In mitotic metaphases of D. ruficollis, 2 homologous
chromosomes each showed a cluster of hybridization sig-
nals at 1 end (fig. 21). Accordingly, a single cluster of
strong signals was observed in an autosomal bivalent at
pachytene, while no signal was seen on the positively het-
eropycnotic X-chromatin body (fig. 2m). Also at the dif-
fuse stage, the X chromosome showed no hybridization
with the IDNA probe, and hybridization signals were dis-
persed in autosomal chromatin (fig. 2n). At diakinesis-
metaphase I, 1 autosomal bivalent showed hybridization
signals at both ends (fig. 20). At metaphase II, hybridiza-
tion signals were observed at terminal positions on each
sister chromatid of 1 autosome (fig. 2p).
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Fig. 2. Localization of rDNA in chromosomes of Dysdercus albo-
fasciatus (a-g), D. chaquensis (h-k), and D. ruficollis (I-p) by
FISH with 18S rDNA probes (red signals, arrowheads). Chromo-
somes were counterstained with DAPI (blue). a Spermatogonial
metaphase (2n = 10 + neo-Xneo-Y) showing 2 hybridization sig-
nals on the neo-X chromosome but none on the neo-Y chromo-
some. b Diffuse stage; note the 2 heterochromatic X-bodies of
different size with 2 clusters of hybridization signals on the larger
X-chromatin body. ¢ Early diplotene; note the neo-Xneo-Y biva-
lent with 2 heterochromatic X-bodies and 2 clusters of hybridiza-
tion signals, both associated with the larger X-chromatin body; 1
autosomal pair is present as univalents (I). d A detail of the neo-
Xneo-Y bivalent at diakinesis with 2 hybridization signals on each
sister chromatid of the neo-X. e Metaphase I showing 5 autosomal
bivalents and the neo-Xneo-Y sex bivalent, with strong signals of
rDNA probe on each sister chromatid of the neo-X but not in the
neo-Y chromosome. f, g Metaphases Il with the neo-X (f) and with
the neo-Xneo-Y pseudobivalent (pII) (g); note the hybridization
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neo-Xneo-Y
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signals in pII only on the neo-X chromatid. h Diffuse stage with
heterochromatic X-chromatin body, showing hybridization sig-
nals dispersed in autosomal chromatin. i The autosomal NOR
bivalent at metaphase I with hybridization signals at both ends.
j Metaphase I (n = 6 + X); note the hybridization signals on both
homologues of the autosomal NOR bivalent. k Metaphase II; note
the hybridization signals on both sister chromatids of the NOR-
autosome. | Two spermatogonial metaphases (white line sepa-
rates probable chromosome sets, each with 2n = 12 + X0) and
each showing 2 autosomes with terminal hybridization signals.
m Pachytene showing a heterochromatic X-chromatin body and
a cluster of strong hybridization signals at the terminal segment
of an autosomal bivalent. n Diffuse stage with a conspicuous X-
chromatin body and a cluster of dispersed hybridization signals
in autosomal chromatin. o Incomplete metaphase I complement;
note the NOR-autosome bivalent with hybridization signals at
both ends. p Metaphase II (n = 6 + X); note the hybridization sig-
nals on each chromatid of the NOR autosome. Bar = 10 pm.
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Fig. 3. C-banding followed by staining with DAPI (a, b), DAPI
banding (c), and CMA; banding (d) in meiotic chromosomes of
Dysdercus albofasciatus males. a Diffuse stage; note the complete-
ly C-positive smaller X-chromatin body (arrow) and 2 C-positive
spots (arrowheads) on the larger X-chromatin body. b Early diplo-
tene; note the neo-Xneo-Y bivalent with 2 heterochromatic X-bod-
ies, the smaller one completely C-positive (arrow) and the larger
one with 2 C-positive spots (arrowheads). ¢, d The same diakinesis
without any DAPI-bright bands (c) and with 2 CM A;-bright bands
on the larger X-chromatin body (arrowheads) (d). Bar = 10 pm.

Comparison of C-Banding and Fluorescent Banding

Patterns

In meiotic prophase I nuclei of D. albofasciatus, the
smaller chromatin body was completely C-positive and
the larger body showed 2 C-positive spots (fig. 3a, b).
Whereas no positive C-bands were observed in D.
chaquensis and D. ruficollis, suggesting that the X chro-
mosomes of both species are devoid of constitutive het-
erochromatin (not shown).

Meiotic chromosomes of D. albofasciatus showed uni-
form staining with DAPI and CMA; fluorochromes, ex-
cept for the sex chromosome bivalent in prophase I. From
early prophase I stages until diplotene the smaller chro-
matin body was brighter after DAPI banding in compar-
ison with the larger chromatin body and autosomes (not
shown). However, the differential staining with DAPI
was not seen in the diakinesis/metaphase I neo-Xneo-Y
bivalents (fig. 3c). After CMA; banding, a pair of CMA;-
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bright bands was observed in the larger chromatin body
of the neo-Xneo-Y bivalent during the whole prophase I
stage (fig. 3d). At early meiotic prophase of both D.
chaquensis and D. ruficollis, the X chromosome was
clearly distinguished from the autosomes as a DAPI-
bright body. From diakinesis onwards all chromosomes
were stained homogenously without any DAPI- or
CMA;-bright bands (not shown).

Molecular Differentiation of Sex Chromosomes in

Dysdercus albofasciatus

In a preliminary GISH experiment, we hybridized la-
beled male genomic probe of D. albofasciatus with an ex-
cess of unlabeled female genomic DNA of the same spe-
cies to chromosome preparations of D. albofasciatus
males. The male probe highlighted both X-chromatin
bodies (particularly the larger X-chromatin body), i.e.
heterochromatic parts of the neo-X chromosome, but
failed to differentiate the neo-Y chromosome (not shown).
Similar results were obtained in a reciprocal hybridiza-
tion experiment using labeled female genomic probe and
unlabeled male genomic probe (not shown).

In GISH experiments between the Dysdercus species,
both the female genomic probe from D. chaquensis
(fig. 4a—c) and the male genomic probe from D. ruficollis
(fig. 5a—c) provided similar hybridization patterns on
meiotic chromosomes of D. albofasciatus males. In dip-
lotene complements, the genomic probes displayed strong
binding to the larger chromatin body of the neo-X chro-
mosome (cf. figs. 4b and 5b with 4c and 5c, respectively)
irrespective of the female or male origin of the probes. No
other parts of the neo-Xneo-Y bivalent or of autosomal
bivalents were highlighted with the probes. The strong
binding of the probes only to the larger X-chromatin
body suggests that this part of the D. albofasciatus neo-X
chromosome is composed of highly repetitive DNA,
which is also present in the genomes of D. chaquensis and
D. ruficollis.

Zoo-FISH with the X-Chromosome Painting Probe

In a preliminary experiment, the X-chromosome
probe derived from microdissected X chromosomes of D.
ruficollis stained the single X-chromatin body in early
prophase I nuclei and the entire X chromosome in later
meiotic stages on male preparations of D. ruficollis, con-
tirming thus its specificity (not shown). For comparative
chromosome painting (Zoo-FISH), we cross-hybridized
the D. ruficollis X-chromosome probe onto meiotic chro-
mosomes of D. albofasciatus males. Similar to genomic
probes after the GISH experiments between species, the
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Figs. 4-7. GISH (4a-c and 5a-c) and Zoo-
FISH (6a-c and 7a-c) in male meiotic
chromosomes of Dysdercus albofasciatus.
Chromosomes were counterstained with
DAPI (blue), female-derived genomic
probe of D. chaquensis was labeled with
Cy3 (red) and male-derived genomic probe
of D. ruficollis with Alexa Fluor 488
(green), and the biotinylated D. ruficollis
X-chromosome painting probe was de-
tected by Cy3-conjugated streptavidin
(red). Figures labeled a show DAPI im-
ages, figures labeled b show hybridiza-
tion signals of the probes, and figures la-
beled ¢ show merged images. 4a-c Diplo-
tene showing the neo-Xneo-Y bivalent
with strong binding of the D. chaquensis
female genomic probe to the larger X-
chromatin body. 5a-c Diplotene showing
the neo-Xneo-Y bivalent with strong bind-
ing of the D. ruficollis male genomic probe
to the larger X-chromatin body. 6a-c Dip-
lotene showing the neo-Xneo-Y bivalent
with strong binding of the X-chromosome
painting probe to the larger X-chromatin
body. 7a-c Metaphase II showing strong
binding of the X-chromosome painting
probe to each chromatid of the neo-X. Ar-
rowheads indicate hybridization signals.
Bar = 10 pm.

X-painting probe displayed strong hybridization signals
on the larger chromatin body of the neo-X chromosome
but not on the smaller X-chromatin body or other parts
of the bivalent, as clearly observed in diplotene nuclei
(fig. 6a—c). At metaphase II, the X-painting probe identi-
fied the neo-X chromosome by strong binding to both
sister chromatids but stained only less than a half of their
chromatin mass (fig. 7b, c). The results suggest that the
neo-X chromosome segment of D. albofasciatus, respon-
sible for the formation of the larger X-chromatin body,
retained extensive DNA sequence similarity to the X
chromosome of D. ruficollis.

Karyotype and Sex Chromosome
Evolution in Dysdercus

neo-Xneo-Y

neo-Xneo-Y
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Meiotic Pairing of the neo-Xneo-Y in Dysdercus

albofasciatus

We used immunolocalization of SMC3 in spermato-
cytes at prophase I and found that the neo-X and neo-Y
chromosomes form axial elements similarly to autosomes
(fig. 8a, b). During early pachytene, autosomal bivalents
were synapsed or formed almost complete synaptonemal
complexes (SCs), whereas both the neo-X and neo-Y sex
chromosomes showed delayed pairing with their axial
elements close to each other but not synapsed (fig. 8a).
Later in pachytene, when the autosomal bivalents were
fully synapsed, the neo-X and neo-Y chromosomes axes
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Fig. 8. Immunostaining of meiotic axes in pachytene spermato-
cytes of Dysdercus albofasciatus. a Early pachytene immuno-
stained with antibody against SMC3 (green) showing 5 synapsed
autosomal bivalents except an interstitial segment of the largest
autosomal bivalent (see a loop indicated by arrow), and 2 partial-
ly aligned axes corresponding to the unpaired sex chromosomes.

showed partial synapsis at their terminal segments. A
large interstitial region of the neo-Xneo-Y bivalent re-
mained unpaired indicating the absence of homology. We
did not observe any nuclei with completely synapsed neo-
X and neo-Y. In the asynaptic region, the axial elements
appeared thinner and sometimes discontinuous, forming
a large loop (fig. 8b). In addition, 1 or 2 faintly stained
clouds were seen associated with the neo-X axial element.
According to our experience with SC immunostaining,
these clouds probably represent nucleoli that often ap-
peared unspecifically labeled on preparations made by the
spreading procedure (fig. 8a, b). In this type of spread,
DAPI images were not useful for localizing the position of
the X-chromatin bodies, because the use of detergent
turned the chromatin homogenous and did not allow the
identification of condensed segments in chromosomes.

Discussion

Structural differences between X and Y or W and Z
range from obvious at first sight (heteromorphic sex
chromosomes) to microscopically undetectable (homo-
morphic sex chromosomes). However, even homomor-
phic sex chromosomes are not molecularly identical.
Spreading of simple sequence repeats in the Y or W chro-
mosomes, invasion of transposable elements, late-repli-
cating segments, and blocks of heterochromatin are ap-

300 Cytogenet Genome Res 2009;125:292-305

The longer axis represents the neo-X and the shorter one the
neo-Y. b Pachytene complement showing 5 fully formed auto-
somal SCs including the largest autosomal bivalent (arrow) and
a neo-Xneo-Y bivalent with synapsed terminal segments (arrow-
heads) but asynapsed axes in a large middle region. N, nucleoli.
Bar = 10 pm.

parent forms of differentiation at the molecular level
[Schempp and Schmid, 1981; Haaf and Schmid, 1984;
Jones and Singh, 1985; Iturra and Veloso, 1989; Nanda et
al., 1992; Steinemann and Steinemann, 1992; Traut, 1994].
The molecular differentiation is possible provided that
a non-recombining region in the sex chromosomes
has been established. Once crossing-over has been sup-
pressed, it becomes inevitable that the X and Y (or Z and
W) chromosomes evolve separately in the non-recom-
bining segment.

In heteropteran males, the sex chromosomes in XY,
systems (with n varying from 1 to 6) are asynaptic and
achiasmatic, behave as univalents, and divide equation-
ally during the first meiotic division [Papeschi and Bres-
sa, 2006]. This means that the basic requirement for the
molecular differentiation of X and Y chromosomes, i.e.
the absence of recombination in the heterogametic sex, is
fulfilled. However, the neo-Xneo-Y sex chromosomes,
which originated by rearrangements with autosomes,
such as in Lethocerus sp., L. indicus, Hebrus pulsillus, and
Dysdercus albofasciatus, begin as a chiasmatic pair that
forms a sex-chromosome bivalent and segregates reduc-
tionally at anaphase I [Chickering, 1927; Chickering and
Bacorn, 1933; Bressa et al., 1999; Nokkala and Nokkala,
1999]. These neo-Xneo-Y systems thus represent unique
models for the study of early stages of sex chromosome
differentiation.
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Structure of Neo-Sex Chromosomes in Dysdercus

albofasciatus

In the present work, we examined the structure of the
neo-X and neo-Y chromosomes of D. albofasciatus (2n =
10 + neo-Xneo-Y) in comparison with the ancestral X0
sex-chromosome system in D. chaquensis (2n = 12 + XO0)
and D. ruficollis 2n = 12 + XO0). Previous cytogenetic
studies indicated association of the nucleolar material
with the larger X-chromatin body in meiotic prophase of
D. albofasciatus and with the X chromosome in D.
chaquensis, while it appeared associated with an autoso-
mal bivalent in D. ruficollis [Bressa et al., 1999, 2002,
2003]. In this study, rDNA-FISH revealed 2 rDNA clus-
ters on the neo-X chromosome of D. albofasciatus, locat-
ed in flanking regions of the neo-X chromosome segment
forming the larger X-chromatin body, while the only
rDNA cluster in D. chaquensis and D. ruficollis was lo-
cated in the terminal region of 1 autosomal pair. Thus,
the rDNA-FISH results in D. albofasciatus and D. ruficol-
lis corroborated the previous observations after conven-
tional staining. On the contrary, the results ruled out lo-
cation of the NOR on the X chromosome in D. chaquen-
sis. Most likely, the previously reported association of the
nucleolar material with the X-chromatin body during the
diffuse stage was a nonspecific association, which could
occur as a result of the nucleolus dissociation from the
NOR bivalent in late meiotic prophase I [Bressa et al.,
2003; Cattani and Papeschi, 2004].

In D. chaquensis and D. ruficollis, no C- or fluorescent
bands were observed, indicating the absence of constitu-
tive heterochromatin. This also holds for the single X-
chromatin body in meiotic prophase nuclei. Hence, the
X-chromatin body in these species is obviously composed
of facultative heterochromatin as typical for many other
heteropteran species with simple sex chromosome sys-
tems, XY and X0 [Panzera et al., 1995; Rebagliati et al.,
2003; Cattani et al., 2004; Bressa et al., 2005]. However,
our results of C-banding in D. albofasciatus suggest that
the smaller C-positive X-chromatin body is composed of
constitutive heterochromatin, whereas the larger X-chro-
matin body consists of facultative heterochromatin ex-
cept for 2 small C-positive regions. Furthermore, fluores-
cent banding revealed 2 CMAj;-positive bands on the
larger X-chromatin body, indicating the presence of CG-
rich sequences. Since CG-rich constitutive heretochro-
matin often occurs in the NOR regions [Papeschi et al.,
2003; Rebagliati et al., 2003; Cattani et al., 2004; Cattani
and Papeschi, 2004; Papeschi and Bressa, 2006; Criniti et
al., 2009], we suppose that these 2 bands could be associ-
ated with 2 rDNA clusters revealed by rDNA-FISH. On

Karyotype and Sex Chromosome
Evolution in Dysdercus

the other hand, the lack of heterochromatin in the neo-Y
chromosome provides further support for its recent au-
tosomal origin.

Meiotic Pairing of Neo-Sex Chromosomes in

Dysdercus albofasciatus

Immunolocalization of SMC3 in D. albofasciatus re-
vealed the regular formation of meiotic axes in the auto-
somes as well as in the neo-X and neo-Y chromosomes
during meiotic prophase I, along with a delayed pairing
of the neo-Xneo-Y bivalent in comparison with autoso-
mal bivalents. In the neo-Xneo-Y bivalent, only terminal
regions were fully synapsed, while the interstitial region
formed a large loop probably due to the lack of homology.
Similar asynaptic loops occur in early meiotic prophase
of organisms heterozygous for inversions [e.g. Moses et
al., 1982; reviewed in Marec, 1996]. In previous reports,
the synaptic behaviour of heteropteran sex chromosomes
during male meiosis was studied by electron microscopy
and silver staining of meiotic axes. The sex chromosomes
of several species with different sex chromosome systems
(X0, XY, X;X;0, and X;X,Y) failed to show the presence
of regular axial elements (AEs) during the first meiotic
prophase, either in spreads or in sections [Ruthmann and
Dahlberg, 1976; Solari, 1979; Suja et al., 2000; Pigozzi and
Solari, 2003; Toscani et al., 2008]. These results led to the
hypothesis that the lack of formation of AEs along the
heteropteran sex chromosomes is somehow related to
their equational division at anaphase I (post-reductional
behaviour) [Solari, 1979; Suja et al., 2000; Pigozzi and So-
lari, 2003; Toscani et al., 2008]. The lack of regular AEs
seems to be accompanied by the absence of continuous
cohesin axes in the heteropteran sex chromosomes. It re-
sults from a recent finding that the meiotic cohesion pro-
tein REC8 localizes along the autosomes in Triatoma spe-
cies (Reduviidae), but it is absent in the sex chromosomes
[Pigozzi and Solari, 2003]. Moreover, the cohesin compo-
nent SMC3 forms regular AEs along the autosomal biva-
lents in Graphosoma italicum (Pentatomidae) and Holhy-
menia rubiginosa (Coreidae), but it is present only as dots
or threads in their respective sex chromosomes [Toscani
et al., 2008]. Thus, it seems likely that the condensation
and cohesion of the sex chromosomes of heteropterans
showing post-reductional behaviour is set by rules differ-
ent from that of autosomes, both in simple and multiple
systems [Suja et al., 2000; Pigozzi and Solari, 2003]. By
contrast, we showed here that the labelling with the co-
hesin component SMC3 is comparatively much more reg-
ularin D. albofasciatus sex chromosomes, since their AEs
have an autosome-like appearance and even synapse at
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Fig.9. A hypothetical scheme of karyotype evolution in American
species of the genus Dysdercus. See text for details.

terminal regions, where chiasmata occur in diakinesis
[Bressa et al., 1999]. The presence of continuous AEs
along the neo-X and neo-Y together with the pre-reduc-
tional behaviour of the neo-Xneo-Y bivalent in D. albo-
fasciatus lead us to suggest that the autosomal chromatin
organization and autosomal SMC3 pattern in the autoso-
mal segments of the neo-X extended to the segments of
X-chromosome origin, i.e. to both X-chromatin bodies.
Thus, the condensation and cohesion mechanisms of the
autosomal chromosomes are preserved in this neo-sex
chromosome system.

Sex Chromosome Evolution in Dysdercus

Published data on karyotype evolution in American
species of the genus Dysdercus [Piza, 1947a, 1947b; Mola
and Papeschi, 1997; Bressa et al., 2003] along with the
present results of rDNA-FISH support the hypothesis
that the ancestral male karyotype had 2n = 15 chromo-
somes with 7 pairs of autosomes including a single pair
of NOR-autosomes and the X-chromosome univalent as
found, for example, in D. honestus (fig. 9) [Piza, 1951;
Ray-Chaudhuri and Manna, 1952; Ruthmann and Dahl-
berg, 1976]. An autosomal fusion between 2 non-homolo-
gous autosomes led to a reduction in the diploid number
to 2n = 13, while keeping both the ancestral NOR-auto-
some pair and the X univalent, a situation represented by
D. chaquensis, D. imitator, and D. ruficollis [Bressa et al.,
2002; this study]. In the next step, an insertion of the
whole X chromosome into the NOR-autosome resulted in
the neo-sex-chromosome system found in D. albofascia-
tus (for details, see later) and brought about the further
reduction in the diploid chromosome number to 2n = 12.

302 Cytogenet Genome Res 2009;125:292-305

On the other hand, a fragmentation of the single X chro-
mosome in the ancestral karyotype resulted in multiple
X chromosomes, X; and X,, and led to a karyotype with
2n = 16 chromosomes as represented by D. peruvianus
[Bressa et al., 2003].

In D. albofasciatus, results of GISH and Zoo-FISH
suggested a significant sequence homology of the part of
the neo-X chromosome forming the large X-chromatin
body in meiotic prophase I, with the X chromosome of
D. chaquensis and D. ruficollis. On the basis of this find-
ing and the above discussed results of rDNA-FISH, and
taking into consideration the scheme elaborated by Bres-
sa et al. [1999] we propose the following scenario of the
evolution of the neo-Xneo-Y sex-chromosome system in
D. albofasciatus (fig. 10a—d). In the ancestor of D. albofas-
ciatus, the original X chromosome (fig. 10a) was inserted
into the NOR-autosome next to the rDNA cluster. This
NOR-autosome thus became a neo-X chromosome and
the homologous NOR-autosome became a neo-Y chro-
mosome (fig. 10b). In the second step, a large inversion
involving most of the autosomal part of neo-X and a small
segment of the ancestral X (segment 1 in fig. 10c) oc-
curred. The splitting of the original X into 2 segments of
different sizes, (segment 1 and segments 2 + 3 in fig. 10c)
is supported by the occurrence of 2 X-chromatin bodies
in the male meiotic prophase I, 1 smaller and 1 larger (see
tigs. 2c, 4a and 5a). As a result of the inversion, crossing-
over was restricted to the homologous terminal regions
of the neo-Xneo-Y sex bivalent, which are of different siz-
es (cf. segments AB/ab and F/f in fig. 10c). This is consis-
tent with the occurrence of 1 or less frequently 2 terminal
chiasmata in the neo-Xneo-Y bivalent. The absence of re-
combination in the large central part of the neo-sex chro-
mosomes is further corroborated by synaptic behaviour
of the neo-Xneo-Y. Hence, we suggest that the SC-free
interstitial region of the neo-Xneo-Y bivalent corresponds
to the inversion plus 2 segments of the original X chro-
mosome.

In the last step of evolution of the neo-Xneo-Y of D.
albofasciatus, the NOR located on the neo-Y chromo-
some (originally NOR-autosome in the ancestral karyo-
type) transposed into the neo-X, next to the boundary
between the larger X-chromatin body and the autoso-
mal segment (fig. 10d). The lack of data does not allow
us to speculate about a mechanism for this transposi-
tion. Nevertheless, the potential of NORs to change
their position is well known [Schubert and Wobus,
1985], and a number of reports support the hypothesis
of interchromosomal mobility of NOR regions [e.g.
Arnheim et al., 1980; Roy et al., 2005). However, it is not
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yet clear whether transposition mediated by mobile ele-
ments, or chromosomal rearrangements promoted by
ectopic recombination (i.e. homologous recombination
between repetitive sequences dispersed throughout ge-
nome) are responsible for this mobility [Schubert,
2007].

Repetitive sequences are thought to play a significant
role in the evolution of Y or W sex chromosomes
[Charlesworth etal., 2005; Steinemann and Steinemann,
2005; Kejnovsky et al., 2009]. Specially, early sex chro-
mosome differentiation appears to be initiated by the
accumulation of simple repeated sequences adjacent to
coding regions for sex determination [Nanda et al.,
1992; Volffetal.,2007; Bergero and Charlesworth, 2009].
However, GISH experiments performed in this study
failed to identify the neo-Y chromosome of D. albofas-
ciatus. As found in several lepidopteran species, GISH
detects mainly evolutionary ‘old” parts of the W chro-
mosome that are composed of heterochromatin and
consist largely of repetitive sequences [Yoshido et al.,
2005]. Therefore, our GISH results suggest that the non-
recombining (asynaptic) part of the neo-Y has not yet
accumulated a sufficient amount of repetitive sequences
to be differentiated from the corresponding part of the
neo-X chromosome. Instead of differentiating the neo-Y
chromosome, genomic probes from D. chaquensis and
D. ruficollis identified the larger X-chromatin body (seg-
ments 2 and 3 in fig. 10¢) of the neo-X chromosome. The
larger X-chromatin body was also identified by Zoo-
FISH with the X-chromosome painting probe derived
from D. ruficollis. Taken together these results suggest
that (i) the larger X-chromatin body is composed of
highly repetitive sequences and (ii) these sequences are
well conserved between the 2 species. On the other
hand, the smaller X-chromatin body (segment 1 in fig.
10c), which was not identified either by genomic probes
from D. chaquensis and D. ruficollis or by Zoo-FISH,
acquired a different sequence composition after it was
separated from the larger body by inversion. Alterna-
tively, the smaller X-chromatin body could represent an
ancestral genetic material that had been lost in D.
chaquensis and D. ruficollis after the divergence of the 3
species. We also cannot exclude an option that the
smaller X-body represents a new D. albofasciatus-spe-
cific chromosome region. Nevertheless, the fact that the
inverted segment of the neo-X chromosome between
the 2 X-bodies and the corresponding part of the neo-Y
chromosome remain euchromatic in spite of the ab-
sence of recombination suggests an early stage of mo-
lecular differentiation.

Karyotype and Sex Chromosome
Evolution in Dysdercus

NOR-autosome pair X chromosome

A B C D E F 1 2 3
@ N
a b c d e f
& INSERTION
oy 2
A 8t ¢c b YWV F
b neo-x
dipy— neo-Y
a b c d e f
' INVERSION
neo-X
C neo-Y

' TRANSPOSITION

neo-X

neo-Y

Fig. 10. Schematic interpretation of chromosomal rearrange-
ments in the evolution of the neo-Xneo-Y sex-chromosome sys-
tem in Dysdercus albofasciatus males. a The ancestral NOR-auto-
some pair (green) with a subterminal rDNA cluster (red) and the
singleancestral X chromosome (blue) such asfoundin D. chaquen-
sis and D. ruficollis. b A neo-X chromosome arose by insertion of
the ancestral X chromosome into the NOR-autosome, close to the
rDNA cluster; the other NOR-autosome became a neo-Y chromo-
some. ¢ A large inversion in the neo-X chromosome, which in-
volved a small segment of the ancestral X chromosome; this re-
sulted in the lack of homology between the neo-Y chromosome
and a large part of the neo-X chromosome from the NOR to the
smaller segment of the ancestral X chromosome. d The rDNA
cluster of the neo-Y chromosome was transposed, possibly by un-
equal recombination, to the neo-X chromosome next to the larg-
er ancestral X-chromosome segment; this neo-Xneo-Y sex chro-
mosome constitution including 2 rDNA clusters in the neo-X
chromosome, each located at 1 end of the larger ancestral X chro-
mosome segment, is found in D. albofasciatus. Letters and num-
bers above chromosomes indicate chromosome segments; arrows
in b, chromosome breaks.
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