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Abstract

In order to provide a broad picture on the origin and evolution of holocentric X chromosomes in heteropteran
species, we prepared a sex chromosome painting probe by microdissection of the X; and X, chromosomes
from a kissing bug Mepraia spinolai (Hemiptera: Reduviidae: Triatominae). Fluorescence in situ hybridization
on four species of the Triatomini having different amounts of autosomal heterochromatin and sex chromosome
systems show that the Xs probe hybridizes on the euchromatin, located both on autosomes and X chromo-
somes. The heterochromatic Y chromosome and autosomal heterochromatic regions always appear free of
hybridization signals. The hybridization results of the Xs probe on Rhodnius prolixus (Rhodniini) is completely
different to that observed in Triatomini species. The hybridization signals are small and scattered on all euchro-
matin, without specific regions including the X chromosome. These results are in accordance with previous
data obtained by genomic in situ hybridization and fluorescent banding, suggesting a clear differentiation in the
repeat sequence composition of both sex chromosomes between Triatomini and Rhodniini tribes. These results
also support that each sex chromosome in Triatomini has evolved independently from different autosomal
pairs of a common ancestor, as described in other insect orders.
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Chromosomal painting analysis using whole chromosome-specific
probes has contributed to the knowledge on the origin and evolution
of sex chromosomes in a great diversity of organisms such as mam-
mals (Cortez et al. 2014), fish (Cioffi et al. 2011a,b), reptilia
(Matsubara et al. 2014), platyhelminthes (Hirai et al. 2012), and
plants (Kejnovsky and Vyskot 2010). However, the application of
chromosome painting for comparative chromosome studies in insects,
excepting Diptera, is very limited due to the difficulties in obtaining
probes. In fact, just a few studies with chromosome painting probes
have already been conducted in this animal group, including studies
focused on both autosomes and sex chromosomes (Traut et al. 1999;
Rutten et al. 2004; Bressa et al. 2009; Teruel et al. 2009a,b; Martins
et al. 2013; Yoshido et al. 2013; Menezes-de-Carvalho et al. 2015).
Insects of the Heteroptera order (true bugs) represent an attrac-
tive group to study sex chromosome evolution due to holocentric
nature of their chromosomes and their particular segregation during
cell divisions. Holocentric chromosomes, also called chromosomes
with diffuse or nonlocalized centromeres, are characterized by lack

of a primary constriction (Hughes-Schrader and Schrader, 1961). In
Triatominae subfamily, three male sex systems are recorded: XY,
X X,Y, and X X,Xg;Y, the first one considered to be ancestral
(Ueshima 1966). Sex chromosomes are very well differentiated from
autosomes by their behavior during meiotic divisions. As a rule,
heteropteran sex chromosomes are considered asynaptic, achias-
matic, and behave as univalents during the first meiotic division
(Solari 1979). From first meiotic prophase until diakinesis, the sex
chromosomes are grouped together forming a positive heteropyc-
notic body. At first metaphase, the sex chromosomes appear clearly
separated but lying side by side, without any visible physical connec-
tion between them. During anaphase I, the two sister chromatids of
each sex chromosome segregate to opposite poles resulting in their
equal division. In metaphase Il, the sex chromosomes appear associ-
ated end-to-end to form a pseudobivalent (pseudotri or tetravalent
according to the sex system), which is located in the center of the
ring formed by the autosomes. In anaphase I, these chromatids seg-
regate to opposite poles resulting in two gametes with different sex
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chromosomes. So, in this group, sex chromosomes exhibit an equa-
tional division in first meiotic division and reductional division in
meiosis Il. This reversion in the order of segregation of sex chromo-
somes is called postreductional segregation or inverted meiosis
(Hughes-Schrader and Schrader 1961; Ueshima 1979). The meiotic
association between sex chromosomes does not involve recombina-
tion or association by homologous regions.

In different insect groups such as Diptera, Lepidoptera, and
Orthoptera distinct types of DNAs have been identified on sex chro-
mosomes, such as different repetitive DNA sequences and transpos-
able elements (Kaiser and Bachtrog 2010). However, in Heteroptera,
knowledge about the molecular composition and evolution of sex
chromosomes is very limited. Recently, the sequencing of the R. pro-
lixus genome has allowed the identification of nine Y-linked genes
(Mesquita et al. 2015). Of the nearly 90 Triatominae species cytoge-
netically studied so far, the Y chromosome is entirely C-heterochro-
matic (Panzera et al. 2010). However, at the molecular level, the Y
chromosome shows striking differences between the two main tribes
of the subfamily, Triatomini and Rhodniini, which comprise almost
90% of the 150 recognized species (Galvao and Paula 2014). In
Triatomini, the Y chromosome is mainly composed of Ap T rich re-
peated DNA sequences (Bardella et al. 2014, 2016). Genomic in situ
hybridization (GISH) studies reveal that these repetitive sequences are
highly conserved and probably represent an ancestral character of this
tribe (Pita et al. 2014). In Rhodniini, the heterochromatic Y chromo-
some is constituted by other types of DNA sequences that are not re-
vealed by GISH or fluorescence analyses (Pita et al. 2014, Bardella
et al. 2016; respectively).

Unlike the Y chromosome, the X chromosomes of Triatominae
presented an extensive variability with C and fluorescence bandings.
In most species, they are euchromatic, but in others, the X chromo-
somes revealed heterochromatic regions (Panzera et al. 2010).
Several of these heterochromatic regions are CMA positive (Gp C
rich) and are associated with ribosomal clusters (Bardella et al.
2016). Currently, there are no data on sequence composition of the
X chromosomes in this group, nor in the Heteroptera order.

In order to provide a preliminary study on the origin and evolu-
tion of X chromosomes, chromosome painting analyses were per-
formed in several triatomine species. We obtained a sex
chromosome painting probe by microdissection of the X; and X,
chromosomes from Mepraia spinolai meiotic nuclei, followed by po-
lymerase chain reaction (PCR) amplification and labeling. We have

tested the probe by fluorescence in situ hybridization (FISH) on mei-
otic preparations of the same species. For comparative chromosome
studies, we applied this probe on male preparations of other triato-
mine species with different sex mechanisms and amounts of
C-heterochromatin (Panzera et al. 1995, 2010, 2014; Calleros et al.
2010).

Materials and Methods

Biological Material

Table 1 summarizes the geographic origin and cytogenetic data of
the material here analyzed. Microdissection was performed on two
individuals of M. spinolai (Chile, Til Til). Hybridizations were per-
formed on at least two individuals of each species, whose geographi-
cal origin is specified in Table 1.

Chromosome Preparations, C-Banding, and
Microdissection of X Sex Chromosomes

Cytological preparations (squashes) from microdissection, hybridiza-
tions, and C-banding were obtaining from testes removed from alive
adult insects and fixed in an ethanol—glacial acetic acid mixture (3:1)
and finally stored at —20°C. Microdissection of sex chromosomes
was performed from M. spinolai individuals (2n %20 autosomes plus
X X,Y sex chromosomes) without pooling chromosomes. C-banding
was performed as described by Panzera et al. (1995).

Microdissection was performed wusing an inverted microscope
(Zeiss Axiovert 200, Gottingen, Germany) with a sterile glass needle
attached to a micromanipulator (Eppendorf Transfer Man NK2,
Hamburg, Germany). Forty chromatids of each X chromosome
(total %280 chromatids) obtained from metaphase | or Il cells were
microdissected. Before degenerate oligonucleotide-primed PCR (DOP-
PCR) amplification, the microdissected chromosomes were pretreated
by using a precycling incubation of 15 cycles at 30°C/1 min and 50°C/
1 min. For the DOP-PCR amplification, 30 ml of a PCR reagent mix
was added to give a final concentration of 200 mM dNTPs, 2.5 mM
MgCl,, 100 pg/ml BSA, 2 U Biotaqg DNA polymerase, and 1 mM DOP
primer (50-CCG ACT GCA GNN NNN NAT GTG G).

Degenerate oligonucleotide-primed PCR was carried out with an
initial denaturation at 94°C for 5min, followed by eight cycles at
94°C/1 min, 45°C/1 min, and 72°C/3min, and finally 28 cycles
at 94°C/1 min, 56°C/1 min, and 72°C/3 min, with a final extension

Table 1. Geographic origin and chromosomal traits of the species here analyzed.

Species Male diploid

number (2n)

Autosomal C-banding

Y chromos. X chromos. Geographic origin

Mepraia spinolai 20A b X1XzY 10 1l with blocks in 2 ends
Triatoma infestans 20A p XY 3-4 11 with blocks in 1 or

Non-Andean Group 2 ends; 6-7 Il euchromatic
T. infestans Andean Group 20A p XY 8-10 Il with blocks in 1 or

2 ends; 0-2 Il euchromatic

T. delpontei 20A b XY 10 11 with block in only 1 end
T. dimidiata 20A b X1X2Y 10 1l with dots in 2 ends
Rhodnius prolixus 20A b XY No, all Il euchromatic

Cp, DAPIp, CMA- X; & X, with dots
in both ends
(Cph & CMAp)
Euchromatic with
DAPI dot in 1 end

Cp dot & DAPIp

Chile, Metropolitan
Region, Til Til, S.
Cp, DAPIp, CMA- Argentina, Chaco,
Tres Estacas, P.

Cb, DAPIp, CMA- Bolivia, Potosl,

in both ends Palquiza, S.
Cb, DAPIp, CMA- Cp dot & DAPIp Bolivia, Santa Cruz,
Tita, S.
Cp, DAPIp, CMA- Euchromatic Guatemala, Jutiapa,
Carrizal, D.

Cp, DAPI-, CMA-  Euchromatic Guatemala, Quezaltenango,

D. Insectary CDC (USA)

Chromosome data from Calleros et al. (2010), Panzera et al. (1995, 2010, 2014), and Bardella et al. (2016).
A, autosomes; I, bivalents; P, peridomiciliary; D, domiciliary; S, sylvatic; DAPI, 4’ ,6-diamino-2-fenilindol; CMA, chromomycin As.
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at 72°C for 7 min. A second labeling DOP-PCR amplification was
made with 5 ml of the first PCR product as template in a reaction
mixture (30 ml volume) containing of 200 mM dNTPs, 2.5 mM
MgCl,, 4 mM DOP primer, 2 U Tag DNA polymerase (Roche), and
20 mM Biotin-16-dUTP (Roche). The amplification was carried out
with an initial denaturation at 95°C for 5 min, followed by five cy-
cles at 94°C/30 s, 30°C/30 s, and 72°C/1.5 min, and finally 35 cycles
at 94°C/30 s, 62°C/30 s, and 72°C/1.5 min, with a final extension at
72°C for 7 min.

Squashed preparations for FISH were dehydrated in an increas-
ing series of ice-cold ethanol and then air-dried. Chromosomes were
denaturized in 70% deionized formamide and 2xSSC at 70°C for
3.5 min, then incubated in 2xSSC at room temperature for 1 min
and dehydrated in an ethanol series. Approximately 200 ng of probe
(chromosome paint) was coprecipitated with 5 mg of denatured sal-
mon sperm DNA and was finally dissolved in 10 ml of hybridization
solution containing 50% deionized formamide, 10% dextran sul-
fate, and 2xSSC. After denaturation (6 min at 73°C), the probe was
dropped onto each slide and spread over the hybridization area with
a 22- by 22-mm glass cover slip. Hybridization was conducted at
37 °C overnight in a moist chamber. Fluorescence immunological
detection was performed using the avidin-Fluorescein/anti-avidin-
biotin system with two amplification rounds. The slides were coun-
terstained with DAPI and mounted in an antifade solution
(Vectashield from Vector laboratories). Finally, images were cap-
tured using a fluorescence microscope (Olympus BX51) equipped
with a CCD camera (Olympus DP70). Hybridization pattern for
each species was determined by the chromosomal analyses of at least
two individuals.

Results

Control Hybridization of the Xs Probe
(Self-Hybridization)

The sex chromosome-painting probe derived from microdissected
X, and X, chromosomes of M. spinolai was first hybridized on mei-
otic cells from male individuals of M. spinolai with the same geo-
graphical origin of the microdissected X chromosomes in order to
verify the probe specificity (Fig. la-b). The Xs probe displayed
strong hybridization signals on both X chromosomes; however, it
did not paint the Y chromosome evenly. Also most of the chromatin
in all autosomes (10 pairs) presents strong hybridization signals, ex-
cepting their terminal regions (arrowheads Fig. la-b). This hybridi-
zation pattern is exactly the opposite of that observed with
C-banding: the Y chromosome is entirely C-heterochromatic, while
the 10 autosomal pairs exhibit terminal C-blocks (Table 1, Fig. 1c).
In conclusion, in our control species the Xs probe hybridizes with
the euchromatin of both X chromosomes and on the euchromatic
regions of all 10 autosomal pairs, but not with the heterochromatic
regions of autosomes and Y chromosome.

Interspecific X Probe Hybridization

In the analyzed species from the genus Triatoma, the Xs probe hybrid-
ized with the euchromatic regions. The Xs probe on T. infestans (non-
Andean group) male chromosomes displays strong labeling on the X
chromosome and in the seven minor autosomal bivalents while the
heterochromatic Y chromosome is free of labeling (Fig. 1d). The three
largest autosomal bivalents show a nonuniform hybridization with re-
gions without hybridization signals (arrowheads Fig. 1d), which
correspond with the large C-heterochromatic regions presented in
these chromosomes (Table 1, Fig. 1e). The pattern of hybridization in

T. infestans (Andean group) is similar to that observed in the non-
Andean group, but the level of hybridization is less uniform and less
strong (Fig. 1f). As in the non-Andean group, the heterochromatic re-
gions of the autosomal bivalents lack hybridization signals, especially
visible in the largest bivalents (arrowheads Fig. 1f).

In T. delpontei the Y chromosome appears without hybridiza-
tion. Unlike the results in the other X chromosomes, in this species
this chromosome shows scattered signals (Fig. 1g), probably due to
possessing heterochromatic regions (Table 1). The 10 autosomal bi-
valents have strong signals located in the middle regions that corre-
spond to one of the chromosomal ends (arrowheads Fig. 1g). The
other chromosome ends are heterochromatic (Fig. 1h) and lack hy-
bridization signals (Fig. 19).

In T. dimidiata, the 10 autosomal bivalents and both X chromo-
somes (X; and X,) show strong hybridizations signals (Fig. 1i).
Only the heterochromatic Y chromosome does not display labeling.
Finally, in R. prolixus (Rhodniini), all autosomal bivalents as well as
the heterochromatic Y chromosome and the euchromatic X chromo-
some show scattered hybridization signals (Fig. 1j).

Discussion

Knowledge of the sequences that compose the X chromosomes in or-
ganisms with holocentric chromosomes is very limited. In partheno-
genetic aphids with X0/XX system, the X chromosome presents
levels of genetic diversity, allelic richness, and recombination rates
similar as autosomes (Jaquiéry et al. 2012). In species with hetero-
morphic sex chromosomes, several studies support the accumulation
of different sequences between both sex chromosomes. In lepidop-
teran species with a ZZ/ZW system, the overall sequence composi-
tion of Z chromosome (equivalent of X chromosome) is much like
that of autosomes than the W chromosome, showing extensive con-
served synteny in their gene content (Sahara et al. 2012). In
Heteroptera, only one report using an X probe has been published,
involving Dysdercus species (Pentatomomorpha) with X0 and neo-
X neo-Y sex systems (Bressa et al. 2009). These authors showed the
existence of conserved regions among X chromosomes that are not
present in the neo-Y chromosome.

The results obtained here provide new information about the ori-
gin of the sex chromosomes in triatomines. The DOP-PCR of micro-
dissected chromosomes preferentially amplifies anonymous repeat
DNA sequences (Houben et al. 2001). The hybridization of M. spi-
nolai X;-X, probe on the same species chromosomes (self-hybridiza-
tion) and other three Triatomini species shows the existence of
shared repeat DNA sequences between the X chromosomes and the
autosomes. Since hybridization signals are located in euchromatic
regions it is very likely that they recognize interspersed repeat
sequences, common between autosomes and X chromosomes.
This hybridization pattern is completely reverse to that observed
with C-banding that point that these sequences are not present in
the Y chromosome heterochromatin neither in the autosomal het-
erochromatic ends, which appear free of labeling (Fig. 1a-i). Our re-
sults are similar to the obtained in two grasshopper species Locusta
migratoria and Eyprepocnemis plorans (Teruel et al. 2009a, 2009b).
In both species, with localized centromere, chromosome painting us-
ing an X chromosome probe results in the presence of dot-like paint-
ing pattern over euchromatic autosomal regions. The authors
suggested that this hybridization pattern is due to the presence of
some repetitive elements interspersed in euchromatin that are shared
between the X chromosome and the autosomes.
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Fig. 1. Hybridization results using an Xs probe obtained by the microdissection of the X; and X, chromosomes of M. spinolai on male meiotic chromosomes
from different triatomine species. (a) Metaphase | (MI) and (b) Metaphase Il (MIl) of M. spinolai. Both X chromosomes and all autosomes (10 pairs) show strong
hybridization signals (in green), except on their terminal regions, which do not have labeling (arrowheads). The Y chromosome is completely unlabeled.
(c) C-banding in MIl of M. spinolai showing the heterochromatic Y chromosome and the presence of small and terminal heterochromatic regions in all auto-
somes. (d) Triatoma infestans (non-Andean group). MI. Hybridization signals involve almost completely the seven smaller bivalents and the X chromosome. The
three largest autosomal bivalents have regions lacking hybridization signals (arrowheads) while the Y chromosome is completely unlabeled. (e) C-banding in
T. infestans (non-Andean group). MI showing the heterochromatic nature of the Y chromosome and the euchromatic X chromosome. Only the three biggest biva-
lents show prominent heterochromatic regions, the remaining autosomes being entirely euchromatic. (f) T. infestans (Andean group). MI. The 10 bivalents and
the X chromosome present hybridization signals. The heterochromatic Y chromosome is free of labeling as well as the heterochromatic regions of the autosomes
(arrowheads). (g) T. delpontei. MI. Hybridization signals are located in the middle regions of 10 bivalents that correspond to one of the chromosomal ends (arrow-
heads). The X chromosome shows label in a small region while the Y chromosome does not show hybridization signals. (h) C-banding in T. delpontei. Ml shows
the presence of large heterochromatic blocks in the terminal regions of all autosomes as well the heterochromatic Y chromosome. (i) T. dimidiata. MIl. All auto-
somes and both X chromosomes appear almost entirely labeled while the Y chromosome is completely unlabeled. (j) Rhodnius prolixus. MI. Autosomes and sex
chromosomes show small and scattered hybridization signals. Scale bar %10 Im.

Previous GISH and fluorescent banding analyses (Pita et al.
2014, Bardella et al. 2016) and the results presented here support
that the X and Y chromosomes in Triatomini species presented sub-
stantial differences in their chromatin constitution. Bardella et al.
(2016) showed that C-heterochromatic Y chromosome is DAPIP,
preferentially formed by Ap T rich repeated sequences, being ex-
tremely conserved among all Triatomini species (Pita et al. 2014).
By contrast the X chromosome would consist of dispersed repeated
sequences located in euchromatin, and similar to those observed in
euchromatic autosomal regions (this paper; Fig. 1la, b, d, f).
Occasionally in some species, the X chromosomes may have hetero-
chromatic regions which may be similar to those observed in the au-
tosomes, as in T. delpontei (Fig. 19).

In several insects orders such as Coleoptera, Diptera, and
Lepidoptera, different authors suggest that each sex chromosome

(X and Y) have evolved independently from different pairs of auto-
somes from a common ancestor (Carvalho 2002, Kaiser and
Bachtrog 2010, Pease and Hahn 2012, Yoshido et al. 2013). For ex-
ample in Drosophila melanogaster,the Y chromosome does not
share any genes with the X chromosome, except for Ste-Su (Ste) and
rDNA gene clusters (Carvalho 2002). In Triatominae, the XY sex
chromosomes contain different types of repeat sequences, as re-
vealed by GISH studies (Pita et al. 2014), fluorescent banding
(Bardella et al. 2016), and this paper. All these results strongly sup-
port that heteromorphic XY sex chromosomes in Triatomini species
derived from different autosomes of a common ancestor, as has
been described in other insect groups.

The results of the Xs probe on R. prolixus (Rhodniini) are com-
pletely different to that observed in Triatomini species (Fig. 1j). The
hybridizations signals are small and scattered on all euchromatin,
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without specific regions including the X and Y chromosomes. The
Xs probe results joint with fluorescent banding data indicate that
the X and Y chromosomes in Triatomini and Rhodniini are very dif-
ferent in each tribe. In Rhodniini, the C-heterochromatic Y chromo-
some has not fluorescence signals and probably it is constituted by
other types of repeated sequences (Bardella et al. 2016). The results
obtained with chromosome painting show that a similar phenome-
non occurs with the X chromosomes. The M. spinolai Xs probe re-
sulted in a strong hybridization on the euchromatin of the four
Triatomini species here analyzed (Fig. la—f), suggesting that the X
chromosome sequences are widely conserved among them.
However, this Xs probe, obtained from a Triatomini species, does
not show hybridization on the R. prolixus X chromosome (Fig. 1j).

The high chromatin differentiation between X and Y chromo-
somes in Triatomini and Rhodniini could help to elucidate the con-
troversial evolutionary origin of the Triatominae subfamily.
Phylogenetic trees based on nuclear and mitochondrial sequences
support Triatominae as monophyletic (Hypéa et al. 2002, Justi et al.
2016), polyphyletic (Schofield and Galvao 2009), or paraphyletic
group (Hwang and Weirauch 2012). If Triatominae is monophy-
letic, the sex chromosomes could have diverged after separation be-
tween both tribes about 40 million years ago (Justi et al. 2016).
Conversely, if Triatominae is polyphyletic, they might have been de-
rived from different ancestors with dissimilar sex chromosomes. The
molecular characterization of specific sequences on sex chromo-
somes and their comparison with putative ancestors or sister species
could clarify the origin of the Triatominae subfamily.

Acknowledgments

This study was supported by project grants (No. 370) from the “Comisidn
Sectorial de Investigacion Cientlfica” (CSIC-Udelar-Uruguay), Programa de
Desarrollo de las Ciencias Basicas (PEDECIBA Uruguay), Agencia Nacional
de Investigacion e Innovacidon (ANII, Uruguay), and by the “Consejerla de
Innovacién, Ciencia y Empresa de la Junta de Andalucla,” sponsor of
Program of Academic Mobility of AUIP (lIbero-American University
Postgraduate Association) for S.P. and F.P. This work was also supported by
the Spanish Junta de Andalucla (through the program “Ayudas a Grupos de
Investigacidn,” Group B10220). This paper is included in the Ph.D. Thesis of
Sebastian Pita (Udelar-University of Jaén).

References Cited

Bardella, V.B., J. A. Rosa, and A.L.L. Vanzela. 2014. Origin and distribution
of AT-rich repetitive DNA families in Triatoma infestans (Heteroptera).
Infect. Genet. Evol. 23: 106-114.

Bardella, V. B., S. Pita, A.L.L. Vanzela, C. Galvao, and F. Panzera. 2016.
Heterochromatin base pair composition and diversification in holocentric
chromosomes of kissing bugs (Hemiptera, Reduviidae). Mem. Inst.
Oswaldo Cruz. (doi: 10.1590/0074-02760160044).

Bressa, M. J., A. G. Papeschi, M. Vltkovda, S. Kublckovd, I. Fukova, M. I.
Pigozzi, and F. Marec. 2009. Sex chromosome evolution in cotton stainers
of the genus Dysdercus (Heteroptera: Pyrrhocoridae). Cytogenet. Genome
Res. 125: 292-305.

Calleros, L., F. Panzera, M. D. Bargues, F. A. Monteiro, D. R. Klisiowicz,
M. A. Zuriaga, S. Mas-Coma, and R. Pérez. 2010. Systematics of Mepraia
(Hemiptera-Reduviidae): Cytogenetic and molecular variation. Infect.
Genet. Evol. 10: 221-228.

Carvalho, A. B. 2002. Origin and evolution of the Drosophila Y chromosome.
Curr. Opin. Genet. Dev. 12: 664—668.

Cioffi, M. B., A. S&nchez, J. A. Marchal, N. Kosyakova, T. Liehr, V. Trifonov,
and L.A.C. Bertollo. 2011a. Whole chromosome painting reveals indepen-
dent origin of sex chromosomes in closely related forms of a fish species.
Genetica 139: 1065-1072.

Cioffi, M. B., A. Sanchez, J. A. Marchal, N. Kosyakova, T. Liehr, V. Trifonov,
and L.A.C. Bertollo. 2011b. Cross-species chromosome painting tracks the
independent origin of multiple sex chromosomes in two cofamiliar
Erythrinidae fishes. BMC Evol. Biol. 11: 186.

Cortez, D., R. Marin, D. Toledo-Flores, L. Froidevaux, A. Liechti, P. D.
Waters, F. Grutzner, and H. Kaessmann. 2014. Origins and functional evo-
lution of Y chromosomes across mammals. Nature 508: 488-493.

Galvao, C., and A. S. Paula. 2014. Sistematica e evolugao dos vetores. pp.
26-32. In C. Galvao (ed.), Vetores da doenca de Chagas no Brasil (online).
Sociedade Brasileira de Zoologia. Chapter 3, Curitiba, Brazil. (doi:
10.7476/9788598203096).

Hirai, H., Y. Hirai, and P. T. LoVerde. 2012. Evolution of sex chromosomes
ZW of Schistosoma mansoni inferred from chromosome paint and BAC
mapping analyses. Parasitol. Int. 61: 684—689.

Houben, A., B. L. Field, and V. A. Saunders. 2001. Microdissection and chro-
mosome painting of plant B chromosomes. Meth. Cell. Sci. 23: 115-124.
Hughes-Schrader, S., and F. Schrader. 1961. The Kkinetochore of the

Hemiptera. Chromosoma 12: 327-350.

Hwang, W. S., and C. C. Weirauch. 2012. Evolutionary history of assassin
bugs (Insecta: Hemiptera: Reduviidae): insights from divergence dating and
ancestral state reconstruction. PLoS ONE 7: e45523.

Hyp@a, V., D. F. Tietz, J. Zrzavy, R.O.M. Rego, C. Galvao, and J. Jurberg.
2002.  Phylogeny and biogeography of Triatominae (Hemiptera:
Reduviidae): molecular evidence of a New World origin of the Asiatic clade.
Mol. Phylogen. Evol. 23: 447-457.

Jaquiéry, J., S. Stoeckel, C. Rispe, L. Mieuzet, F. Legeai, and J. C. Simon.
2012. Accelerated evolution of sex chromosomes in aphids, an X0 system.
Mol. Biol. Evol. 29: 837-847.

Justi, S. A., C. Galvao, and C. G. Schrago. 2016. Geological changes of the
Americas and their influence on the diversification of the Neotropical kissing
bugs (Hemiptera: Reduviidae: Triatominae). PLoS Negl. Trop. Dis. 10:
e0004527.

Kaiser, V. B., and D. Bachtrog. 2010. Evolution of sex chromosomes in
insects. Ann. Rev. Gen. 44: 91-112.

Kejnovsky, E., and B. Vyskot. 2010. Silene latifolia: The classical model to study
heteromorphic sex chromosomes. Cytogenet. Genome Res. 129: 250-262.

Martins, C.C.C., D. Diniz, P. E. Sobrinho-Scudeler, F. Foresti, L.A.O.
Campos, and M. A. Costa. 2013. Investigation of Partamona helleri
(Apidae, Meliponini) B chromosome origin. An approach by microdissec-
tion and whole chromosome painting. Apidologie 44: 75-81.

Matsubara, K., T. Gamble, Y. Matsuda, D. Zarkower, S. D. Sarre, A.
Georges, J. A. Marshall Graves, and T. Ezaz. 2014. Non-homologous sex
chromosomes in two geckos (Gekkonidae: Gekkota) with female hetero-
gamety. Cytogenet. Genome Res. 143: 251-258.

Menezes-de-Carvalho, N. Z., O. M. Palacios-Gimé nez, D. Milani, and D. C.
Cabral-de-Mello. 2015. High similarity of U2 snDNA sequence between A
and B chromosomes in the grasshopper Abracris flavolineata. Mol. Genet.
Genom. 290: 1787-1792.

Mesquita, R. D., R. J. Vionette-Amaral, C. Lowenberger, R. Rivera-Pomar,
F. A. Monteiro, P. Minx, J. Spieth, A. B. Carvalho, F. Panzera, D. Lawson,
et al. 2015. Genome of Rhodnius prolixus, an insect vector of Chagas dis-
ease, reveals unique adaptations to hematophagy and parasite infection.
Proc. Natl. Acad. Sci. USA. (PNAS) 112: 14936-14941. (doi: 10.1073/
pnas.1506226112).

Panzera, F., R. Pérez, Y. Panzera, F. Alvarez, E. Scvortzoff, and R. Salvatella.
1995. Karyotype evolution in holocentric chromosomes of three related
species of triatomines (Hemiptera-Reduviidae). Chromosome Res. 3:
143-150.

Panzera, F., R. Pérez, Y. Panzera, |. Ferrandis, M. J. Ferreiro, and L. Calleros.
2010. Cytogenetics and genome evolution in the subfamily Triatominae
(Hemiptera, Reduviidae). Cytogenet. Genome Res. 128: 77-87.

Panzera, F., M. J. Ferreiro, S. Pita, L. Calleros, R. Pérez, Y. Basmadjian,
Y. Guevara, S. F. Breniére, and Y. Panzera. 2014. Evolutionary and dis-
persal history of Triatoma infestans, main vector of Chagas disease, by
chromosomal markers. Infect. Genet. Evol. 27: 105-113.

Pease, J. B., and M. W. Hahn. 2012. Sex chromosomes evolved from indepen-
dent ancestral linkage groups in winged insects. Mol. Biol. Evol. 29:
1645-1653.



Journal of Medical Entomology, 2017, Vol. 54, No. 1

49

Pita, S., F. Panzera, A. S&nchez, Y. Panzera, T. Palomeque, and P. Lorite.
2014. Distribution and evolution of repeated sequences in genomes of
Triatominae (Hemiptera-Reduviidae) inferred from Genomic In Situ
Hybridization. PLoS ONE 9: e114298. (doi:10.1371/journal.pone.
0114298).

Rutten, K. B., C. Pietsch, K. Olek, M. Neusser, L. W. Beukeboom, and J.
Gadau. 2004. Chromosomal anchoring of linkage groups and identification
of wing size QTL using markers and FISH probes derived from microdis-
sected chromosomes in Nasonia (Pteromalidae: Hymenoptera). Cytogenet.
Genome Res. 105: 126-133.

Sahara, K., A. Yoshido, and W. Traut. 2012. Sex chromosome evolution in
moths and butterflies. Chromosome Res. 20: 83-94.

Schofield, C. J., and C. Galvao. 2009. Classification, evolution, and species
groups within the Triatominae. Acta Trop. 110: 88-100.

Solari, A.J. 1979. Autosomal synaptonemal complexes and sex chromosomes
without axes in Triatoma infestans (Reduviidae, Hemiptera). Chromosoma
72: 225-240.

Teruel, M., J. Cabrero, E. E. Montiel, M. J. Acosta, A. Sanchez, and J.P.M.
Camacho. 2009a. Microdissection and chromosome painting of X and B
chromosomes in Locusta migratoria. Chromosome Res. 1: 11-18.

Teruel, M., J. Cabrero, F. Perfectti, M. J. Acosta, A. Sanchez, and J.P.M.
Camacho. 2009b. Microdissection and chromosome painting of X and B
chromosomes in the grasshopper Eyprepocnemis plorans. Cytogenet.
Genome Res. 125: 286-291.

Traut, W., K. Sahara, T. D. Otto, and F. Marec. 1999. Molecular differentia-
tion of sex chromosomes probed by comparative genomic hybridization.
Chromosoma 108: 173-180.

Ueshima, N. 1966. Cytotaxonomy of the
Hemiptera). Chromosoma 18: 97-122.

Ueshima, N. 1979. Hemiptera Il: Heteroptera. In: B. John (ed.), Animal
Cytogenetics, vol. 3, Insecta 6, Gebrii der Borntraeger, Berlin-Stuttgart.

Yoshido, A, J. @ichova, S. Kublékov4, F. Marec, and K. Sahara. 2013. Rapid
turnover of the W chromosome in geographical populations of wild silk-
moths, Samia cynthia ssp. Chromosome Res. 21: 149-164.

Triatominae (Reduviidae:



