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Chromosomal evolution of rDNA and H3 histone
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Abstract

Background: Grasshoppers from the Romaleidae family are well distributed in the Neotropical Region and
represent a diversified and multicolored group in which the karyotype is conserved. Few studies have been
conducted to understand the evolutionary dynamics of multigene families. Here, we report the chromosomal
locations of the 18S and 5S rDNA and H3 histone multigene families in four grasshopper species from the
Romaleidae family, revealed by fluorescent in situ hybridization (FISH).

Results: The 5S rDNA gene was located in one or two chromosome pairs, depending on the species, and was
found in a basal distribution pattern. Its chromosomal location was highly conserved among these species. The 18S
rDNA was located in a single medium-sized chromosomal pair in all species analyzed. Its chromosomal location was
near the centromere in the proximal or pericentromeric regions. The location of the H3 histone gene was highly
conserved, with slight chromosomal location differences among some species. To our knowledge, this is the first
report of a megameric chromosome carrying both the chromosomal markers 18S rDNA and the H3 histone genes,
thereby expanding our understanding of such chromosomes.

Conclusions: The 5S and 18S rDNA genes and the H3 histone genes showed a conservative pattern in the
species that we analyzed. A basal distribution pattern for 5S rDNA was observed with a location on the fourth
chromosomal pair, and it was identified as the possible ancestral bearer. The 18S rDNA and H3 histone genes
were restricted to a single pair of chromosomes, representing an ancestral pattern. Our results reinforce the
known taxonomic relationships between Chromacris and Xestotrachelus, which are two close genera.
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Background
Repetitive DNA elements constitute a large portion of
eukaryotic genomes. These elements include tandemly
arrayed satellites, minisatellites and microsatellites, multi-
gene families, and dispersed repeats, such as transposons
and retrotransposons [1]. The multigene families (hemoglo-
bins, actins, histones, and ribosomal RNAs) are composed
of genes with the same functions, with a structure and
origin from a common ancestral gene, and it is assumed
that multigene family members have undergone concerted
evolution [2,3]. In higher eukaryotes, the ribosomal RNA
genes are tandemly arrayed and organized in multigene
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families. The major ribosomal DNA family is formed by
the association of one copy of 28S, 5,8S, and 18S rRNA,
and these genes are separated by internal transcribed
spacers (ITS1 and ITS2).
Another ribosomal RNA gene is 5S rRNA, with a

length of 160 bp. The repeats of this gene are separated
by non-transcribed spacers (NTS). Although the 45S
rRNA subunits are synthesized, processed, and partially
assembled to form the ribosome subunits in the nucleolus,
the 5S rRNA is synthesized elsewhere in the genome [1,4].
The histone genes can be organized in one cluster

formed by all four core histones (H2A, H2B, H3, and H4)
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or a quintet (H1, H2A, H2B, H3, and H4), and the repeats
are tandemly arrayed and spaced by non-transcribed
intergenic spacers (IGS) [3,5,6].
These two multigene families (rDNA genes and histone)

are excellent chromosomal markers for understanding
karyotype evolution and genome organization in many
groups, due to their clustered organization. rRNA genes
have already been mapped in many groups of inverte-
brates, such as worms, insects, mollusks, and echino-
derms, using fluorescent in situ hybridization [7-11],
and variations have been found among these different
organisms. The histone gene has been mapped in
amphibians, insects, mammals, and mollusks. In contrast
with rRNA genes, it is conservative in its chromosome
location and number of clusters [11-14].
The distributions of rDNA and histone genes have

been studied in some groups of grasshoppers, such as
the Acrididae, Ommexechidae, and Proscopiidae families
[10,15,16]. Different groups show large variation in the
location of ribosomal genes. In some species, the genes
are located in only one chromosome pair, and in others
they are located in almost all the complementary chro-
mosomes. In grasshoppers, the 45S and 5S rRNA genes
are most commonly located in different chromosomes,
but both genes can also occur in colocalized positions
[10,17]. The histone genes have also been mapped in
grasshoppers from the Acrididae and Proscopiidae
families. They show a conserved pattern of gene clusters
with respect to their numbers and chromosomal location.
There was an observed association among the 5S rRNA
and H3 histone genes [16,18].
The distribution of Romaleidae grasshoppers is predom-

inant in the Neotropical Region, despite the invasion of
the Nearctic Region by some genera. In northeast Brazil,
they occur from the Atlantic Forest to Caatinga. More
than 80 genera of grasshoppers have been taxonomically
described within the Romaleidae family [19]. That group
shows a predominance of conservative karyotypes and
the majority of species have a diploid number 2n = 23,
X0 in males and 2n = 24,XX in females, with acrocentric
chromosomes [20]. Fluorescent in situ hybridization
(FISH) data are scarce; a few species have been studied
in Romaleidae, but there are no data regarding 5S
rDNA and H3 histone genes in this group. The 45S
rDNA was mapped using FISH in four Romaleidae
species: Chromacris nuptialis, C. speciosa, Xestotrachelus
robustus, and Xyleus discoideus angulatus [21-23].
In this study, we performed a comparative cytogenetic

analysis of the chromosome location of three multigene
families (the 5S and 18S rDNA and H3 histone genes)
in four grasshopper species from the Romaleidae family
by conducting simple and double FISH in order to con-
tribute to our understanding of the evolutionary dynamics
of these sequences in Orthoptera.
Results
The diploid number in the four species studied is 2n = 23,
X0 in males and 2n = 24,XX in females. All the species
showed acrocentric chromosomes; in addition, Xestotra
chelus robustus showed two meta-submetacentric chromo-
some pairs. Brasilacris gigas showed four large chromo-
somes (L1–L4), five medium chromosomes (M5–M9), and
two small chromosomes (S10–S11), and the X chromo-
some was a large one. The karyotype of the two species
of Chromacris consists of two large chromosomes (L1–
L2), six medium chromosomes (M3–M8), and three
small chromosomes (S9–S11). The X chromosome was
medium sized. Xestotrachelus robustus contains three
large acrocentric chromosomes (L1–L3), five medium
acrocentric chromosomes (M4–M8), two small meta-
submetacentric chromosomes (S9–S10), and one small
acrocentric chromosome (S11). The X chromosome is
the fourth in decreasing size.
In B. gigas, the 5S rDNA site was present in the fourth

chromosome pair (Figure 1a), and the 18S rDNA and H3
histone genes were in the M9 chromosome (Figures 1b,
c, and d). In B. gigas, all genes are located in the proximal
region (Figure 2). In B. gigas, we found both 18S and H3
genes in the same chromosome and position. The results
of double FISH in B. gigas showed that the 18S rDNA
and H3 histone genes were contiguous in the proximal
region of the megameric M9 chromosome (Figure 1d).
In C. nuptialis, the 5S rDNA, 18S rDNA, and H3 histone
genes were present in the M7 (Figure 1e), M6 (Figure 1f),
and L2 (Figure 1g) chromosomes, respectively. The 5S
rDNA, 18S rDNA, and H3 histone genes were located
at the proximal, pericentromeric, and terminal regions
of chromosomes, respectively (Figure 2). In C. speciosa,
the 5S rDNA was located in the M4 and M7 (Figure 1h)
chromosomes, and the 18S rDNA and H3 histone genes
were located in the M6 (Figure 1i) and L2 (Figure 1j)
chromosomes, respectively. All genes in C. speciosa were
located at the proximal regions of chromosomes (Figure 2).
In X. robustus, the 5S rDNA was located in the M4 and
M7 (Figure 1k) chromosomes, and the 18S rDNA and H3
histone genes were located in the M5 (Figure 1l) and L2
(Figure 1m) chromosomes, respectively. The 5S rDNA,
18S rDNA, and H3 histone genes were located at the
proximal, pericentromeric, and terminal regions of chro-
mosomes in X. robustus, respectively (Figure 2).

Discussion
Two different distribution patterns for 5S rDNA sites were
revealed by FISH in the four species of grasshoppers. In
the first pattern, the site is restricted to a single pair of
chromosomes, and in the second pattern, two sites are
located in different chromosome pairs. We found six
sites in all, including three located in the fourth
chromosome and the three in the seventh chromosome,



Figure 1 Fluorescent in situ hybridization using the 5S rDNA (a, e, h and k), 18S rDNA (b, f, i and l) and H3 histone genes (c, g, j and
m) probes in meiotic cells. (a-d) Brasilacris gigas, (e-g) Chromacris nuptialis, (h-j) Chromacris speciosa and (k, m) Xestotrachelus robustus. Double
FISH performed using a combination of 18S rDNA and H3 histone gene probes in B. gigas (d). Meiotic stages: pachytene (d), diplotene (a,b,c
and k), metaphase I (c, f, j and l), anaphase I (h) and metaphase II (g, I and m). Scale bar = 5 μm.
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in the order of decreasing size. One or two chromosome
pairs with the 5S rRNA gene were reported in 29 grass-
hopper species from the Acrididae family [24]. Of these
29 species, 13 showed multiple 5S rDNA sites located
in the fourth or seventh pairs of chromosomes or even
in both pairs (fourth and seventh). In addition, four
representatives of the family Proscopiidae, which is
composed of the most primitive grasshoppers, showed
the 5S rDNA gene located only in the fourth autosomal
pair [16]. The 5S rDNA in the fourth pair is also
present in B. gigas, C. speciosa, and X. robustus, supported
by the results from the Acrididae and Proscopiidae



Figure 2 Idiogram showing the chromosomal location of 5S rDNA, 18S rDNA, H3 histone genes and constitutive heterochromatin
distribution pattern in the four Romaleidae grasshoppers. The black, chromosome regions represent the constitutive heterochromatin [22,30]
and the blue, red and green areas represent the 5S rDNA, 18S rDNA and the H3 histone genes, respectively.
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families [16,24], which suggests that this may be an
ancient placement for these genes. C. nuptialis prob-
ably lost the site in the fourth pair in the course of
evolution.
The 5S rDNA gene observed in the seventh chromo-

some pair may be an apomorphic condition in grass-
hopper species in this study, and it may be caused by
specific spread mechanisms that remain unclear. Our
data also shows all sites located in the proximal region
of a medium-sized chromosome, suggesting that this is
an ancestral condition for Romaleidae grasshoppers.
Despite the spread of this sequence through the
Romaleidae genome, the cluster location of the 5S
rDNA gene has been restricted to this chromosomal
group. We presume that the proximal location of the
5S rDNA cluster is the optimal condition in grasshop-
pers and probably the ancient one; the other patterns
may represent a derived condition. This understanding
is also supported by the proximal location of 5S rDNA
clusters found in 75% of 29 species of Acrididae and
three species of Proscopiidae grasshoppers analyzed
[16,24].
Data on the 18S rDNA gene are scarce in the

Romaleidae family, as well as in Ommexechidae and
Proscopiidae. Data may be most plentiful for the Acrididae
family [10,15,16,24]. The 18S rDNA clusters are restricted
to a single medium-sized autosomal pair in C. nuptialis,
C. speciosa, and X. robustus, corroborating previous
studies from Loreto et al. [23] and Souza et al. [22],
which suggests that it may be the ancestral bearer of
18S rDNA. This hypothesis is supported by the data
from X. d. angulatus, another Romaleidae grasshopper,
which showed the 18S rDNA gene in a medium-sized
pair [21]. In a study of 47 species of Acrididae and two
species of Romaleidae, Cabrero and Camacho [10] ob-
served that in 32.7% of the species the cluster of 45S
rDNA was in a single pair, in 37.7% the site was located
in two chromosomes, and in 30.6% the 45S rDNA cluster
was in multiple pairs of chromosomes. These data show
the 45S rDNA spread through the grasshoppers’ genome
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in the course of evolution. Two species of Ommexechidae,
Ommexecha virens and Descampsacris serrulatum had
three and four 45S rDNA sites, respectively. These data
show a possible spread of this cluster in these two species
[15]. However, in four Proscopiidae grasshoppers there
was a consensus location in the seventh chromosome
pair, indicating an ancestral condition with this single
pair as the original bearer of the 18S rDNA cluster
and the extra sites present in two species as a derived
pattern [16].
As a number of species have only a single site for 45S

rDNA,, there may be some restrictions on high numbers
of rDNA loci within species. The spread can be explained
by chromosome rearrangements, translocations or inver-
sions, ectopic recombination, and transposition of some
rDNA sequences to new places in the same or different
chromosomes [10]. In grasshoppers, the rDNA is
sometimes located in constitutive heterochromatin
(CH) regions, so a possible rDNA spread mechanism
may be associated with CH spread. Previous studies
have reported an amplification and dispersion of CH in
eight species from six genera (Brasilacris, Chromacris,
Phaeoparia, Radacridium, Xestotrachelus, and Xyleus)
from the Romaleidae family [21,23,25-27]. On the other
hand, when data from the 10 ribosomal sites found in
B. gigas, C. nuptialis, C. speciosa, and X. robustus are
correlated with information from previous studies
[22,25] related to the CH pattern, the results indicate
four ribosomal sites in CH regions and six ribosomal
sites outside CH regions.
In our study, due to the single site for rDNA in the

four species studied, we can infer two important aspects
of the location of the nucleolus organizer regions (NORs)
in this group: i) The distribution of NORs seems to be well
conserved and there are few rearrangements of location
and expression of these sequences, and ii) the presence
of only one NOR is sufficient to provide the cellular
processes in these species. In the megameric chromosome
M9 from B. gigas, there is a conspicuous CH block [25],
which encompasses both the 18S rDNA and H3 histone
genes, and this arrangement may be associated with a
rearrangement leading to a contiguous configuration of
these genes. The difference in chromosomal location of
the 18S rDNA gene between the two Chromacris species
is probably due to a paracentric inversion, an unequal
crossover, or even a heterochromatin amplification that
led to this modification.
As observed in humans and plants, the rDNA multigene

family does not have a random distribution in karyotypes
with acrocentric chromosomes [28-30]. This condition
was observed in the 5S and 18S rDNA distribution pattern
in grasshoppers with acrocentric chromosomes from
different families (Acrididae, Ommexechidae, Proscopiidae,
and Romaleidae). This pattern found in representatives
of Romaleidae might suggest that the ancestral chromo-
some location for this group is near the centromere. In
support of this idea, studies have reported the proximal
chromosomal location of active NORs in some Romaleidae
grasshoppers, including Radacridium mariajoseae, X. d.
angulatus, and Phaeoparia megacephala, [21,26,27]. In 47
Old World grasshoppers, the 126 rDNA sites detected
by FISH showed that 52.4% were located in the proximal
region, 34.9% were interstitial, and only 12.7% were distal
[10]. The majority of sites mapped to date in grasshoppers
were located in the proximal or pericentromeric regions
in acrocentric chromosomes [10,15,16].
In the four species of Romaleidae analyzed in our

study, we did not observe an association between the
two 5S and 18S rDNA markers. They were located in
different chromosome pairs. This finding suggests that
there are separate evolutionary pathways for these two
multigene families in the Romaleidae grasshoppers. This
condition is predominant among eukaryotes and was
also observed in other grasshoppers from the Acrididae
and Proscopiidae families. However, extreme cases have
been reported in one grasshopper species Omocestus
bolivari, which carries both rDNA types in all its chro-
mosomes [16,24].
The H3 histone gene has been mapped in 35 represen-

tatives from Acrididae and four representatives from
Proscopiidae. In all cases, the H3 histone gene cluster
was restricted to a single autosomal pair [16,18]. Herein,
the H3 histone gene distribution pattern is described for
the first time for Romaleidae grasshoppers. We found
that the location of the H3 gene was highly conservative
in the four species, with slight modifications concerning
location within the chromosome. In all species, the H3
histone gene site is restricted to a single autosome pair.
For Chromacris species and X. robustus, the H3 cluster
was located in the L2 chromosome, and for B. gigas, it
was in the megameric M9. The chromosomal location of
the H3 gene cluster was proximal in B. gigas and C.
speciosa and terminal in C. nuptialis and X. robustus.
The differences in the location of the H3 gene between
the two Chromacris species are probably due to chromo-
somal rearrangements or transposition.
Due to morphologic similarities like wing patterns and

phallic structures between the genera Chromacris and
Xestotrachelus, Roberts and Carbonell [31] report in a
revision that these two genera are close. Our cytogenetic
study showed a similar pattern among the species from
the two genera and corroborates the taxonomic relation-
ships among them.
Double FISH revealed the 18S rDNA and H3 histone

genes in the same megameric chromosome in B. gigas,
indicating a contiguous arrangement of these two genes
in the proximal region of the M9 chromosome. According
to a study of active NORs by Rufas et al. [32], megameric
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and sexual chromosomes are frequently involved in
nucleolus organization. Megameric chromosomes show
consistent positive heteropycnosis at first prophase in
meiosis in orthopteran insects. Rufas et al. showed that
a high proportion of Acrididae species carry active NORs
in the sex and megameric chromosomes. However, no
megameric chromosomes were known to carry H3 histone
genes until now. Nine species of Acrididae grasshoppers
showed one chromosome pair carrying rDNA-H3 histone
genes, but none of the sites was present in the megameric
chromosomes [10,18].
The H3 histone gene pattern found in B. gigas is very

different from that of other Romaleidae grasshoppers.
This difference is probably due to a modification of the
site location from its original place in the L2 to the M9
chromosome. If there is some evolutionary mechanism
that combines repetitive elements of rDNA and histone
in a megameric chromosome, we do not know what it is.
Further chromosomal studies must be done exploring
the mobility of rDNA and the highly conservative nature
of the H3 histone gene.

Conclusions
In summary, the 5S and 18S rDNA genes were preferen-
tially located in medium-sized chromosomes among the
Romaleidae grasshoppers, showing a conservative distri-
bution pattern for these sequences. In comparison with
Proscopiidae grasshoppers [16], our study revealed a basal
distribution pattern of 5S rDNA; however, further studies
are required to clarify these evolutionary relationships
among grasshopper families. The H3 histone gene cluster
seems to be highly conservative as a cytogenetic marker
in Romaleidae grasshoppers, as in other grasshoppers.
These results reinforce the known taxonomic relationships
between the Chromacris and Xestotrachelus genera with
regard to the distribution of rDNA and H3 clusters. The
mechanism that involves the megameric chromosomes,
when they exist in the karyotype, as the preferential
bearers for rDNA sequences remains unclear. Further
studies are needed to understand this situation and the
association of rDNA and histone genes in megameric
chromosomes.

Methods
A total of 31 adult males from four species of Romaleidae
grasshoppers, B. gigas, C. nuptialis, C. speciosa, and X.
robustus, were collected in Belo Jardim, Tabocas,
Camocim de São Félix, and Buíque, respectively, all in
the state of Pernambuco (Northeast Brazil). The testes
of the specimens were fixed in Carnoy (3:1 ethanol:
acetic acid), and the chromosome preparations were
made by squashing the sample in a drop of 45% acetic
acid between slide and coverslip, immersing it in liquid
nitrogen, and subsequently removing the coverslip.
The DNA probes of the 5S rRNA, 18S rRNA, and H3
histone genes were obtained and labeled using polymerase
chain reaction (PCR). The probes were obtained from
each species’ genomic DNA. To amplify the genes of
interest, we used the primers 5SrDNA F(5′-AAC GAC
CAT ACC ACG CTG AA-3′) and R (5′-AAG CGG
TCC CCC ATC TAA GT-3′) for the 5S rDNA gene,
Sca18S1F (F 5′-CCC CGT AAT CGG AAT GAG TA-3′)
and Sca18S1R (R 5′-GAG GTT TCC CGT GTT GAG
TC-3′) for the 18S rDNA gene, H3F-1 (5′-ATA TCC TTR
GGC ATR ATR GTG AC-3′) and H3R-1 (ATG GCT
CGT ACC AAG CAG ACV GC-3′) for the H3 histone
gene. The amplification of the 5S rDNA, 18S rDNA,
and H3 histone genes yielded three specific bands with
lengths of 160 bp, 320 bp, and 370 bp, respectively.
PCR products were visualized in a 1% agarose gel. The
rRNA probes were labeled with biotin-16-dUTP (Roche,
Mannheim, Germany), and the probe for the H3 histone
gene was labeled with digoxigenin-11-dUTP (Roche,
Mannheim, Germany). FISH was performed according
to Moscone et al. [33] with some modifications. To map
the two multigene families (18S rRNA and H3 histone) in
the same cell, double FISH procedures were performed.
The preparations were dehydrated in an alcohol series
(70–96%, 5 min each) and incubated in RNAse A and
pepsin. The probes were mixed in a hybridization solution
containing 20× SSC, formamide, dextran sulfate, and
salmon sperm and were subsequently denatured. The
chromosomal preparation was denatured with the hybri-
dization mix and the renaturation was performed at 37°C
overnight.
A stringency level of 72% was determined after three

washes in 2× SSC at 42°C, two in 0.1× SSC at 42°C, and
one in 2× SSC at room temperature (5 min each). The
rDNA probes from the species B. gigas and C. speciosa
and the 18S rDNA from X. robustus were detected with
a mouse-antibiotin antibody (Dako, Denmark) and the
signal was amplified using rabbit anti-mouse-TRITC
(Dako, Denmark) conjugate. The 5S rDNA from the spe-
cies C. nuptialis and X. robustus and the 18S rDNA from
C. nuptialis were detected with Avidin-FITC (fluorescein
isothiocyanate) (Sigma-Aldrich, St. Louis, MO, USA),
and the signal was amplified with Avidin-Biotin-FITC
(Sigma-Aldrich, St. Louis, MO, USA). The H3 histone
probe from the four species in this work was detected
with a sheep anti-digoxigenin fluorescein–FITC antibody
(Roche, Mannheim, Germany) and the signal was amp-
lified with a rabbit anti-sheep–FITC (DAKO, Denmark).
The chromosomes were counterstained with 4,6-dia-
mino-2-phenylindole (DAPI) and the slides were
mounted in antifade Vectashield (Vector, Burlingame,
CA, USA). Photographs were taken using a Leica
microscope equipped with a digital camera, and the
images were optimized using Adobe Photoshop CS2.



Regueira Neto et al. Molecular Cytogenetics 2013, 6:41 Page 7 of 7
http://www.molecularcytogenetics.org/content/6/1/41
Abbreviations
DAPI: 4,6-diamino-2-phenylindole; PCR: Polimerase chain reaction;
FISH: Fluorescent in situ hybridization; FITC: Fluorescein isothiocyanate;
TRITC: Tetramethyl rhodamine isothiocyanate; SSC: Standard sodium citrate;
NOR: Nucleolar organizer region; ITS: Internal transcribed spacer; NTS:
non-transcribed spacer; IGS: Intergenic spacer.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
MSRN carried out the molecular cytogenetic analysis and drafted the
manuscript. VL and MJS conceived the work, and participated in its design,
drafted and revised the manuscript. All authors analyzed all results and read
and approved the final manuscript. VL obtained resources to this work.

Acknowledgments
We are grateful to Dr. Carlos S. Carbonell, Universidade de Montevideo,
Uruguay, for the taxonomic identification of the species. The authors are also
grateful to Dr. Neide Santos for helpful suggestions and the revision of the
manuscript. To Cirlene Maria da Silva for technical support. This research was
supported by CNPq (Conselho Nacional de Desenvolvimento Científico e
Tecnológico) and FACEPE (Fundação de Amparo à Ciência do Estado de
Pernambuco Pernambuco – APQ-1099-2.02/10). M. S. Regueira-Neto
obtained fellowship from IC PROPESQ-UFPE.

Received: 20 May 2013 Accepted: 21 August 2013
Published: 3 October 2013

References
1. Martíns C, Wasko AP: Organization and evolution of 5S ribosomal DNA in

the fish genome. In Focus on genome research. Edited by Williams CR.
Hauppauge: Nova; 2004:289–318.

2. Nei M, Gu X, Sitnikova T: Evolution by the birth-and-death process in
multigene families of the vertebrate immune system. Proc Natl Acad Sci
USA 1997, 94:7799–7806.

3. Nei M, Rooney AP: Concerted and birth-and-death evolution of
multigene families. Annu Rev Genet 2005, 39:121–152.

4. Drouin G, Monizdesá M: The concerted evolution of 5S ribosomal genes
linked to the repeated units of other multigene families. Mol Biol Evol
1995, 12:481–493.

5. Lifton RP, Goldberg ML, Karp RW, Hogness DS: The organization of the
histone genes in Drosophila melanogaster; functional and evolutionary
implications. Cold Spring Harbor Symp Quant Biol 1977, 2:1047–1051.

6. Maxson R, Cohn RH, Kedes L, Mohun T: Expression and organization of
histone genes. Annu Rev Genet 1983, 17:239–277.

7. Vitturi R, Colomba M, Mandrioli M, Pirrone AM: rDNA (18S–28S and 5S)
co-localization and linkage between ribosomal genes and (TTAGGG)n
telomeric sequence in the earthworm Octodrilus complanatus (Annelida:
Oligochaeta: Lumbricidae) revealed by single- and double-colour FISH.
J Hered 2002, 93:279–282.

8. Wang Y, Guo X: Chromosomal rearrangement in Pectinidae revealed by
rRNA loci and implications for bivalve evolution. Biol Bull 2004, 207:247–256.

9. Caradonna F, Bellavia D, Clemente AM, Sisino G, Barbieri R: Chromosomal
location and molecular characterization of three different 5S ribosomal
DNA clusters in the sea urchin Paracentrotus lividus. Genome 2007,
50:867–870.

10. Cabrero J, Camacho JP: Location and expression of ribosomal RNA genes
in grasshoppers: Abundance of silent and cryptic loci. Chromosome Res
2008, 16:595–607.

11. Cabral-de-Mello DC, Moura RC, Martins C: Cytogenetic mapping of rRNAs
and histone H3 genes in 14 species of Dichotomius (Coleoptera,
Scarabaeidae, Scarabaeinae) beetles. Cytogenet Genome Res 2011,
134:127–135.

12. Graves RA, Marzluff WF, Giebelhaus DH, Schultz GA: Quantitative and
qualitative changes in histone gene expression during early mouse
embryo development. Proc Natl Acad Sci USA 1985, 82:5685–5689.

13. Turner PC, Bagenal EBD, Vlad MT, Woodland HR: The organization and
expression of histone genes from Xenopus borealis. Nucl Acids Res 1988,
16:3471–3485.
14. Zhang L, Bao Z, Wang S, Huang X, Hu J: Chromosome rearrangements in
Pectinidae (Bivalvia: Pteriomorphia) implied based on chromosomal
localization of histone H3 gene in four scallops. Genetica 2007, 130:193–198.

15. Carvalho DB, Rocha MF, Loreto V, Silva AEB, Souza MJ: Ommexecha virens
(Thunberg, 1824) and Descampsacris serrulatum (Serville, 1831)
(Orthoptera, Ommexechidae): karyotypes, constitutive heterochromatin
and nucleolar organizing regions. Comp Cytogen 2011, 5(2):123–132.

16. Cabral-de-Mello DC, Martins C, Souza MJ, Moura RC: Cytogenetic mapping
of 5S and 18S rRNAs and H3 histone genes in four ancient Proscopiidae
grasshopper species: contribution to understanding the evolutionary
dynamics of multigene families. Cytogenet Genome Res 2011, 132:89–93.

17. López-León MD, Cabrero J, Camacho JPM: Unusually high amount of
inactive ribosomal DNA in the grasshopper Stauroderus scalaris.
Chromosome Res 1999, 7:83–88.

18. Cabrero J, López-León MD, Teruel M, Camacho JP: Chromossome mapping
of H3 and H4 histone gene clusters in 35 species of acridid
grasshoppers. Chromosome Res 2009, 17:397–404.

19. Carbonell CS: Origin, evolution and distribution of the neotropical
acridomorph fauna (Orthoptera): a preliminar hypothesis. Rev Soc Ent
Argentina 1977, 36(1–4):153–175.

20. Mesa A, Ferreira A, Carbonell CS: Cariologia de los acridoideos
neotropicales: estado actual de su conocimento y nuevas
contribuciones. Ann Soc Ent Fr N. S 1982, 18:507–526.

21. Souza MJ, Rufas JS, Orellana J: Constitutive heterochromatin, NOR location
and FISH in the grasshopper Xyleus angulatus (Romaleidae). Caryologia
1998, 51:73–80.

22. Souza MJ, Haver PRO, Melo NF: Karyotype, C- and fluorescence banding
patterns, NOR location and FISH in the grasshopper Xestotrachelus
robustus (Romaleidae). Caryologia 2003, 56:261–267.

23. Loreto V, Stadtler E, Melo NF, Souza MJ: A comparative cytogenetic
analysis between the grasshopper species Chromacris nuptialis and C.
speciosa (Romaleidae): constitutive heterochromatin variability and
rDNA sites. Genetica 2005, 125:253–260.

24. Cabral-de-Mello DC, Cabrero J, López-León MD, Camacho JPM:
Evolutionary dynamics of 5S rDNA location in acridid grasshoppers and
its relationship with H3 histone gene and 45S rDNA location. Genetica
2011, 139:921–931.

25. Souza MJ, Kido LMH: Variability of constitutive heterochromatin in
karyotypes of representatives of the family Romaleidae (Orthoptera).
Rev Brasil Genet 1995, 18:517–520.

26. Rocha MF, Souza MJ, Tashiro T: Karyotype variability in the Genus
Radacridium (Orthoptera- Romaleidae). Cytologia 1997, 62:53–60.

27. Pereira LG, Souza MJ: Nature and distribution of constitutive
heterochromatin and NOR location in the grasshopper Phaeoparia
megacephala (Romaleidae: Orthoptera). Cytobios 2000, 103:111–119.

28. Henderson AS, Warburton D, Atwood KC: Location of ribosomal DNA in
the human chromosome complement. Proc Natl Acad Sci 1972,
69(11):3394–3398.

29. Tagashira N, Kondo K: Chromosome phylogeny of Zamia and Ceratozamia
by means of Robertsonian changes detected by fluorescence in situ
hybridization (FISH) technique of rDNA. Plant Syst Evol 2001, 227:145–155.

30. Lim KY, Kovarik A, Matyasek R, Chase MW, Knapp S, McCarthy E, Clarkson JJ,
Leitch AR: Comparative genomics and repetitive sequence divergence in
the species of diploid Nicotiana section Alatae. Plant J 2006, 48:907–909.

31. Roberts HR, Carbonnel CS: A revision of the grasshopper genera
Chromacris and Xestotrachelus (Orthoptera, Romaleidae, Romaleinae).
California Academics of Sciences 1982, 43(4):43–58.

32. Rufas JS, Esponda P, Gosálvez J: NOR and nucleolus in the
spermatogenesis of acridoid grasshoppers. Genetica 1985, 66:139–144.

33. Moscone EA, Matzke MA, Matzke AJM: The use of combined FISH/GISH in
conjunction with DAPI counterstaining to identify chromosomes
containing transgene inserts in amphidiploid tobacco. Chromosoma 1996,
105:231–236.

doi:10.1186/1755-8166-6-41
Cite this article as: Regueira Neto et al.: Chromosomal evolution of rDNA
and H3 histone genes in representative Romaleidae grasshoppers from
northeast Brazil. Molecular Cytogenetics 2013 6:41.


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Discussion
	Conclusions
	Methods
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


