Oliveira et al. Molecular Cytogenetics 2011, 4:24 '
http://www.molecularcytogenetics.org/content/4/1/24

MOLECULAR
CYTOGENETICS

A

RESEARCH Open Access

Chromosomal mapping of rDNAs and H3 histone
sequences in the grasshopper rhammatocerus
brasiliensis (acrididae, gomphocerinae): extensive
chromosomal dispersion and co-localization of 5S
rDNA/H3 histone clusters in the A complement
and B chromosome

Nathalia L Oliveira', Diogo C Cabral-de-Mello?, Marilia F Rocha', Vilma Loreto®, Cesar Martins® and Rita C Moura'

Abstract

Background: Supernumerary B chromosomes occur in addition to standard karyotype and have been described in
about 15% of eukaryotes, being the repetitive DNAs the major component of these chromosomes, including in
some cases the presence of multigene families. To advance in the understanding of chromosomal organization of
multigene families and B chromosome structure and evolution, the distribution of rRNA and H3 histone genes
were analyzed in the standard karyotype and B chromosome of three populations of the grasshopper
Rhammatocerus brasiliensis.

Results: The location of major rDNA was coincident with the previous analysis for this species. On the other hand,
the 55 rDNA mapped in almost all chromosomes of the standard complement (except in the pair 11) and in the B
chromosome, showing a distinct result from other populations previously analyzed. Besides the spreading of 5S
rDNA in the genome of R. brasiliensis it was also observed multiple sites for H3 histone genes, being located in the
same chromosomal regions of 5S rDNAs, including the presence of the H3 gene in the B chromosome.

Conclusions: Due to the intense spreading of 55 rRNA and H3 histone genes in the genome of R. brasiliensis, their
chromosomal distribution was not informative in the clarification of the origin of B elements. Our results indicate a
linked organization for the 55 rRNA and H3 histone multigene families investigated in R. brasiliensis, reinforcing
previous data concerning the association of both genes in some insect groups. The present findings contribute to
understanding the organization/evolution of multigene families in the insect genomes.
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Background

In eukaryotes the transcribing sequences for ribosomal
RNAs (rRNAs) are organized in two multigenic families
tandemly arrayed in the genomes. The major one (45S
rDNA) transcribes the 18S, 5.8S and 28S rRNAs and the
minor one (55 rDNA) is responsible for the transcription
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of the 5S rRNA [1]. Concerning the histone gene
sequences, they may be arranged in tandemly repeated
clusters composed by intronless genes that codes for H1,
H2A, H2B, H3 and H4 histone proteins spaced by non-
coding DNA, although some variation has been reported
for this organization [2,3].

Due to the clustered organization of multigene families
and other repetitive DNAs they have been an important
source as chromosomal marker for analysis of karyotypic
evolution, genomic structure and origin and evolution of
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B chromosomes in animals. In grasshoppers the mapping
of repeated elements is primarily concentrated in analysis
of number and location of rDNAs and histone genes, and
in the lesser extend satellite DNA (satDNAs) [4-9]. Con-
cerning multigene families in Acrididae the major rDNA
was mapped in 53 species, the histone genes were located
in chromosomes of 39 species and the 5S rDNA distribu-
tion was described in about 30 species [4-7,9,10].
The mapping of these sequences together with the
satDNA has been an important tool for understanding
several aspects of the chromosome biology of acridid
grasshopers [4,9,10].

Supernumerary B chromosomes occur in addition to
standard karyotype and have been described in about 15%
of eukaryotes. Some studies have been conducted on B
elements, concerning their distribution, frequency in
populations, structure and origin, effects in standard com-
plement and transmission [11,12]. The B chromosomes
are relatively well studied in grasshoppers, as for example
in Eyprepocnemis plorans and Locusta migratoria. In this
group variability for B chromosomes related to hetero-
chromatin patterns, satellite DNAs organization and mul-
tigene families has been reported [4,9,10,12-14].

To advance in the understanding of chromosomal
organization of multigene families (rDNAs and histone
genes) among grasshoppers related to A complement and
B chromosomes, we investigated here three populations
of the species Rhammatocerus brasiliensis (Acrididae,
Gomphocerinae) that presents a karyotype composed of
2n = 23, X0, acrocentric chromosomes in males, and
bears a distinct B chromosome [10].

Methods

A total of 284 adult males of R. brasiliensis were collected
in three distinct populations, Serra Talhada (07°59’ 31” S
38°17’ 54” W), 80 individuals; Surubim (07°49’ 59” S 35°
45’ 177 W), 147 individuals; and from Vitéria de Santo
Antdo (08°07’ 05” S 35°17’ 29” W), 57 individuals, Per-
nambuco State, Brazil. The animals were collected in the
wild according to Brazilian laws for environmental pro-
tection (wild collection permit, MMA/IBAMA/SISBIO n.
2376-1). The experimental research on animals was con-
ducted according to the international guidelines followed
by Sdo Paulo State University (Protocol no. 35/08 -
CEEAA/IBB/UNESP). All animals were studied under
conventional staining to estimate the B chromosome pre-
sence and frequency. For molecular cytogenetic analysis
DNA and chromosomal spreads were obtained from ten
individuals collected in Serra Talhada, six from Surubim
and four from Vitéria de Santo Antdo. The genomic
DNA of individuals without B chromosomes was
extracted using the phenol-chloroform procedure
described by Sambrook and Russel [15]. Meiotic chromo-
somes were obtained from testicular cells previously
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fixed in Carnoy (3:1 ethanol: acetic acid) and stored in
freezer. The slides were prepared by classic squashing of
testicular follicles technique using a drop of acetic acid
(50%). Slides used for fluorescence in situ hybridization
(FISH) analysis were prepared in 45% acetic acid and cov-
erslips were removed after freezing the preparations by
immersing in liquid nitrogen for a few seconds.

Partial sequences of 5S rRNA and histone H3 genes
were amplified by PCR of genomic DNA from R. brasi-
liensis using the primers designated by Loreto et al. [10]
and Cabral-de-Mello et al. [16], Sca5SF (5’-AAC GAC
CAT ACC ACG CTG AA-3), Sca5SR (5-AAG CGG
TCC CCC ATC TAA GT-3’), ScaH3F (5-GGC NMG
NAC NAA RCA RAC-3’) and ScaH3R (5’-TGD ATR
TCY TTN GGC ATD AT-3’). The 18S rDNA sequence
was obtained from a cloned fragment previously isolated
from the genome of Dichotomius semisquamosus [16)].

The plasmid containing the 18S rRNA gene and the
PCR product from histone H3 gene were labeled by nick
translation using biotin-14-dATP (Invitrogen, San Diego,
CA, USA). For simultaneous hybridization the 5S rDNA
was labeled using digoxigenin-11-dUTP (Roche, Man-
nheim, Germany). The FISH procedures were performed
according to the modifications of Cabral-de-Mello et al.
[16]. The preparations were counterstained using the 4’, 6-
diamidine-2’-phenylindole dihydrochloride (DAPI) and
mounted in Vectashield (Vector, Burlingame, CA, USA).
Images were captured with the Olympus DP71 digital
camera coupled to a BX61 Olympus microscope and were
optimized for brightness and contrast using Adobe Photo-
shop CS2. The chromosomal morphology was defined
using the description by Levan et al. [17].

Results
All populations of R. brasiliensis showed 2n = 23, X0 with
acrocentric chromosomes (males), organized into three
size-groups: three large (L1-L3), five medium (M4-MS8)
and three small (S9-S11). The X chromosome was identi-
fied as medium element and the B chromosome, when
present, showed similar size to the X, as described by
Loreto et al. [10,18]. A total of 26 individuals with B chro-
mosome was observed in the total sample, being six from
Serra Talhada, 11 from Surubim and nine from Vitdria de
Santo Antéo, corresponding to 7, 5%, 7, 48% and 15, 79%
of each sample, respectively [Loreto et al. in preparation].
The in situ hybridization of the 18S rDNA probe
revealed that this sequence was located in the pericentro-
meric region of three autosomal chromosomes (M4, M6
and S9) in all populations analyzed (Figure 1a). The 5S
rDNA was located in the pericentromeric region of all
chromosomes of complement, including the X, except in
the smallest autosome (S11) (Figure 1b). The dual-FISH
indicated co-localization of 5S and 18S rRNA genes in
the pairs M4, M6 and S9 (Figure 1a, b).
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Figure 1 Fluorescence in situ hybridization of 18S rRNA, 55 rRNA and H3 histone gene sequences in Rammathocerus brasiliensis without
B and with 1B chromosome. (a-f) Metaphases |, (g) late diplotene and (h) diacinesis; (a) 185 rDNA; (b, e, g) 55 rDNA; (c, f, h) H3 histone; (d) DAPI
only. In () is showed the H3 histone location in one individual from Surubim population and in the inserts in (h) are shown the hybridization
patterns of 55 rDNA (red signals) and H3 (green signals) in the X and B chromosomes by two color FISH obtained from a Metaphase I. The smallest
chromosome S11 that does not harbor 55/H3 sites is indicated in (a, b, d, e, f). The X and B chromosomes, and chromosomes bearing specific
hybridization (for 185 rDNA and H3 histone) signals are also indicated. Note the dispersion and co-localization of 55 rDNA and H3 histone sites, and
the co-localization of 185 and 55 rDNA in three chromosomes. The meiotic plates in (g, h) are incomplete, lacking autosomes, but the X and B
chromosomes are easily recognizable by their condensation patterns and univalent behavior. Chromosomes are counterstained with DAPI and the
group of images (a, b) and (d, e, f) are the same metaphases submitted to two color FISH. Each bar = 5 pum.
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The H3 histone gene was only observed in the pair
M7 in one individual from Surubim (Figure 1c), while
for the other individuals from this population and for
the other two populations studied this gene family pre-
sented clusters in all chromosomes, except the S11. Two
color FISH using 5S rRNA and H3 histone genes as
probes confirmed the patterns obtained by single hybri-
dization revealing loci dispersion for these sequences,
being co-located in almost all chromosomes, except in
the pair S11, that did not presented signals for the two
genes (Figure 1e, f). The FISH for 5S rRNA and H3 his-
tone genes in individuals with 1B revealed the presence
of these genes in the B chromosome (Figure 1g, h). The
double-FISH (5S rDNA and H3 histone gene) was per-
formed, revealing co-localization for these genes in the
centromeric region of the B element (Figure 1h-inserts).

Discussion

Standard chromosomal complement

The number of sites for 18S rDNA observed in the three
populations of R. brasiliensis is coincident with the results
published by Loreto et al. [10,18] for this species. The
chromosomal mapping of 45S rDNA in grasshoppers
has revealed an intense variability related to number and
chromosomal location of this gene cluster. According to
Cabrero and Camacho [6] the variability of rDNA in grass-
hoppers is caused probably by three mechanisms, struc-
tural chromosome rearrangements, ectopic recombination
and transpositions. Similar mechanisms were also pro-
posed for the 45 rDNA dispersion in other insects, as
Scarabaeinae beetles and Lepidoptera representatives
[19,20]. For R. brasiliensis the most plausible explanation
is the transposition or occurrence of ectopic-recombina-
tion of major rDNA sites, since this species maintains the
ancestral diploid number for Acrididae, and no evident
macro-chromosomal rearrangement was observed in its
karyotype. On the other hand, for other Gomphocerinae
the action of large chromosomal rearrangements were
important in changing of rDNA location, as described for
species with 2n = 17,X0 [6].

The mapping of 5S rDNA in grasshoppers was per-
formed in about 34 species, including four Proscopiidae
and some Acrididae, being the number and chromosomal
location conserved in the former and variable in the later
[4,5,8-10]. In R. brasiliensis besides the spreading of
major rDNA sites it was also observed a more intense
dispersion for the 5S rDNA, for almost all chromosomes
of the complement. High variability for 5S rDNA cluster
number was also recently observed for other Acrididae
species [5]. In this work the number of 5S rDNA sites
observed in this species for all populations was distinct of
the data previously described by Loreto et al. [10] that
described 5S rDNA sites in the bivalents L3, M5, S11 and
in the B chromosome. Our result points to a divergent
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condition of 55 rDNA organization and dispersion
among the distinct populations of this species. The differ-
ential spreading for this sequence could be explained by
differences in appropriate molecular mechanisms for 5S
rDNA dispersion in the distinct populations, as proposed
for major rDNA in grasshoppers as a whole [6]. The abil-
ity of major rDNA clusters to move and vary in number
was first observed in Allium [21], and recently some
additional evidence has accumulated concerning the abil-
ity of rDNA to move within the genome. Some studies
have proposed that transposable elements are a potential
source for the movement of rDNAs [22-24].

FISH using H3 histone sequence as probe also revealed
dispersion for this gene sequence, being the pattern coin-
cident to the same location of 5S rDNA, confirmed by two
color FISH. In 35 species of Acrididae and four species
belonging to Proscopiidae grasshoppers the number and
location of histone genes were extremely conserved, with
the presence of only one site [7,8]. Cabrero et al. [7] sug-
gested that strong purifying selection could be operating
in the non-spreading of histones in Acrididae grasshopper
genomes, and Cabral-de-Mello et al. [8] by the analysis of
four ancient grasshoppers (Proscopiidae) proposed that
the genomic association of histones and 5S rRNA genes
could be ancient for grasshoppers as a whole. Bearing in
mind these hypotheses, it can be proposed a posterior dis-
persion of H3 gene in R. brasiliensis, being the ancestral
characteristic the occurrence of only one site that occa-
sionally was observed in the population sampled from Sur-
ubim. The spreading of H3 histone can be directly
associated to the dispersion of 5S rDNA, indicating a
linked organization of these two multigene families in the
genome of R. brasiliensis, which causes the same evolu-
tionary patterns for the two sequences. On the contrary,
the analysis of other 29 Acrididae species revealed a dis-
tinct scenario, mainly without association of 5S rDNA/H3
histone sequences, being these elements co-located only in
five species, but with non co-dispersion in species with 5S
rDNA spreading (see Table 1). The linked organization of
5S rRNA and histone genes was observed for other inver-
tebrate species, by molecular approach in one mussel [25]
and two crustaceans [26,27]. Moreover by chromosomal
analysis Cabral-de-Mello et al. [8,16,19] have proposed the
association of these sequences in the genomes of insect
representatives, such as in beetles and in four ancient
grasshoppers (Proscopiidae), including the observation of
co-dispersion. Further molecular analysis needs to be per-
formed in R. brasiliensis and in other insects to confirm
the genomic nature of the association of 5S rRNA and his-
tone H3 genes.

Besides the co-localization of 5S rDNA and H3 histone
sequences it was also observed a similar pattern for 18S
and 5S rDNA in the chromosomal pairs M4, M6 and S9
of all populations. Loreto et al. [10] described these two
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Table 1 Grasshopper species with chromosomal co-localization of 55 rRNA and H3 histone genes

Family Species Chromosome no. (in order of decreasing size) Reference
Subfamily
1 2 3 4 5 6 7 8 9 10 1 X B
Proscopiidae
Proscopiinae Stiphra robusta p - - - - 8
Scleratoscopia protopeirae p - - 8
Scleratoscopia spinosa p - - 8
Tetanorhynchus silvae i - - - - 8
Acrididae
Calliptaminae Calliptamus barbarus * * * * i * * * * - 5
Eyprepocnemidinae  Heteracris adpersa i - 5
Gomphocerinae Rhammatocerus brasiliensis — p p p p p p p p p p p This work
Oedipodinae Aiolopus strepens * i * - 5
Oedipoda charpentieri * * i - 5
Oedipoda coerulescens i - 5

The specific positions of co-locations are indicated by (p) proximal or (i) interstitial.
Hyphens correspond to absent chromosomes in the species with 2n = 19 and species in which animals with B chromosome were not studied for these markers
or in which this element was never observed. Asterisks indicate additional sites of 55 rDNA that are not co-located with H3 histone genes for some species.

ribosomal genes located in distinct chromosomes of
R. brasiliensis, being identical the position of 18S rDNA
observed here. Considering that the location of 18S
rDNA is stable among the populations of R. brasiliensis,
the co-location of ribosomal elements in the three stu-
died populations might be explained by invasion of 18S
rDNA or a near region by the 5S rRNA genes through
transposition events. The movement of 5S rDNA through
transposition has been documented for example in mam-
mals [28] and fish [24]. Association/co-localization of 5S
and major rRNA genes was also described in other inver-
tebrates, such as annelids, mollusks and crustaceans and
also in fungi [29-31]. On the other hand, in R. brasiliensis
there is no evidence of interspersion of 18S rDNA and
H3 histones genes, considering that the distribution in
the histone gene clusters is not followed by dispersion of
18S genes.

The B chromosome

The B chromosome of R. brasiliensis is widely distributed
among all population analyzed until the present time.
Moreover a possible autosomal origin for this element
using in situ hybridization for 5S and 45S rDNAs was pro-
posed [10]. This conclusion was based on the presence of
5S rDNA sites restricted to autosomes and B element
while absent in the X chromosome. On the contrary, our
results cannot evidence an autosomal origin of the B chro-
mosome in R. brasiliensis due the presence of 5S rDNA
sites in almost all autosomes and also in the X chromo-
some, being this chromosomal marker non informative for
B origin in this species. An alternative explanation can be
the multiple origin of the B element in the distinct popula-
tions of R. brasisiensis studied with distinct conditions of

5S rDNA location. Multiregional origin for B chromo-
somes in grasshoppers was also previously proposed by
Cabrero et al. [4] in E. plorans, using the mapping of
rDNAs and a satellite DNA with 180 bp repeat sequences.
Another limitation of the use of 55 rDNA sequence as an
informative marker for definition of B origin and evolution
is related to the intense evolutionary dynamics of this
sequence in grasshopper genomes, as described by Cabral-
de-Mello et al. [5]. In fact the presence of 5S rDNA in the
B chromosome of R. brasiliensis could be a characteristic
generated by transposition after the origin of this chromo-
some, and not a characteristic inherited from the chromo-
some responsible for its origin.

Besides the presence of 5S rDNA in B chromosomes
of grasshoppers, satellite DNAs and 45S rDNA were
also identified in this genomic element, as for example,
in E. plorans and in some other animal groups, such as
fish and mammals [4,32-34]. On the other hand, the
presence of histone genes in B chromosomes was
described only in one species until now, L. migratoria,
being a good marker for discrimination of ancestry of
this chromosome in this species [9]. The presence of H3
histone gene in the B chromosome of R. brasiliensis is
the second case for grasshopper and for animal as a
whole, indicating that in fact these chromosomes can
harbor more gene sequences than was observed until
now. Moreover, due the clustered organization of his-
tone genes they can be a useful marker in the investigat-
ing of B origin. On the other hand, in the case of R.
brasiliensis, this sequence, as well as the 5S rDNA, was
not informative due their high dispersion. The presence
of H3 gene in the B chromosome can be also directly
associated with the dispersion of 5S rDNA, reinforcing
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the co-dispersion/co-localization of these two multigene
families.

Conclusion

The results presented here reinforce the hypothesis of co-
localization/association of the 5S rDNA and H3 histone
genes in some insect groups, and other invertebrates.
This association led to the same patterns of chromoso-
mal dispersion of these two multigene families in the
genome, including both A complement and B chromo-
somes. These results also contribute to a better knowl-
edge about B chromosomes content in animal kingdom.
Moreover, we bring attention in the definition of chro-
mosomal markers to be applied for analysis of B origin,
depending on the mechanisms of evolution for the cho-
sen sequence in the genomes to be investigated. Specifi-
cally for the case of R. brasiliensis the ribosomal DNAs
and histone genes apparently are not sufficient for defini-
tion of B origin, due their intense evolutionary dynamics
leading to spread of clusters in the genome and remark-
able differences among population of the species.
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