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Abstract The 5S ribosomal DNA (rDNA) sequences are
subject of dynamic evolution at chromosomal and molecu-
lar levels, evolving through concerted and/or birth-and-
death fashion. Among grasshoppers, the chromosomal
location for this sequence was established for some spe-
cies, but little molecular information was obtained to infer
evolutionary patterns. Here, we integrated data from chro-
mosomal and nucleotide sequence analysis for 5S rDNA
in two Abracris species aiming to identify evolutionary
dynamics. For both species, two arrays were identified, a
larger sequence (named type-I) that consisted of the entire
5S rDNA gene plus NTS (non-transcribed spacer) and a
smaller (named type-II) with truncated 5S rDNA gene plus
short NTS that was considered a pseudogene. For type-
I sequences, the gene corresponding region contained the
internal control region and poly-T motif and the NTS pre-
sented partial transposable elements. Between the species,
nucleotide differences for type-I were noticed, while type-
II was identical, suggesting pseudogenization in a common
ancestor. At chromosomal point to view, the type-1I was
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placed in one bivalent, while type-I occurred in multiple
copies in distinct chromosomes. In Abracris, the evolution
of 5S rDNA was apparently influenced by the chromo-
somal distribution of clusters (single or multiple location),
resulting in a mixed mechanism integrating concerted and
birth-and-death evolution depending on the unit.

Keywords FISH - Genome - Multigene family - Non-
transcribed spacer - Repetitive DNAs

Introduction

A multigene family is a group of multiple genes descend-
ing from a common ancestor presenting similar sequences
and functional roles (Nei and Rooney 2005). The ribosomal
RNA (rRNA) genes in higher Eukaryotes are represented
by two distinct multigene families constituted of hundreds
to thousands copies tandemly arrayed occupying one or
more chromosomal loci. The 45S ribosomal DNA (rDNA)
comprises three distinct genes separated from each other by
the internal transcribed spacer (ITS), coding for the 18S,
5.8S, and 28S rRNAs. The 5S rDNA is formed by multiple
repeats of a highly conserved 120-bp sequence separated
from each other by a non-transcribed spacer called the
NTS that is subject to rapid evolution and presents variabil-
ity in size and nucleotide composition (reviewed by Long
and Dawid 1980). Based on the similarity between the 5S
rDNA sequences, some studies propose that this multigene
family is subject to concerted evolution, a model in which
multiple copies of a sequence are homogenized (Ney and
Rooney 2005). On the contrary, other studies have pro-
posed that in some genomes, the 5S rDNA evolves through
birth-and-death evolution or in a mixed effect of concerted
and birth-and-death evolution (see, e.g., Rooney and Ward
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2005; Ubeda-Manzanaro et al. 2010; Perina et al. 2011;
Pinhal et al. 2011; Vierna et al. 2011, 2013; Vizoso et al.
2011; Merlo et al. 2013).

Cytogenetic or molecular characterization aiming at
understanding 5S rDNA organization and evolution has
been undertaken, e.g., in fish (Martins and Galetti Jr 2001;
Wasko et al. 2001; Martins et al. 2002; Rebordinos et al.
2013), amphibians (Rodrigues et al. 2012), crustaceans
(Perina et al. 2011), and mollusks (Vierna et al. 2011).
These studies determined that the 5S rDNA and its NTS are
good markers for species identification, phylogenetic anal-
yses, karyotype reconstruction, and understanding genome
evolution. A high variability in the number of chromo-
somal clusters has been noticed for 5S rDNA with a few
or multiple clusters per genome, as well as the occurrence
of scattered copies (Little and Braaten 1989). The linkage
of 5S rDNA + NTS with other types of sequences, such as
other multigene families, transposable elements (TEs), and
microsatellites, has also been reported (Drouin and Moniz
de Sa 1995; Cross and Rebordinos 2005; Merlo et al. 2013;
Anjos et al. 2015).

Among grasshoppers, the knowledge of 5S rDNA evo-
lution was primarily obtained from chromosomal analysis.
To date, cytogenetic mapping through fluorescent in situ
hybridization (FISH) was performed in approximately 50
species belonging to the distinct families Acrididae (Cabral-
de-Mello et al. 2011a; Palacios-Gimenez et al. 2013),
Romaleidae (Anjos et al. 2013; Neto et al. 2013), and Pro-
scopiidae (Cabral-de-Mello et al. 2011b). In contrast, few
studies examining the molecular organization and evolu-
tion of 5S rDNA have been published. Here to contribute
with the understanding of the patterns of evolution of 5S
rDNA among grasshoppers, we analyzed this sequence in
two congeneric grasshopper species, i.e., Abracris dilecta
and A. flavolineata (Acrididae: Ommatolampidinae). Two
distinct types of 5S rDNA units in each species were rec-
ognized, and their nucleotide sequences were characterized
and used as probes for chromosomal mapping using FISH.
The results of molecular and chromosomal data are dis-
cussed to shed light on possible mechanisms involved in 5S
rDNA + NTS evolution.

Materials and methods
Animals, chromosome obtaining, and DNA extraction

Male and female adults from Abracris dilecta (8 individu-
als) were collected in Misiones, Posadas, Argentina, and
12 individuals from A. flavolineata were collected in Rio
Claro, Sao Paulo, Brazil. The chromosomes were obtained
from the testes or from the gastric cecum following the pro-
tocol described by Castillo et al. (2011). Whole animals
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were stored in 100 % ethanol in a freezer at —20 °C until
used for DNA extraction following the protocol of Sam-
brook and Russel (2001).

5S rDNA isolation, cloning, and sequence analysis

The 5S rDNA and the NTS region were obtained through
PCR using the divergent primers 5S-NTS-F 5’ TACCG-
GTTCTCGTCCGATCAC and 5S-NTS-R 5/ TACAGCGT-
GCTATGGCCGTTG, which was designed based on con-
served region of the 5S rDNA sequence of some insects
available in NCBI database. PCR was carried out using
10x PCR Rxn Buffer, 0.2 mM MgCl,, 0.16 mM dNTPs,
2 mM each primer, 1 U of Tag Platinum DNA Polymer-
ase (Invitrogen, San Diego, CA, USA), and 50-100 ng/
il template DNA. The mixture was subjected to an initial
denaturation at 94 °C (5 min) and 30 cycles at 94 °C (30 s),
55 °C (30 s), and 72 °C (80 s), with a final extension at
72 °C for 5 min. The PCR products were separated in a
1 % agarose gel, and the DNA bands were purified using
the Zymoclean™ Gel DNA Recovery Kit (Zymo Research
Corp., The Epigenetics Company, USA) according to the
manufacturer’s recommendations. The purified PCR prod-
ucts were ligated to the plasmid pGEM-T (Promega, Madi-
son, WI, USA), and the recombinant constructs were used
to transform DHS5a Escherichia coli competent cells. Posi-
tive clones were sequenced using an ABI Prism 3100 auto-
matic DNA sequencer (Applied Biosystems, Foster City,
CA, USA) with a Dynamic Terminator Cycle Sequencing
Kit (Applied Biosystems).

Sequence analysis

The quality of the sequences was determined using the
Geneious 4.8.5 software (Drummond et al. 2009). The con-
sensus sequences were subjected to BLAST (Altschul et al.
1990) searches on the NCBI website (http://www.ncbi.
nlm.nih.gov/blast) and, as expected, were recognized as 5S
rRNA genes plus NTS regions. The sequences were depos-
ited in the NCBI database under the following accession
numbers: KU958103-KU958125. For DNA sequence anal-
yses, the basic sequence statistics were computed with the
program DnaSP v.5.10.01 (Librado and Rozas 2009). Phy-
logenetic and molecular evolutionary relationships among
sequences were inferred by neighbor-joining (NJ) using the
implemented option in MEGAS (Tamura et al. 2011) and
the proportion of nucleotide differences (p distance).

Fluorescent in situ hybridization

Fluorescent in situ hybridization (FISH) was performed
following the protocol proposed by Pinkel et al. (1986)
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Fig. 1 Alignments of monomeric consensus units of type-I and type-
II sequences of A. dilecta and A. flavolineata. The 5S rDNA gene or
pseudogene regions are indicated, and the rest of the sequence corre-
sponds to the NTS regions. Note the difference in size and variability

with modifications by Cabral-de-Mello et al. (2010). The
probes were labeled with digoxigenin-11-dUTP (Roche)
or biotin-14-dATP (Invitrogen) through PCR and nick
translation, respectively. Probes labeled with digoxigenin-
11-dUTP were detected using anti-digoxigenin-rhodamine
(Roche), and probes labeled with biotin-14-dATP were
detected using streptavidin and Alexa Fluor 488 conjugate
(Invitrogen). The preparations were counterstained using
4/, 6-diamidine-2'-phenylindole dihydrochloride (DAPI)
and mounted using Vectashield (Vector, Burlingame, CA,
USA). The chromosomes and FISH signals were observed
using an Olympus microscope BX61 equipped with a fluo-
rescent lamp and appropriate filters. The photographs were
recorded using a DP70 cooled digital camera. The images
were merged and optimized for brightness and contrast
using Adobe Photoshop CS2 software.

Results

Electrophoresis of the 5S rDNA PCR amplification prod-
ucts revealed two fragments distinct in size for each spe-
cies. The larger fragments were approximately 850 bp for
A. dilecta and 880 bp for A. flavolineata, while the smaller
ones were approximately 130 bp in both species. The larger
fragments were named type-I and the smaller were named
type-1I. These fragments will be referred to as Ad-type-I

EABAAAMETAT A€ EAET ATE 'R

|
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of the sequence between the species for type-I and the complete simi-
larity for type-IL. In type-I, the ICRs are also indicated. Each color
corresponds to different nucleotides, blue cytosine, red adenine, yel-
low guanine, light green thymine

and Ad-type-1I for A. dilecta, and Af-type-I1 and Af-type-
Il for A. flavolineata. The consensus sequences from a
total of 23 clones, 11 from type-I (six from A. dilecta and
five from A. flavolineata) and 12 from type-II (five from
A. dilecta and seven from A. flavolineata), were obtained
for molecular analysis. The comparison of the PCR frag-
ments with the 5S rDNA coding region from A. flavoline-
ata (GenBank accession number KC936996) confirmed
the isolation of the entire 5S rDNA gene unit or a portion
of it. For the larger fragments, the entire 5S rDNA 120-bp
gene was recognized for all clones. In contrast, the smaller
fragments contained invariably only 41 bp of the 5S rDNA
gene; these were considered pseudogenes. The remaining
base pairs for the type-I and type-II sequences in each spe-
cies were considered NTS regions (Fig. 1). The comparison
between the large and small fragments confirmed that the
small fragments contain only 41 bp of the 5S rDNA gene,
corresponding to the initial region.

The type-I fragments contained the internal control region
(ICR); i.e., the A box, the intermediate element (IE), and
the C box. The poly-T motif was evident at the beginning
of the NTS region for Ad-type-I and Af-type-I. These ele-
ments were not noticed in the type-II fragments (Fig. 1). The
NTS regions varied between 588 and 591 bp for Ad-type-I
and between 707 and 732 bp for Af-type-1. These differences
were related to base deletions or insertions. For Ad-type-II
and Af-type-II, the NTS were 89 bp for all clones (Table 1).
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Table 1 Polymorphism by 5S
rDNA unit regions in Abracris
species

Fig. 2 a Schematic representa-
tion of the two 5S rDNA units
observed in A. dilecta and A.
Sflavolineata. In the NTS region
of type-I units, the regions with
similarity with TEs are indi-
cated, b chromosomal mapping
of 5S rDNA units in metaphase
I chromosomes of A. dilecta and
the female mitotic metaphase of
A. flavolineata. Note the single
bivalent bearing the type-II and
the multiple signals for type-1.
Chromosomes bearing signals
are indicated, and the arrow-
head shows the B chromosome

The search for similarity with other repetitive elements in
RepBase (http://www.girinst.org/repbase/) using CENSOR
software identified gypsy and Short Interspersed Nuclear
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Region Size n m K h T SD
Type-1
A. dilecta Entire unit 713-714 6 85 83 6 0.04922 0.00983
5S rDNA 120 6 9 9 3 0.02500 0.01414
NTS 588-591 6 76 74 6 0.05417 0.00991
A. flavolineata Entire unit 858 5 39 37 5 0.02236 0.00379
5S rDNA 120 5 13 12 5 0.05083 0.01308
NTS 707-732 5 26 25 5 0.01750 0.00291
Type-1I
A. dilecta Entire unit 130 5 4 4 5 0.01385 0.00296
5S rDNA 41 5 1 1 2 0.00976 0.00579
NTS 89 5 1 1 2 0.00833 0.00494
A. flavolineata Entire unit 130 7 6 6 3 0.02198 0.00639
5S rDNA 41 7 0 0 1 0.00000 0.00000
NTS 89 7 6 6 3 0.0321 0.00933

n number of sequences, m number of mutations, s number of polymorphic sites, 2 number of haplotypes,
nucleotide variability, SD standard deviation
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Element (SINE) fragments for Ad-type-I and a gypsy frag-
ment for Af-type-I (Fig. 2a). For the Ad-type-II and Af-type-
II NTS, no associated repetitive sequences were observed.
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The FISH analysis using the type-I and type-II sequences
as probes in both species resulted in distinct patterns of
chromosomal distribution for these elements. While the
type-I was located in multiple chromosomal loci, the type-
II was placed only in two chromosomes, corresponding to
one bivalent. In A. dilecta, the type-I sequence was placed
in chromosomes 1, 11, and X, proximally, terminally, and
interstitially located, respectively. For A. flavolineata, the
type-I sequence was located in pairs 1, 2, and 5, presenting
terminal, interstitial, and proximal locations, corresponding
to the same pattern observed through FISH using as probe
only the 5S rDNA gene (Bueno et al. 2013). The type-II
sequence was placed proximally in pair 11 of A. dilecta and
interstitially in pair 2 of A. flavolineata (Fig. 2b). For A. fla-
volineata, no signal was recognized in the B chromosome.

The molecular analysis of sequence variability at the
intraspecific level revealed distinct nucleotide variability
depending on the species, sequence (type-I or type-II), and
the specific region (5S rDNA or NTS). Considering the
entire 5S rDNA unit, type-I sequences were more variable
than type-II sequences, but considering the 5S rDNA and
NTS separately, distinct patterns emerged as described in
detail in Table 1. At the interspecific level, the NTS of type-
I sequences was highly differentiated, while the NTS from
type-II was remarkably conserved. The gene or pseudogene
regions were similar interspecifically (Fig. 1).

Discussion

The organization of distinct classes of 5S rDNA at the
molecular and/or chromosomal level is widely known in
vertebrates, mainly fish (see, e.g., Martins and Galetti Jr
2001a, b; Pinhal et al. 2011; Merlo et al. 2012a, b, 2013),
and to a lesser extent in other groups, such as amphibians
(Rodrigues et al. 2012), crustaceans (Perina et al. 2011),
and mollusks (Vierna et al. 2011). The detection of at least
two distinct units of 5S rDNA, as observed in the two spe-
cies studied here, was frequently reported in some fish
(Martins et al. 2001), Engystomops (Rodrigues et al. 2012)
and Xenopus (Harper et al. 1983), amphibians, crustaceans,
mollusks, and mammals (Jensen and Frederiksen 2000;
Vierna et al. 2011). According to Pinhal et al. (2011), the
accumulated data from teleost fish and elasmobranches
fish suggest that the presence of two distinct classes of 5S
rDNA is a general trend. Moreover, more 5S rDNA variants
were also described in fish, up to ten in Diplodus sargus
(Merlo et al. 2013), as well as in some filamentous fungi
with eight variants (Rooney and Ward 2005) and Pollicipes
crustacean species with seven types in a group of three spe-
cies (Perina et al. 2011). A remarkable pattern is that fre-
quently the units isolated from some species present the
entire 5S rRNA gene region or a significant part, differing

from Abracris species, in which one of the units lost a sig-
nificant part of the 5S rRNA gene. The type-II unit puta-
tively diverged from the ancestral sequence after duplica-
tion events, being pseudogenized due to deletion of a large
gene region, and conserving only a short initial part of
the 5S rRNA ancestral gene. Interestingly, the occurrence
of this truncated pseudogene with a high similarity in the
genome of both Abracris species suggests an origin for this
sequence in the common ancestor. Pseudogenes for mul-
tigene families originating in the ancestor of two species
of grasshoppers were reported for Ul snDNA in Locusta
migratoria and Eyprepocnemis plorans (Anjos et al. 2015).

The occurrence of ICs that function as internal promot-
ers and downstream T-rich regions located at the 3’ end
of the putative coding region in the type-I sequences sug-
gest that they may have the potential for transcription in
the genomes of A. dilecta and A. flavolineata. In contrast,
the short size of the type-II unit suggests that it certainly
is a pseudogene sequence. Truncated sequences were also
reported in fish (Martins et al. 2002), filamentous fungi
(Rooney and Ward 2005), and humans (Nederby-Nielsen
et al. 1993). This pattern of occurrence of pseudogenes is
strong evidence of birth-and-death evolutionary processes
(Rooney and Ward 2005) and has been commonly observed
in stingrays (Pinhal et al. 2011), Pollicipes crustaceans
(Perina et al. 2011), and razor shells (Vierna et al. 2011).
In this process, the number of a given sequence in the
genome could be increased by duplication. Duplicated cop-
ies accumulate divergence and deleterious mutations, caus-
ing pseudogenization. However, presumably a concerted
evolutionary mechanism that led to the homogenization
of copies is also operating in 5S rDNA evolution. Some
authors have documented both evolutionary mechanisms
acting in the same genome (Pinhal et al. 2011). Apparently,
mixed evolution is applicable to the 5S rDNA of Abracris
species that presents a remarkable divergence between the
two 5S rDNA unit types, probably caused by a birth-and-
death mechanism. However, the sequence for each unit
type shares homology, perhaps resulting from concerted
evolution.

Our FISH data suggest that at least some 5S rDNA
sequences from distinct units are organized in tandem,
allowing the detection of evident blocks in distinct chromo-
somal regions, but the occurrence of dispersed repeats could
not be ruled out. The distinct chromosomal location, includ-
ing distinct chromosomes, for the clusters of the two types
of 5S rDNA units certainly contributes to the accumulation
of differences between them, and the in-tandem organiza-
tion facilitates the independent homogenization process in
each cluster, causing independent evolution in a concerted
fashion. This was also suggested for distinct fish species in
which two distinct classes of 5S rDNA were detected and
evolved separately due to a different chromosomal location
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(Martins and Galetti Jr 2001a, b). Divergent organization
with different 5S rDNA types evolving in the same chromo-
some was also documented in the Cichlid fish Oreochromis
niloticus (Martins et al. 2002).

It is noticeable that the type-1I sequences were less vari-
able in nucleotide diversity compared to type-I in the entire
region, the 5S rRNA gene, and the NTS region. Due to the
putative functionality of type-I sequences, a higher conser-
vation was expected than for type-II, but due to a multiplic-
ity of copies for this sequence, some variation is tolerable.
In the Abracris species, two main aspects could explain this
pattern: (i) type-I is much larger than type-II, allowing the
accumulation of more mutations, mainly in the NTS region,
but also in gene region and (ii) type-I is located in both spe-
cies in multiple loci placed in distinct chromosomes that
could facilitate the accumulation of differential interchro-
mosomal mutations between them, favoring diversification.

The occurrence of gypsy and/or SINE transposable ele-
ments fragments in the NTS of type-I sequences in Abrac-
ris species could have facilitated the past dynamism, favor-
ing the variability noticed for these sequences. Moreover,
it is conceivable that it could be also responsible for the
distinct chromosomal location of the clusters among the
species, causing intra- and interchromosomal movement
for 5S rDNA repeats. However, other mechanisms could
also be responsible for the 5S rDNA dispersion, such as
the insertion of extrachromosomal covalently closed DNA
(cccDNA) and RNA-mediated transposition (reviewed by
Douin and Moniz de S4 1995). Other cases of transpos-
able element association with 5S rDNA units mediating
sequence dynamism were documented in the fish Dip-
lodus sargus in which ten variants of 5S rDNA unit were
described (Merlo et al. 2013). In the fish Gymnotus parag-
uensis, the multiplication of 5S rDNA to 19 chromosomal
pairs was attributed to the presence of the transposable ele-
ment Tcl-like in the NTS (da Silva et al. 2011).

Finally, our data reveal that the distinct organization
for 5SS rDNA noticed in other animal groups is also pre-
sent among grasshoppers, at least in the species studied
here. Moreover, the impact of chromosomal organization
and association with other repetitive sequences, such as
TEs, in the evolutionary history of 5S rDNA in Abracris
grasshoppers is highlighted, leading to distinct fates; i.e.,
high variability or conservation, resulting from concerted
evolution or birth-and-death. Among other grasshoppers,
higher chromosomal variability for the 5S rDNA gene was
noticed, with species presenting multiple clusters, includ-
ing clusters in all chromosome pairs, which predicts a pos-
sible association with TEs (Cabral-de-Mello et al. 2011a),
similar to Abracris species. The diversification of cluster
number could be followed by higher sequence variability.
Some species of grasshoppers serve as good models to test
this hypothesis.
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