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Abstract

We analyse intragenomic variation of the ITS2 internal
transcribed spacer of ribosomal DNA (rDNA) in the
grasshopper Eyprepocnemis plorans, by means of
tagged PCR 454 amplicon sequencing performed on
both genomic DNA (gDNA) and RNA-derived comple-
mentary DNA (cDNA), using part of the ITS2 flanking
coding regions (5.8S and 28S rDNA) as an internal
control for sequencing errors. Six different ITS2
haplotypes (i.e. variants for at least one nucleotide in
the complete ITS2 sequence) were found in a single
population, one of them (Hap4) being specific to a
supernumerary (B) chromosome. The analysis of both
gDNA and cDNA from the same individuals provided
an estimate of the expression efficiency of the differ-
ent haplotypes. We found random expression (i.e.
about similar recovery in gDNA and cDNA) for three
haplotypes (Hap1, Hap2 and Hap5), but significant
underexpression for three others (Hap3, Hap4 and
Hap6). Hap4 was the most extremely underexpressed
and, remarkably, it showed the lowest sequence con-
servation for the flanking 5.8-28S coding regions in
the gDNA reads but the highest conservation (100%)
in the cDNA ones, suggesting the preferential expres-
sion of mutation-free rDNA units carrying this ITS2
haplotype. These results indicate that the ITS2 region
of rDNA is far from complete homogenization in this
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species, and that the different rDNA units are not
expressed at random, with some of them being
severely downregulated.

Keywords: Amplicon sequencing, B chromosomes,
ITS2, rDNA expression.

Introduction

Among the high variety of repetitive DNA sequences
making up eukaryote genomes (Britten & Kohne, 1968),
ribosomal DNA (rDNA) is one of the most abundant
tandem repeats, as a high number of copies allows the
synthesis of the massive numbers of ribosomes required
during rapid growth periods (Eickbush & Eickbush, 2007).
Hundreds or thousands of rDNA units are present in most
eukaryote species, but only a fraction of them are active at
a given moment (Reeder, 1999). Each 45S cistron of this
multigene family is constituted by three rRNA genes (18S,
5.8S and 28S) separated by two internal transcribed
spacers (ITS1 and ITS2) and preceded by an external
transcribed spacer and an intergenic spacer (Long &
David, 1980). For many years, it was believed that every
copy in the rDNA arrays showed an identical sequence
because natural selection would have constrained the
evolution of the coding regions; however, the finding of
high sequence similarity among rDNA units also in the
non-coding regions, suggested the existence of a mecha-
nism for their active homogenization. Brown et al. (1972)
first proposed that the rRNA gene copies evolved horizon-
tally, with novel variants arising by mutation and spreading
to other units. This homogenization process was later
called concerted evolution (Zimmer et al., 1980), and it
was suggested to occur through unequal crossover and
gene conversion (Dover, 1982; Eickbush & Eickbush,
2007).

Extensive intragenomic variation has been reported for
the ITS regions in a growing number of organisms,
however, including bacteria (Stewart & Cavanaugh,
2007), fungi (Simon & Weiss, 2008; James et al., 2009; Li
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etal, 2013), plants (Mayol & Rosselld, 2001; Feliner
etal., 2004), sponges (Woérheide etal,, 2004), grass-
hoppers (Keller etal.,, 2006) and Drosophila (Stage &
Eickbush, 2007), which suggests that the efficiency of
concerted evolution is variable among organisms.

A suitable approach to analyse intragenomic variation
for the ITS regions is whole-genome shotgun sequencing
(WGSS), but this is only useful for small genomes. For
instance, Ganley & Kobayashi (2007) found that the level
of rDNA copy variation was extremely low in five fungi
species that had been sequenced by this method, but
WGSS is not feasible in species with large genomes that
harbour many rDNA units. Alternatively, next-generation
sequencing (NGS) of ITS amplicons is increasingly being
used for thorough analysis of intragenomic rDNA vari-
ation, both in small (Lindner et al., 2013) and large (Keller
et al., 2008) genomes, as NGS provides more information
than do traditional methods (e.g. PCR, cloning and
Sanger sequencing) by several orders of magnitude, and
recent studies suggest that the results of traditional and
NGS (454 and lllumina) methods are comparable (Hfibova
etal., 2011; MatyaSek etal, 2012). Nevertheless, a
number of studies (Gilles et al., 2011; Brodin et al., 2013;
Niklas et al., 2013) have highlighted the need to control for
sequencing errors in order to avoid false-positives.

Ribosomal RNA genes are among the most highly
expressed genes in both prokaryotic and eukaryotic
genomes, because their product is highly demanded by
cells (Eickbush & Eickbush, 2007); however, it is as yet
unknown whether the different rDNA units are randomly
expressed or if there is some kind of preference for the
expression of some of them. Neither it is clear whether
rDNA expression depends on its genomic location or DNA
sequence. In many species, rDNA units are highly homog-
enized and it appears irrelevant whether one or another
rDNA unit is expressed, however, a high intragenomic
variation makes it conceivable for there to be evolution of
some quality control through the preferential expression of
some rDNA units over others.

Recently, Teruel etal. (2014) have shown extensive
intragenomic variation for the ITS regions in the grass-
hopper Eyprepocnemis plorans. This species shows high
variation in the number of standard (A) chromosomes
carrying rDNA units among populations, from only two
chromosome pairs carrying rDNA in Dagestan to all 12
chromosome pairs carrying it in Morocco (Lopez-Ledn
et al., 2008). The Torrox population, where the present
research was performed, is located in southern Spain and
shows an intermediate situation, with seven chromosome
pairs carrying rDNA (Cabrero et al., 2003). The genome of
this species is also large (>10 Gb) (Ruiz-Ruano et al.,
2011) and carries supernumerary (B) chromosomes, i.e.
dispensable elements present in ~15% of eukaryotic
species (Camacho, 2005). Traditionally, B chromosomes

have been considered genetically inactive elements, but
recent findings have shown the transcription of some DNA
sequences contained in B chromosomes, including rDNA
(van Vugt et al.,, 2003; Leach et al., 2005; Ruiz-Estévez
etal, 2012, 2013), pseudogene-like fragments
(Banaei-Moghaddam et al., 2013) and protein-coding
genes (Trifonov et al,, 2013; Valente et al., 2014), sug-
gesting that B chromosomes are not completely inactive.

The finding of high intragenomic variation for the ITS
regions in the grasshopper E. plorans (Teruel et al., 2014)
inspired the present research in which we focus on ascer-
taining whether the different rDNA units within a same
genome are expressed at random. For this purpose, we
performed tagged PCR and 454 amplicon sequencing of
the ITS2 region in 18 E. plorans individuals. The analysis
of the sequence reads obtained from both genomic DNA
(gDNA) and complementary DNA (cDNA) from the same
individuals allowed us to get an estimate of the expression
efficiency for each sequence variant (i.e. haplotype) as the
ratio between its relative frequency in cDNA and gDNA,
and this provided an appropriate test for randomness of
rDNA unit expression.

Results

Variation for the ITS2 region

The 454 pyrosequencing experiment yielded 150 685
reads, of which 130 742 matched the ITS2 sequence
(66 617 gDNA and 64 125 cDNA reads). This implied
almost 4x coverage in the gDNA as the OB males (i.e.
those lacking B chromosomes) of this population carry
~15 000 rDNA units and the B chromosome carries ~3000
units (Montiel et al., 2014).

The 123 nt 5.8-28S coding region was identical in
97.72% of the whole collection of gDNA reads, suggesting
a 2.28% error rate in the whole experiment, if we assume
the conservative criterion that all the variants observed in
the coding region were attributable to sequencing errors.
In great contrast to the coding regions, the most frequent
haplotype in the ITS2 region included only 35.79% of total
reads. After selecting those gDNA haplotypes showing a
frequency higher than 2.28% per male, the total sample of
18 individuals contained six ITS2 haplotypes (Hap1—
Hap6; Table 1). As a whole, the 62 322 reads for these six
haplotypes accounted for ~93.55% of all gDNA reads. A
total of 63040 reads corresponding to these six
haplotypes were obtained from the cDNA, with 3502 per
individual on average (SE = 363;Table 1). As an additional
test for ITS2 variation, we carried out whole-genome
shotgun 454 sequencing of the entire gDNA of an
E. plorans 2B male (i.e. a male carrying two B chromo-
somes) from the same population. In spite of the low
estimated coverage of that genome (only 0.01x), we found
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Table 1. Proportion of reads for ITS2 amplicons
obtained from genomic DNA and complementary gDNA
DNA in the 18 males analysed
Total
Id Bs Hap1 Hap2 Hap3 Hap4 Hap5 Hap6 reads
51 0 0.5046 0.3266 0.1477 0 0.0018 0.0193 2281
53 0 0.3305 0.2232 0.1786 0 0.2416 0.0260 6729
57 0 0.3708 0.3514 0.2185 0 0.0419 0.0174 2934
65 0 0.4106 0.3731 0.1542 0 0.0427 0.0194 5733
70 0 0.3419 0.2536 0.1947 0 0.1930 0.0168 2855
80 0 0.4883 0.3128 0.1638 0 0 0.0352 4690
24 1 0.3206 0.3054 0.1041 0.2535 0.0019 0.0146 3160
44 1 0.4211 0.2695 0.1826 0.0940 0 0.0328 5574
46 1 0.2865 0.4011 0.2053 0.0993 0 0.0076 1047
48 1 0.4279 0.3296 0.0973 0.1262 0 0.0190 3216
49 1 0.4022 0.1911 0.3022 0.0378 0.0556 0.0111 450
54 1 0.4209 0.3127 0.1258 0.1323 0 0.0083 1081
66 1 0.3693 0.3378 0.1126 0.1540 0 0.0263 2513
69 1 0.4728 0.2664 0.1243 0.1153 0.0010 0.0202 3018
55 2 0.3116 0.1902 0.1762 0.3094 0 0.0126 1351
63 2 0.2815 0.1588 0.0697 0.4429 0.0349 0.0122 9295
50 3 0.4898 0.1342 0.0997 0.2627 0 0.0136 1915
62 3 0.3536 0.1567 0.1507 0.3208 0 0.0183 4480
Mean 0.3891 0.2719 0.1560 0.1305 0.0341 0.0184
SE 0.0167 0.0189 0.0130 0.0319 0.0164 0.0018
cDNA
51 0 0.5977 0.2189 0.1733 0 0.0002 0.0099 4144
53 0 0.2950 0.3647 0.0437 0 0.2967 0 5289
57 0 0.4746 0.1121 0.1942 0 0.2133 0.0057 2461
65 0 0.5111 0.3977 0.0263 0 0.0649 0 4745
70 0 0.2918 0.3391 0.0746 0 0.2944 0 2666
80 0 0.5882 0.3737 0.0377 0 0.0004 0 4849
24 1 0 0.9885 0 0 0.0115 0 261
44 1 0.1285 0.7991 0.0699 0 0 0.0024 3276
46 1 0.2779 0.6625 0.0558 0 0 0.0038 2616
48 1 0.7615 0.2041 0.0284 0 0 0.0061 2960
49 1 0.0814 0.5539 0.1078 0.0089 0.2463 0.0017 2923
54 1 0.6042 0.2385 0.1292 0.0177 0 0.0104 5091
66 1 0.3837 0.3359 0.1276 0 0.1527 0 1277
69 1 0.4187 0.2844 0.0927 0 0.2041 0 3375
55 2 0.6618 0.2377 0.0961 0 0.0003 0.0041 3652
63 2 0.7623 0.1320 0.0477 0.0137 0.0403 0.0041 6877
50 3 0.7627 0.1099 0.1001 0.0229 0 0.0044 2748
62 3 0.6334 0.1509 0.1757 0.0345 0 0.0055 3830
Mean 0.4575 0.3613 0.0878 0.0054 0.0847 0.0032
SE 0.0561 0.0577 0.0131 0.0024 0.0270 0.0008

gDNA, genomic DNA.

27 complete ITS2 sequences, among which all but one of
the six previously identified haplotypes were represented
(Hap1-Hap5).

To test a possible association between haplotype fre-
quency and the number of B chromosomes, we performed
a set of regression analyses with haplotype read propor-
tion in the gDNA as a dependent variable. This showed
significant correlations only for Hap2 (r=-0.688,
SE=0.181, t=-3.79, df=16, P=0.0016, Bonferroni-
corrected P=0.008) and Hap4 (r=0.859, sE=0.128,
t=6.7, df=16, P<0.001, Bonferroni-corrected P<
0.001). The negative correlation between Hap2 frequency
and the B chromosome number explained 47% of the

© 2015 The Royal Entomological Society, 24, 319-330

observed inter-individual variance in genomic Hap2
content, which suggests that the B chromosomes are
impoverished in this haplotype, compared with A chromo-
somes. By contrast, the positive correlation between Hap4
frequency and the B chromosome number explained
73.7% of the observed variance between individuals for
the frequency of this haplotype. This, together with the
complete absence of sequencing reads for this haplotype
in OB individuals, suggests that Hap4 is exclusive of the B
chromosomes.

All six haplotypes showed a conserved secondary
structure composed of three arms (helix I, helix Il and helix
Ill), in coincidence with previous findings in this species
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Figure 1. Secondary structure of Hap1 and the five other ITS2 haplotypes (Hap2-Hap6) found in Eyprepocnemis plorans after analysing 18 males from
the Torrox population. Note that, in respect to Hap1, Hap6 carries a hemicompensatory change in position 97, which is also present in Hap3. But the
latter also carries a hemicompensatory change in position 151 and a noncompensatory change in position 153. These two latter changes are also
present in Hap2, but it lacks the change in position 97. Hap4 carries an adenine insertion around positions 169-171, whereas Hap5 carries a CAA
repetitive insertion of this triplet in positions 168—170. The variation in Gibbs free energy (AG) is indicated in Kcal/mol.

(Teruel et al., 2014), with only a few changes located in
helix Ill (see Fig. 1). Thermal stability (AG) was also highly
conserved, ranging from —93.15 for Hap1 to —87.17 for
Hap2, with —92.57 on average (SE = 1.47).

A minimum spanning tree showing the relationships
among the six ITS2 haplotypes indicated that Hap1 is the
most similar haplotype to that of the E. p. meridionalis
outgroup (Fig. 2), meaning that it might be the ancestral
haplotype in this population, as is also suggested by its
central position in the tree. The co-existence of six differ-
ent haplotypes in a single population, with four differences
(including indels and substitutions) between the most
divergent ones, suggests low rDNA sequence homogeni-
zation efficiency at the ITS2 region in this species, spe-

Hap5 E. p. meridionalis

Figure 2. Minimum spanning tree showing the relationships between
the six ITS2 haplotypes found in 18 Eyprepocnemis plorans males from
Torrox, based on their DNA sequences. The nature of these mutational
changes is indicated in Figure 1. In brief, they were substitutions,
excepting an indel of one nucleotide in Hap4, another of three
nucleotides in Hap5, and another of 15 nucleotides in the

E. p. meridionalis haplotype. Circle diameter is proportional to haplotype
abundance.

© 2015 The Royal Entomological Society, 24, 319-330



Table 2. Expression efficiency for the six haplotypes in the 18

individuals analysed

Id Bs Hap1 Hap2 Hap3 Hap4 Hap5 Hap6
51 0 1.18 0.67 1.17 0.14 0.51
53 0 0.89 1.63 0.24 1.23 0.00
57 0 1.28 0.32 0.89 5.09 0.33
65 0 1.24 1.07 0.17 1.52 0.00
70 0 0.85 1.34 0.38 1.53 0.00
80 0 1.20 1.19 0.23 0.00
24 1 0.00 3.24 0.00 0.00 6.05 0.00
44 1 0.31 2.97 0.38 0.00 0.07
46 1 0.97 1.65 0.27 0.00 0.50
48 1 1.78 0.62 0.29 0.00 0.32
49 1 0.20 2.90 0.36 0.24 4.43 0.15
54 1 1.44 0.76 1.03 0.13 1.25
66 1 1.04 0.99 1.13 0.00 0.00
69 1 0.89 1.07 0.75 0.00 205.37 0.00
55 2 2.12 1.25 0.55 0.00 0.33
63 2 2.71 0.83 0.68 0.03 1.16 0.33
50 3 1.56 0.82 1.00 0.09 0.32
62 3 1.79 0.96 1.17 0.11 0.30
Mean 1.19 1.35 0.59 0.05 25.17 0.25
SE 0.16 0.20 0.09 0.02 22.54 0.07

The expression efficiency has been calculated as the quotient between
the cDNA and gDNA counts. Id = Individual; Bs = Number of B

chromosomes.

cifically much lower than the homogenization observed
for the partial 5.8-28S coding region included in this

work.

Differential expression between haplotypes

An index of expression efficiency for each haplotype was
calculated as the ratio between the proportions of reads
found in gDNA and cDNA. Table 2 shows the values
obtained for each haplotype in each individual. We dis-
carded individual no. 24 for expression analysis because
we recovered only 261 reads from its cDNA (i.e. about
one order of magnitude lower than the number of reads
obtained in any of the remaining individuals). Individual
no. 24 also showed a very odd expression pattern. It
should be noted that including this individual does not
significantly change the results. One sample Student
ttest, with an expected mean equal to 1, showed
random expression of Hap1, Hap2 and Hap5, but signifi-
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cant underexpression of Hap3, Hap4 and Hap6
(Table 3). An additional, indirect, evidence of the nonran-
dom usage of rDNA units comes from the fact that
haplotype diversity for the ITS2 region (Table 4) was sig-
nificantly lower in the cDNA reads than in the gDNA
ones (two-sample ttest: t=5.05, df=16; P<0.001),
indicating that only a subset of rDNA units is expressed.
Remarkably, the B-specific haplotype (Hap4) showed the
lowest expression level, even when considering only the
five individuals showing Hap4 reads in the cDNA (Fig. 3);
therefore, the expression efficiency of this B-specific
haplotype was extremely low in B-carrying individuals as
a whole.

We then analysed the degree of sequence conservation
for the 123 nt of the 5.8S and 28S regions flanking the
ITS2 reads, as the percent of reads showing an identical
sequence to the canonical rDNA sequence found in
E. plorans and other grasshopper species (Ruiz-Ruano
et al., unpublished data). This showed significantly higher
conservation for the reads obtained from the cDNA
(99.2%) than for those obtained from the gDNA (98.4%;
see values in Table S3; two-sample Student t-test,
t=3.92, df =16; P=0.001). A comparison of the cDNA
reads between the six haplotypes (Table S3) showed that
only Hap4 displayed 100% conservation in the flanking
coding reads. Remarkably, Hap4 was the haplotype
showing the least conserved flanking coding regions in the
gDNA (Table S3). This further highlights the non-random
expression of the rRNA genes.

In all 12 individuals carrying B chromosomes, we ana-
lysed about 20 diplotene cells by means of silver impreg-
nation. A nucleolus was seen attached to the rDNA
region of a B chromosome in the five individuals yielding
454 reads with Hap4 in their cDNA (Fig. S1). The
remaining individuals showed no Hap4 cDNA reads and
six of them showed no nucleoli attached to Bs, whereas
one individual showed B-nucleoli in eight out of the 20
diplotene cells analysed. This could be attributable to
tissue differences in rDNA expression level among
grasshopper body parts, as the nucleoli were visualized
in the testis and the cDNA reads were obtained from the
rest of the body.

Table 3. One-sample Student t-tests on the

quotients between the proportions of reads Haplotype Mean SE N t df P Pb

found in the cDNA and gDNA for each

haplotype. The null hypothesis is random Hap1 0.15 17 1.75 16 0.0998 0.299

expression, on which basis we should expect a Hap2 0.18 17 1.35 16 0.1945 0.195

mean proportion equal to 1 Hap3 0.63 0.09 17 -4.14 16 0.0008 0.003
Hap4 0.05 0.02 1 -40.08 10 <0.0001 <0.001
Hap5* 27.56 25.41 7 1.66 6 0.1487 0.297
Hap6 0.26 0.08 17 -9.72 16 <0.0001 <0.001

*For Hap5, the individual no. 69 was not used because being an extreme outlier. Note that Hap5
showed a very high variation between individuals, for which reason the test failed to reject the null
hypothesis, with the available sample. df = degrees of freedom; Pb = Probability after applying the
Sequential Bonferroni method.

© 2015 The Royal Entomological Society, 24, 319-330
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Table 4. Number of haplotypes, haplotype
gDNA cDNA diversity, nucleotide diversity and average
number of nucleotide differences for the ITS2

Id Bs H Hd T k H Hd T k sequences in the 18 individuals analysed
51 0 5 0.617 0.007 1.28 5 0.565 0.007 1.25

53 0 5 0.750 0.007 1.29 4 0.690 0.006 1.05

57 0 5 0.690 0.007 1.34 5 0.679 0.006 117

65 0 5 0.666 0.007 1.28 4 0.576 0.006 1.03

70 0 5 0.744 0.007 1.32 4 0.708 0.006 1.1

80 0 4 0.636 0.007 1.32 4 0.513 0.006 1.04

24* 1 6 0.719 0.006 1.18 2 0.023 0.000 0.05

44 1 5 0.707 0.007 1.33 4 0.340 0.003 0.59

46 1 5 0.706 0.007 1.29 4 0.481 0.005 0.92

48 1 5 0.683 0.006 1.19 4 0.378 0.004 0.78

49 1 6 0.707 0.008 1.43 6 0.614 0.006 1.09

54 1 5 0.692 0.007 1.22 5 0.561 0.006 117

66 1 5 0.713 0.007 1.28 4 0.701 0.007 1.22

69 1 6 0.677 0.006 1.20 4 0.694 0.006 1.1

55 2 5 0.740 0.007 1.24 6 0.496 0.006 1.07

63 2 6 0.693 0.005 0.86 6 0.398 0.004 0.69

50 3 5 0.663 0.005 0.92 5 0.396 0.005 0.85

62 3 5 0.725 0.006 1.13 5 0.544 0.006 1.18

Mean 5.17 0.696 0.007 1.22 4.50 0.520 0.005 0.96

SE 0.27 0.001 <0.001 0.02 0.97 0.029 <0.001 0.09

H, haplotypes; Hd, haplotype diversity; &, nucleotide diversity; k, nucleotide differences; cDNA,
complementary DNA; gDNA, genomic DNA.
*Note the extreme outlying values for cDNA, complementary DNA in male no. 24 justifying its

exclusion from statistical analyses.

Discussion

Extensive intragenomic variation for the ITS2 region

The existence of six different

ITS2 haplotypes in

E. plorans from a single population is a clear indication of
a remarkable intragenomic variation in this species. One
of the haplotypes (Hap4) was specific to a B chromosome,
because it was not found in any of the B-lacking individ-
uals analysed, and read proportions for it were signifi-
cantly associated with the number of B chromosomes.
This haplotype was unique in showing a characteristic
adenine insertion in which previous molecular detection of
B-specific transcripts was based (Ruiz-Estévez et al.,
2012).

The secondary structure of ITS2 plays an important role
in defining the cleavage sites for release of rRNA during its
maturation (Musters et al., 1990; van der Sande et al.,
1992). The secondary structure of the six haplotypes

2.00

found in E. plorans was conserved, as in previous findings
by Teruel et al. (2014), and AG was approximately similar
in the six haplotypes, suggesting that they are putatively
functional, and all of them were actually found in the
cDNA. The coexistence of six different haplotypes sug-
gests that homogenization is poorly efficient in this
species.

At first, it might appear that the fact that the E. plorans
genome needs to homogenize high amounts of rDNA
units could justify its poor homogenization for the ITS2
region. The extensive intraspecific variation for ITS
regions reported by Keller et al. (2006, 2008) in the grass-
hopper Podisma pedestris, which also shows a gigantic
genome (16.56 Gb), would support this inference. Another
grasshopper species with a huge genome, however,
Stauroderus scalaris (15.98 Gb; Belda et al., 1991), which
carries even more rDNA than E. plorans (Lopez-Ledn
etal, 1999), shows a highly homogenized ITS2 rDNA
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Figure 3. Expression efficiency of the six ITS2
haplotypes (Hap1-Hap6) found in 18 Eyprepocnemis
plorans males from Torrox, calculated as the quotient
between the proportions of reads found in the cDNA
and gDNA (transformed to log2 to see
overexpressions as positive values and
underexpressions as negative values). Error bars
indicate 95% Cls.

—t—
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region (Ruiz-Ruano et al., unpublished data). This sug-
gests that causes other than rDNA quantity or genome
size need to be invoked to explain the ITS2 variation found
in E. plorans. A possible explanation could stem from the
recent intragenomic expansion of rDNA between different
A chromosomes across the Mediterranean area, from only
two in Dagestan (Caucasus; chromosomes 9 and 11) to
three in Armenia (with rDNA also in chromosome 10), four
in Greece (also in the X chromosome), five in Turkey (also
in chromosome 1), up to nine in Spain (seven in Torrox)
and all 12 chromosome pairs in Morocco, suggesting the
progressive intragenomic spread of rDNA from eastern to
western populations (Lopez-Ledn et al., 2008). The analy-
sis of microdissected A and B chromosomes (Teruel et al.,
2014) suggests that, if the haplotype structure already
existed in rDNA arrays from chromosomes 9 and 11
before the intragenomic spread, then the rDNA in chromo-
some 9 appears to have been more expansive than that in
chromosome 11, since the haplotype found in chromo-
some 9 (Hap1) was also found in chromosomes 8, X and
B, whereas Hap2 was only found in chromosome 11.
These results suggest the existence of uneven distribution
of ITS2 haplotypes among chromosomes, on which non-
random expression could be based (see below).

The positive correlation found between genome size
and the amount of rDNA in plants and animals
(Prokopowich et al., 2003) might suggest some optimiza-
tion for both genomic variables, but a massive
intragenomic spread of rDNA, such as that which occurred
in E. plorans, could break this relationship impeding effi-
cient homogenization among non-homologous chromo-
somes, especially for a genome which, before such
spread, only had to homogenize the rDNA units in two
non-homologous chromosomes (9 and 11). This situation
appears to be ancestral in this species as it is similar in the
South African subspecies E. plorans meridionalis
(Lopez-Ledn et al., 2008). The possibility that homogeni-
zation between homologous chromosomes works well in
this species is contradicted by the existence of six differ-
ent haplotypes since, if chromosomes 9 and 11 would
have been properly homologously homogenized, prior to
intragenomic rDNA spread, we would expect a maximum
of two different haplotypes, one coming from chromosome
9 and other from chromosome 11. Alternatively, this
variety of haplotypes could be the result of population
mixture prior to the recent expansion of this species
through the Western Mediterranean area which led to the
spread of a same type of B chromosome (B;) across
Tunisia, Sicily, Balearic Islands, the Iberian Peninsula and
Morocco (Cabrero et al., 2014).

Non-random expression of rDNA units

The simultaneous analysis of haplotype frequency in
gDNA and cDNA of the same individuals allowed the

© 2015 The Royal Entomological Society, 24, 319-330
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analysis of expression efficiency for each haplotype, dem-
onstrating that the different rDNA units in a single genome
are not randomly expressed. To our knowledge, this is the
first study performing this kind of combined analysis. Our
null hypothesis was that if the different rDNA units were
randomly expressed, we would observe ITS2 haplotypes
in cDNA at similar proportions to those observed in gDNA.
This occurred for Hap1, Hap2 and Hap5, although the
latter showed high variation between individuals. The
three remaining haplotypes (Hap3, Hap4 and Hap6),
however, were significantly underexpressed. The most
apparent case of nonrandom expression was Hap4, which
is exclusive to the B chromosome and is extremely
underexpressed, with only five of the 12 B-carrying males
showing cDNA reads, and in much lower proportions than
in gDNA. Remarkably, these five males showed the pres-
ence of nucleoli attached to B chromosomes in silver-
stained diplotene cells, indicating that the rDNA contained
in the B chromosomes is able to yield its phenotype, i.e.
the nucleolus. Our results also indicate that B chromo-
some rDNA is completely silenced in some males and is
still highly downregulated in those males carrying B chro-
mosomes expressing a nucleolus. In fact, a survey in 11
natural populations showed B-NOR expression in 18
males from seven populations, representing 11.66% of all
156 males analysed (Ruiz-Estévez et al., 2013). This fre-
quency is much lower than the 48% observed in the Torrox
population (Ruiz-Estévez et al., 2012).

It would be interesting to know about the possible func-
tionality of the rRNA transcribed from the B chromosome
since cells tightly regulate the total amount of nucleolar
area (Teruel et al., 2007, 2009), so that the production of
rRNA copies by the B chromosome would be paralleled by
a decrease in the number of copies produced by the A
chromosomes. As mentioned above, our analysis of sec-
ondary structure appears to indicate that the ITS2 region
produced by the B chromosome (Hap4) is as functional as
that transcribed from other chromosomes, although this is
important only in terms of ITS2 elimination from the tran-
script; however, the higher degree of sequence conserva-
tion for the flanking 5.8-28S coding regions in the cDNA,
compared with that in gDNA, suggests some preference
for the expression of those rDNA units in the B chromo-
some showing the most conserved coding regions. This
kind of nonrandom expression of rDNA units is consistent
with the observation by Flavell etal. (1988) that
unmethylated cytosines are not distributed at random in
the rDNA but is related to the activity of the NOR in which
they reside. Recently, Zhou et al. (2013) have proposed a
model by which a genome containing copies of the rDNA-
specialized R2 retrotransposon selects transcription
domains in the region containing the fewest R2 insertions,
which is also consistent with nonrandom expression of
rDNA units. The fact that Hap4 (the B-specific haplotype)
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was the only one associated with 100% of completely
conserved flanking coding regions in the cDNA, suggests
that this selection is more stringent when the rDNA is
transcribed from a B chromosome. In species showing
high intragenomic variation for rDNA, the preferential
expression of some rDNA units can be crucial for fitness
because only a part of the rDNA copies are usually active
(Reeder, 1999) and random expression would lead to the
production of some defective rRNA molecules.

Interestingly, in the E. plorans genome, R2 retroele-
ments are preferentially located in B chromosomes, but
Bs actually constitute a sink for R2 since the rDNA of the
B chromosomes is rarely active (Montiel et al., 2014) and,
as shown here, the B-specific ITS2 haplotype (Hap4) is
highly repressed. The fact that the few Hap4 copies
escaping silencing (thus observed in the cDNA) show
flanking coding regions completely conserved suggests
that the genome is extremely careful about which rDNA
copies are active, especially in a genome with so much
rDNA which only needs to express a small proportion of it.
The fact that the five individuals showing Hap4 reads in
the cDNA also showed nucleoli attached to the B chromo-
somes suggests that the RNA molecules produced by
transcription of the rDNA in the B chromosome are fully
functional. The present results demonstrate, however, that
the proportion of B-rRNA molecules is extremely low even
in these individuals, in consistency with recent findings by
quantitative PCR (Ruiz-Estévez et al., 2014a).

How is haplotype differential expression possible
bearing in mind that, at least in Arabidopsis thaliana, the
units of rRNA regulation are NORs rather than individual
rRNA genes (Lewis et al., 2004)? In previous analysis by
means of silver impregnation, we showed the interde-
pendence for expression between several chromosome
NORs in E. plorans (Teruel etal.,, 2009). If the unit of
regulation is the NOR, the differential expression among
haplotypes is only possible if haplotypes are not distrib-
uted at random in the different chromosomes carrying
rDNA. The analysis of the 45S (ITS1-5.8S-ITS2)
sequences obtained by microdissection and PCR-cloning
from individual chromosomes (Teruel et al., 2014) shows
that 42 out of the 72 sequences reported matched five of
the six haplotypes analysed here, with Hap1 being the
most ubiquitous haplotype found in chromosomes 8, 9, X
and B, whereas Hap2 was found only in chromosome 11,
and Hap4 was exclusive to the B chromosome. Although
more ITS2 sequences need to be individually analysed
from each chromosome, this result suggests some struc-
ture in ITS2 haplotype distribution among chromosomes.
This is presumably a consequence of poor non-
homologous homogenization of the ITS2 region in
E. plorans, although this fact does not apply to the 5.8-
28S coding regions which are highly homogenized, pre-
sumably because of higher surveillance by natural

selection (Eickbush & Eickbush, 2007; Ganley &
Kobayashi, 2007). In any case, bearing huge amounts of
not completely homogenized rDNA is not a problem for a
genome as long as it is able to select conserved coding
regions for expression, irrespective of whether they are
accompanied by ITS2 regions of one haplotype or
another, or even if they are located in a B chromosome.

Recent bioinformatic analysis of hundreds of full
sequenced human genomes and transcriptomes has
shown extensive variation in rDNA dosage which is posi-
tively associated with gene expression for chromatin com-
ponents targeting the nucleolus, and negatively with
mitochondrial DNA abundance (Gibbons et al., 2014). We
have recently quantified the number of rDNA copies
present in B chromosomes from the Torrox population and
found high variation between individuals (Ruiz-Estévez
etal., 2014b). Variation in the proportion of Hap4 reads
found between B-carrying males (Table 1) also suggests
differences in B-rDNA dosage between individuals from
this population. This raises the possibility that rDNA
dosage in the B chromosome could have something to do
with the observed variation between B-carrying individuals
for the expression or silencing of the rDNA contained in
the B chromosome and, therefore, in the capability of the
latter to yield a nucleolus. This is an interesting prospect
for future research.

Experimental procedures

Biological samples and karyotypic characterization

We collected 19 adult males of the grasshopper E. plorans in the
Torrox population (Malaga, Spain). They were anaesthetized prior
to dissection to take out the testes which were fixed in freshly
prepared 3:1 ethanol : acetic acid and stored at 4 °C for cytological
analysis. The bodies of 18 E. plorans males were divided into two
somatic hemibodies for separate extraction of DNA and RNA, and
further tagged PCR 454 amplicon sequencing. The remaining
male was similarly processed but the full body was used for
extraction of DNA destined to WGSS. All bodies were frozen in
liquid nitrogen and stored at —80 °C until DNA and RNA extraction.
We determined the number of B chromosomes by squashing two
testis follicles in 2% lacto-propionic orcein and visualizing primary
spermatocytes at first meiotic prophase or metaphase, under a
BX41 Olympus microscope coupled to a DP70 digital camera.

gDNA and RNA extractions, cDNA synthesis and rDNA

activity analysis

Genomic DNA and total RNA extractions from frozen hemibodies
were performed using ‘GenElute Mammalian Genomic DNA
Miniprep Kit' (Sigma) and ‘Real Total RNA Spin Plus kit' (Durviz),
following manufacturer's recommendations. We submitted total
RNA to a second 20U DNase treatment (Real Star kit, Durviz)
after extraction to eliminate any traces of DNA contamination. A
PCR analysis on RNA confirmed the absence of DNA in the
samples. Quantity and quality (absorbance 260:280 nm = 1.9-2)
of gDNA and RNA were measured using Tecan’s Infinite 200
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NanoQuant and in a denaturing agarose gel to ensure the
absence of RNA degradation. Complementary DNA (cDNA) was
synthesized with random hexamers using a SuperScript Ill First-
Strand Synthesis SuperMix Kit (Invitrogen, Carlsbad, CA, USA).

rDNA activity in the B chromosome was analysed cytologically
by silver impregnation of testis follicles following the protocol
reported by Rufas et al. (1982). In grasshoppers, this technique
reveals nucleoli attached to active nucleolus organizer regions
(NORs, i.e. the chromosome locations of rDNA) during first
meiotic prophase. This allows ascertaining which chromosome
NORs are active in each cell. We also detected the activity of the
rDNA in the B chromosome by the PCR amplification method
devised by Ruiz-Estévez et al. (2012).

Tagged PCR and amplicon next-generation sequencing

The ITS2 region was amplified from gDNAs and cDNAs of 18
males carrying different numbers of B chromosomes. We then
sequenced the amplicons in a Roche 454 run (1/8 of a plate).
6-mer-length tags were added to the 5" end of the forward ITS3
(5'GTCGATGAAGAACGCAGCS’) and reverse ITS4 (5’ATATGC
TTAAATTCAGCGGG 3’) primers (anchored in the 5.8S and the
28S genes, respectively) and, for each different sample, we used
a specific combination of both forward- and reverse-tagged
primers to separate the sequencing results in silico. We designed
the six 6mer tags using EDITTAG (Faircloth & Glenn, 2012),
differing in four or more nucleotides (Table S1) and we amplified
36 samples (18 gDNAs and 18 cDNAs).

PCR reactions contained 20 ng gDNA or 30 ng cDNA, 0.4 uM
of each forward- and reverse-tagged primer (Table S2), 0.2 mM
dNTPs, 1X Phusion HF Buffer and 0.4U Phusion® High-Fidelity
DNA Polymerase (Thermo Scientific, Waltham, MA, USA) in a
final volume of 25 ul. PCR amplifications were carried out in an
Eppendorf Mastercycler ep Gradient S (Eppendorf) under the
following conditions: initial denaturation for 30 s at 98 °C, 30
cycles of 15 s at 98 °C, 30 s at 60 °C and 10 s at 72 °C, followed
by a final extension of 7 min at 72 °C. The amplicons were visu-
alized by electrophoresis in a 1.5% agarose gel, and the bands of
about 350 bp were excised and purified using the GenElute Gel
Extraction Kit (Sigma-Aldrich, St Louis, MO, USA). We performed
two separated reactions with the same combination of tags for
each sample to reduce PCR bias, and mixed the product in
equimolar amounts for sequencing in a 454 GS FLX Titanium
equipment (Roche Diagnostics, Indianapolis, IN, USA), by
Macrogen Inc. We submitted the raw reads to the National Center
for Biotechnology Information’s SRA database with accession
number SRR1202012.

Amplicon sequencing data analysis

We wrote a series of custom Python scripts and used them for
counting the number of reads corresponding to each sequence
(haplotype) in each sample (https:/github.com/fjruizruano/
amplicon-pyroseq). This was carried out in five consecutive
steps. (1) To select the ITS2 amplicons, local alignments of the
initial half of the sequencing reads against the forward and
reverse primers were carried out using the Smith-Waterman algo-
rithm, as implemented in the EMBOSS suite (Rice et al., 2000).
We only considered reads with high identity with one of the
primers. Additionally, this alignment served to determine the ori-
entation of each read in respect of the aligned primer, because we
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had reads in both orientations because the 454 adaptors were not
included in the primers. We substituted the reads matched to the
reverse primer with their reverse-complementary in order to have
all the amplicons in the same orientation. (2) We assigned each
read to a given sample according to its tag combination
(Table S2) using local alignments of the complete reads against
the tagged primers. To avoid missassignation, we sorted the
alignments from higher to lower similarity and assigned the
sample to a given read only if the best alignment showed less
than four sequence differences (i.e. the minimum number of
differences between tags) in both tagged primers. Selected reads
were stored in different files according to their combination of
tags. The alignments also allowed us to trim tags and primers
from the sequences. (3) We used the Acacia software (Bragg
etal., 2012) to correct typical 454 pyrosequencing errors, i.e.
substitutions and indels in homopolymeric regions. We then gen-
erated a file with all found haplotypes per sample and their fre-
quency, and we searched for chimeric sequences with UCHIME
(Edgar etal., 2011) using the default options for the de novo
algorithm. (4) To annotate the 5.8S, ITS2 and 28S regions in all
the haplotype files, for each sample, we aligned the sequences
using MAFFT v7 (Katoh & Standley, 2013) with LINSI options
including an additional E. plorans 1TS2 sequence (accession
number JN811835.1) as a reference, annotating its ITS2 region
with the ITS2 Database Il annotation tool (Koetschan et al.,
2010). (5) Since the 454 reads included partial regions of the 5.8S
and 28S rRNA genes, summing up 123 nt, in addition to the ITS2
sequence, we used these partial coding regions as internal
control for sequencing errors. This provided a way to avoid false-
positives in identifying genuine ITS2 haplotypes (i.e. variants for
the ITS2 region sequence) in the gDNA. For stringency, we con-
sidered as sequencing errors all the variation found in these 123
nt, compared with the sequence found by Teruel et al. (2014)
which is conserved in all E. plorans rDNA sequences (accession
number JN811835.1). The proportion of reads carrying any vari-
ation in respect to the conserved coding sequence was thus our
estimate of the maximum error rate of the experiment. To select
the genuine ITS2 haplotypes in the different samples of the
experiment, we calculated the error rate in the whole experiment
and then applied it to every male to avoid discarding genuine
haplotypes that belong to only one or few males. The reads were
then classified according to the ITS2 haplotype to which they
belong.

Whole-genome shotgun sequencing-next-generation
sequencing

To test for PCR induced bias, we analysed the genomic ITS2
diversity after direct 454 sequencing of the whole gDNA extracted
from another male from the same population. That male carried
two B chromosomes and its genome was sequenced in an 1/8 of
the 454 GS FLX Plus plate (accession number SRR1200829).
We mapped the reads to the E. plorans ITS2 (accession number
JN811835.1) using Roche’s GS Mapper software, and selected
those showing at least 90% identity to the complete ITS2 and
those that appeared more than twice.

Secondary structure and genetic diversity analyses

We predicted the ITS2 secondary structure of each haplotype and
its stability measured by the change in Gibbs free energy (AG)
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using MFoOLD v2.3 (Zuker, 2003) with a folding temperature of
30 °C. The folds were drawn using VARNA (Darty et al., 2009). We
performed sequence diversity analysis, considering indels, with
DnaSP v5.05 (Librado & Rozas, 2009). A minimum spanning tree
was built with the different haplotypes based on pairwise differ-
ences, using ARLEQUIN v3.5.1.3. (Excoffier & Lischer, 2010) and
was visualized with HAPSTAR v0.7 (Teacher & Griffiths, 2011). An
additional haplotype from E. p. meridionalis (accession number:
JX445147), a B-lacking subspecies located in South Africa, was
included for minimum spanning tree anchoring.

Statistical analyses

After haplotype selection, we calculated the proportion of reads
obtained for each haplotype in the gDNA and cDNA of each
individual. We then tested for possible associations between the
different haplotypes and the number of B chromosomes by
means of regression analysis.

We assessed the degree of expression for each haplotype by
comparing the proportions of reads found in both gDNA and
cDNA. For this purpose, we calculated an index of expression
efficiency for each haplotype as the ratio between the read pro-
portions in the cDNA and gDNA of each male (Table 2). Under the
hypothesis of random expression, this ratio should be equal to 1
for all haplotypes. Kolmogorov—Smirnov tests showed that the
distributions for each haplotype cDNA/gDNA ratio fitted a normal
distribution (P> 0.05 in all six cases), for which reason we tested
the random expression hypothesis by using Student's one-
sample test, with 1 as the expected mean. Finally, the sequential
Bonferroni method was applied to minimize type | errors. These
analyses were carried out using the STATISTICA software v6
(StatSoft, Inc., 2007). To improve the graphical display of the
results, we log2 transformed the obtained values per haplotype
and individual, so that values close to zero indicated random
expression, whereas those significantly higher or lower than zero
indicated overexpression or underexpression, respectively.
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online version of this article at the publisher's web-site:

Figure S1. Primary spermatocytes of the grasshopper Eyprepocnemis
plorans, at diplotene, submitted to silver impregnation and showing the
absence (a) and presence (b) of a nucleolus attached to the B chromo-
some. Arrows point to nucleoli. Bar =5 p.

Table S1. Sequence of the six tags used for the ITS2 primers. Note that
they differ in four or more nucleotides.

Table S2. Tag combinations for the primers used to amplify each sample
(F: forward; R: reverse). Id= Individual, Bs= Number of B chromosomes.
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