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Evolution of the secondary structure of the rRNA
internal transcribed spacer 2 (ITS2) in hard ticks
(Ixodidae, Arthropoda)
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ITS2 sequences are used extensively in molecular tax-
onomy and population genetics of arthropods and other ani-
mals yet little is known about the molecular evolution of
ITS2. We studied the secondary structure of ITS2 in species
from each of the six main lineages of hard ticks (family
Ixodidae). The ITS2 of these ticks varied in length from 679
bp in Ixodes scapularis to 1547 bp in Aponomma concolor.
Nucleotide content varied also: the ITS2 of ticks from the
Prostriata lineage (Ixodes spp.) had 46–49% GC whereas
ITS2 sequences of ticks from the Metastriata lineage (all
other hard ticks) had 61–62% GC. Despite variation in nucle-
otide sequence, the secondary structure of the ITS2 of all of
these ticks apparently has five domains. Stems 1, 3, 4 and 5
of this secondary structure were obvious in all of the species
studied. However, stem 2 was not always obvious despite
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Introduction
The genes that encode ribosomal RNA (rRNA) occur as
tandem repeats on one or more chromosomes in the
nuclear genome of all eukaryotes. Each repeat comprises
three coding regions (small subunit, 18S; 5.8S; and large
subunit, 28S) and four non-coding regions or spacers.
Three of these spacers, internal transcribed spacer 1
(ITS1), internal transcribed spacer 2 (ITS2) and the exter-
nal transcribed spacer (ETS), are transcribed into a 45S
precursor molecule but later this precursor is cleaved at
specific sites and the spacers are removed. The precise
roles of the transcribed spacers are unknown. However,
there is good evidence that transcribed spacers have
important roles in the biogenesis of the large rRNA sub-
unit and maturation of the small subunit (eg Good et al,
1997). When nucleotides were deleted from ITS2 in a
species of yeast, Saccharomyces cerevisiae, production of
the ribosomal subunits decreased or stopped, especially
when the deletions altered the secondary structure of
ITS2 (van Nues et al, 1995). It seems that the secondary
structure of the ITS2 is needed to facilitate its cleavage
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the fact that it is flanked by highly conserved sequence
motifs in the adjacent stems, stems 1 and 3. The ITS2 of
hard ticks has apparently evolved mostly by increases and
decreases in length of the nucleotide sequences, which
caused increases, and decreases in the length of stems of
the secondary structure. This is most obvious when stems
of the secondary structures of the Prostriata (Ixodes spp.)
are compared to those of the Metastriata (all other hard
ticks). Increases in the size of the ITS2 may have been
caused by replication slippage which generated large
repeats, like those seen in Haemaphysalis humerosa and
species from the Rhipicepalinae lineage, and the small
repeats found in species from the other lineages of ticks.
Heredity (2002) 88, 275–279. DOI: 10.1038/sj/hdy/6800040

from the precursor to form the mature ribosomal subunit
(eg van der Sande et al, 1992).

Despite the apparent functional importance of ITS2, its
primary sequence varies greatly in length from 100 bp in
corals (Odorico and Miller, 1997) to 1547 bp in hard ticks
(this paper). Although many methods have been used to
infer secondary structures of RNA such as electron
microscopy (Gonzales et al, 1990), site-directed muta-
genesis (van der Sande et al, 1992; van Nues et al, 1995)
and chemical and structural probing (Yeh and Lee, 1990),
the most common method is to infer the secondary struc-
ture with software that favours secondary structures with
the smallest free energy values (Zuker and Steigler, 1981)
and then to examine the secondary structures from differ-
ent populations and closely related species for common
features (eg McLain et al, 1995 for Ixodes spp.).

A secondary structure for ITS2 that has four domains
has been proposed for green algae and flowering plants
(Mai and Coleman, 1997), fruit flies (Drosophila spp.,
Schlotterer et al, 1994), and parasitic flatworms (Michot
et al, 1993; Morgan and Blair, 1998). We studied species
from each of the six main lineages of hard ticks (family
Ixodidae) to see if their ITS2 secondary structure also had
four domains. We found that the secondary structure of
the ITS2 in hard ticks did not have four domains. Instead,
despite extreme variation in the primary sequence, each
of the sequences folded into a structure with five
domains.
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Materials and methods

Taxa
We obtained ticks from both the Prostriata (Ixodes spp.)
and the Metastriata (all other hard ticks) and chose to
study species which represent the six main phylogenetic
lineages of hard ticks (Figure 1): Ixodes scapularis from the
main lineage of Ixodes spp.; I. holocyclus from the I. tas-
mani group, which lives exclusively in Australasia (see
Dobson and Barker, 1999; Klompen et al, 2000); Amb-
lyomma vikirri and Aponomma fimbriatum from the Amb-
lyomma and typical Aponomma lineage (Amblyomma s.l.;
Dobson and Barker, 1999; Klompen et al, 2000); Ap. con-
color from the endemic Australian Aponomma (described
as Bothriocroton by JSH Klompen et al, submitted); Haema-
physalis humerosa from the Haemaphysalinae lineage; and
Dermacentor variabilis from the rhipicephaline lineage
(Rhipicephalinae plus Hyalomminae) (see Murrell et al,
2001a and references therein). We generated the
sequences of Ap. concolor (AF199116), Ap. fimbriatum
(AF199113), A. vikirri (AF199112) and H. humerosa
(AF199115) but not the sequences of I. scapularis
(Genbank L22276), I. holocyclus (AF208344) and D. varia-
bilis (S83088). We also examined, but in less detail, the
ITS2 sequences of I. uriae (D88307), I. pacificus (L22280),
Boophilus microplus (U97712), Rhipicephalus zambeziensis
(U97709) and R. appendiculatus (U97704).

DNA amplification and sequencing
ITS2 was amplified by PCR with the forward primer 3SA
(Barker, 1998) and the reverse primers ITS2R (Domanico
et al, 1997) and JB9A (Barker, 1998). PCR fragments were
purified with the Qiaquick PCR purification kit (Qiagen)
or the Wizard PCR Preps purification system (Promega).
Both strands were sequenced with the ABI PRISM
BigDye Terminator Cycle Sequencing Ready Reaction Kit
(Applied Biosystems). Purified products were separated
with Applied Biosystems 373A and 377 gene sequencers.
The sequencing primers, some of which were designed
with the aid of Oligo5, were: 3SA (Barker, 1998); ITS2FB,
5� CTCGTTTTGACCGYGTCGGC 3� (anneals to positions
50–69 in Am. vikirri); ITS2MF, 5� AGTCCGCCGTCGGTC
CAAGTG 3� (anneals to positions 630–650 in Ap.
fimbriatum); ITS2HAF, 5� GTGCAGTCGTCTCTGATG
TTG 3� (anneals to positions 595–615 in H. humerosa); ITS-
2APCF, 5� TGCGGTGCTGTGTGAGAAATA 3� (anneals
to positions 452–472 in Ap. concolor); AMAPHYITS2, 5�
GCTCTTCCCTGCAGRTA 3� (anneals to positions 260–
277 in Am. vikirri); APC500R, 5� CCGCTTCCCCGACCA
CAC 3� (anneals to positions 417–434 in Ap. concolor);
HA500R, 5� CCGTTCCCCACGGCACGG 3� (anneals to

Figure 1 Phylogenetic relationships of the six major lineages of
hard ticks (according to Klompen et al, 2000). The species studied
by ourselves are on the right. Size and GC content of ITS2
sequences are shown in parentheses. s.s., sensu stricto; s.l., sensu lato.

positions 386–403 in H. humerosa); ITS2HAR, 5� TCCTGG
GACGTTTATTCTGCG 3� (anneals to positions 741–761
in H. humerosa); ITS2R2, 5� ACTTGGACCGACGGCGG
ACT 3� (anneals to positions 1074–1093 in H. humerosa);
ITS2R (Domanico et al, 1997); JB9A (Barker, 1998).

Sequence analysis
The start of the ITS2 was identified by the motif ACTA-
TAT whereas the end was identified as being 5 bp
upstream of the motif ACCTCAGA (see Barker, 1998).
Both of these motifs were found in all of the ticks we
studied and were identified with respect to the sequences
of the flanking rRNA genes, 5.8S and 28S. The programs
Repeat (searches for repeats), Composition (calculates
nucleotide composition, ie, mono, di and tri-nucleotide
frequencies), Wordcount (searches for common ‘words’
in a sequence) and Tandem (searches for tandem repeats)
from the GCG package on ANGIS (Australian National
Genomic Information Service) were used to analyse the
nucleotide sequences. Sequences were aligned with Clus-
talW1.74 (Thompson et al, 1994); default gap and exten-
sion penalties were used. Alignments were then adjusted
by eye.

Folding of sequences into putative secondary structures
Sequences were folded with mfold-3 at M Zuker’s web
page (www.ibc.wustl.edu/zuker). Default values (37°C
with 5% suboptimal folding) were used to fold the ITS2
rDNA. When available, about 20 bases of flanking
sequence (5.8S and 28S rRNA) were included because
these have been shown to be important in the folding of
ITS2 in other ITS2 sequences (Veldman et al, 1981; Mor-
gan and Blair, 1998). Structures inferred by mfold-3 were
examined for common stems, loops and bulges.
Sequences which formed markedly atypical stems and
loops were resubmitted to mfold-3 with constraints that
forced the extension of some stems or forced canonical
base pairs that were present in most other species of ticks.
In this way, stem 1 was extended in most species so that
TCAAG (positions 9–13 in I. holocyclus) bound with
TTTGA (positions 44–48 in I. holocyclus) because this
increased the number of canonical base pairings in stem
1. For species from the subfamily Rhipicephalinae for
which the 20 bp of flanking sequence (5.8S and 28S) were
not available, ACA (positions 4–6 in B. microplus) was for-
ced to bind with TGT (positions 1138–1140 in B.
microplus). Putative stems 1, 3, 4, and 5 were also folded
independently of the entire ITS2 molecule in an attempt
to optimise the secondary structures. Local alignments of
conserved sequences from stems from the different
species were examined for base substitutions that were
compensatory, ie, base substitutions that maintained the
secondary structure.

Results
In the hard ticks we studied, the ITS2 varied in length
from 679 bp in I. scapularis to 1547 bp in Ap. concolor
(Figure 1). Species from the Prostriata lineage (Ixodes
spp.) were 46–49% GC rich whereas the rest of the ticks,
the Metastriata, were 61–62% GC rich (Figure 1). Apart
from Ap. fimbriatum and Am. vikirri (65% homology), I.
holocyclus and I. uriae (78% homology) and the four rhipi-
cephalinae ticks (D. variabilis, B. microplus, R. zambeziensis
and R. appendiculatus: 64–97% homology), the sequences
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Figure 2 (a) 88 bp alignment of conserved sequences at the 5� end
of ITS2 of ticks (5� – 3�). (b) 99 bp alignment of conserved sequences
in the last quarter of ITS2 (5� – 3�).

were unalignable except for 88 bp at the 5� end of ITS2
(stem 1) and 99 bp in the last quarter of ITS2, which form
part of stem 3 (Figure 2). Numerous short imperfect tan-
dem repeats of up to 20 bp were found in all species stud-
ied (data not shown). Near perfect repeats were found in
D. variabilis, 104 bp separated from its 84 bp incomplete
copy by 39 bp, and in H. humerosa, 144 bp separated from
its 159 bp copy by 480 bp (Figure 3). Repeats that may
be homologous to the repeats found in D. variabilis are
also in the ITS2 of B. microplus, B. decoloratus, R. zambezi-
ensis, R. appendiculatus and R. evertsi (Barker, 1998). The
molecular evolution of these repeats in the rhipicephaline
ticks and their relatives was studied by Murrell et al
(2001b).

The putative secondary structures of the seven species
from the six main lineages of hard ticks studied have five
domains (see Figure 4 for I. holocyclus). The 20 bp of 5.8S
and 28S rDNA that were immediately adjacent to the 5�
and 3� ends of the ITS2 apparently form canonical bonds
with each other and about the first 10 bp of the ITS2 to
form stem 0 (see Figure 4 for I. holocyclus). Stems 1, 3, 4

Figure 3 (a) The two copies of the long repeat in Dermacentor varia-
bilis at base positions 803–906 and 946–1029 respectively. (b) The
two copies of the long repeat in Haemaphysalis humerosa at base pos-
itions 251–397 and 878–1026 respectively.

Heredity

Figure 4 The proposed secondary structure of Ixodes holocyclus
which shows the five putative domains proposed for the ticks stud-
ied here; minimum free energy = −342.1 (−351.7 initially). Stem 0
consists of 20 bp of sequence that flanks (5�–3�) the ITS2. Note that
this structure is very similar to that proposed for I. scapularis by
McLain et al (1995). The proposed secondary structures of the other
species of hard ticks studied by ourselves are not shown.

and 5 were obvious in all species studied. However, stem
2 was not always obvious despite the fact that it was
flanked by highly conserved sequence motifs in the adja-
cent stems, stems 1 and 3. In fact, stem 2 varied greatly
among the seven species studied. In Am. vikirri, Ap. fim-
briatum and D. variabilis, stem 2 had two additional ter-
minal stems (stems 2a and 2b, not shown) whereas in Ap.
concolor and H. humerosa, the initial part of stem 2 was
short but then it branched into three to four other shorter
stems (not shown). All four Ixodes spp. (I. scapularis, I.
pacificus, I. uriae and I. holocyclus) had a long stem 2 that
had no side or terminal branches (Figure 4). The ITS2 of
the four rhipicephaline sequences (D. variabilis, B.
microplus, R. zambeziensis and R. appendiculatus) also
folded into five domains; stems 2a and 2b were also
present in these species. However, some of the sub-opti-
mal foldings for D. variabilis had six domains; this was
due to the long repeat in this species. Of the five stems,
only stems 1 and 3 had sequence homology greater than
70% among ticks from the six lineages. In all cases all
stems were shorter in species from the Prostriata lineage
(Ixodes spp.) compared to the species from the other main
lineage of hard ticks, the Metastriata (all hard ticks except
the Ixodes spp.).

Putative compensatory changes were found in all
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stems. However, only those compensatory changes from
stems 1 (approximately 120 bp at the 5� end of ITS2) and
3 (approximately 60 bp at positions 605–665 in I.
holocyclus) are likely to be true compensatory changes
due to the substantial evolution of the primary sequence
in all other regions; indeed, the sequences of these other
regions were unalignable. The apparent compensatory
changes in the other regions are probably artefacts due
to chance associations of nucleotides.

Discussion
The ITS2 of hard ticks ranges in size from 679 bp (I.
scapularis) to 1547 bp (Ap. concolor); the ITS2 of the latter
is the largest ITS2 known. Given the range in size of ITS2
in ticks, it is not surprising that the ITS2 sequences we
studied were almost entirely unalignable (10% homology
overall) with the exception of Ap. fimbriatum and Am.
vikirri (65% homology), I. holocyclus and I. uriae (78%
homology), and the four rhipicephaline ticks (D. varia-
bilis, B. microplus, R. zambeziensis and R. appendiculatus:
64–97% homology). Note that the sequences of Ap. fim-
briatum and Am. vikirri could be aligned whereas the
sequence of Ap. concolor could not easily be aligned with
Ap. fimbriatum nor with Am. vikirri, and is over 500 bp
longer than those sequences. This is consistent with the
phylogenetic hypothesis of Dobson and Barker (1999)
and JSH Klompen et al (submitted) that Ap. concolor and
other Australian Aponomma spp. from reptiles and the
echidna (a monotreme) are from a lineage that is phylo-
genetically well removed from the lineage that has the
rest of Aponomma spp., including Ap. fimbriatum. The
sequence of I. uriae could be aligned with that of I. holo-
cyclus (78% homology) but not to the sequences of I.
pacificus and I. scapularis. In phylogenies of Ixodes spp.
inferred using ITS2 sequences (Fukunaga et al, 2000) I.
uriae was more closely related to I. holocyclus than to I.
scapularis and I. pacificus. However, morphology-based
phylogenies indicate that I. uriae is more closely related
to I. scapularis and I. pacificus than it is to I. holocyclus
(Klompen et al, 1996). We found two highly conserved
regions in all species studied. One of these, 99 bp at the
5� end of stem 3 (Figure 2b), may be a ribosomal pro-
cessing site since this sequence has substantial homology
(75%) to the ribosomal processing site of S. cerevisiae (see
also Reddy et al, 1983; Morgan and Blair, 1998).

Despite much divergence in nucleotide sequences and
large differences in length, the ITS2 of all hard ticks stud-
ied by us could be folded into five domains. This indi-
cates that the evolution of the secondary structure of ITS2
in hard ticks has been constrained; the exception is stem
2, which is highly variable in length and form. The sec-
ondary structure of ITS2 of a range of animals and plants
is thought to have four domains (algae and flowering
plants, Mai and Coleman, 1997; Drosophila spp., Schlott-
erer et al, 1994; parasitic flatworms, Michot et al, 1993,
and Morgan and Blair, 1998). However, the ITS2 of ticks
apparently has five domains. The ITS2 of the ticks we
studied had a long central stem. Thus, this stem may be
functionally important. Despite the ITS2 sequences of
animals and plants varying greatly in length they all
apparently have a four, or in the case of ticks and Gyro-
dactylus salaris, a flatworm (Morgan and Blair, 1998), five
domains and a long central stem.

The ITS2 of hard ticks has apparently evolved mostly

by increases and decreases in the length of the nucleotide
sequence, which cause increases and decreases, in the
length of stems of the secondary structure. This is most
obvious when the secondary structures of the Prostriata
(Ixodes spp.) are compared with those of the Metastriata
(all other hard ticks). The Prostriata have much shorter
stems than the Metastriata. In particular, stems 1 and 5
in the Prostriata are only half as long as those of the Met-
astriata. The increases and/or decreases in the size of the
ITS2 may have been caused by replication slippage
events which generated large repeats like those seen in H.
humerosa and D. variabilis (Figure 3) and the small repeats
found in the other species. Apparently, a high rate of
point mutations has made most of these repeats undetect-
able.
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