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Abstract The rapid divergence of repetitive sequences

makes them desirable markers for phylogenetic studies of

closely related groups, provided that a high level of

sequence homogeneity has been maintained within species.

Intraspecific polymorphisms are found in an increasing

number of studies now, and this highlights the need to

determine why these occur. In this study we examined

intraindividual variation present in the first ribosomal

internal transcribed spacer (ITS1) from a group of cryptic

mosquito species. Individuals of the Anopheles punctulatus

group contained multiple ITS1 length variants that ranged

from 1.2 to 8.0 kb. Nucleotide and copy number variation

for several homologous internal repeats is common, yet the

intraspecific sequence divergence of cloned PCR isolates is

comparable to that of other mosquito species (*0.2–

1.5%). Most of the length variation is comprised of a 50-
ITS1 repeat that was identified as a duplication of a

conserved ITS2 region. Secondary structure conservation

for this repeat is pronounced and several repeat types that

are highly homogenized have formed. Significant inter-

specific divergence indicates a high rate of evolutionary

change for this spacer. A maximum likelihood tree con-

structed here was congruent with previous phylogenetic

hypotheses and suggests that concerted evolution is also

accompanied by interpopulation divergence. The lack of

interindividual differences and the presence of homoge-

nized internal repeats suggest that a high rate of turnover

has reduced the overall level of variation. However, the

intraindividual variation also appears to be maintained by

the absence of a single turnover rate and the complex

dynamics of ongoing recombination within the spacer.
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Introduction

The process of gene duplication is considered a funda-

mental driving force in evolution because the generation of

additional gene copies leads to a relaxation of selective

constraint and the possibility for the evolution of new

functions (Ohno 1970). The evolution of these repeated

sequences forms a range of homologous relationships

which requires an awareness of this and their effect on the

phylogenetic congruence of data sets (Fitch 2000). For

example, gene duplication and speciation events do not

always co-occur because paralogous sequences reflect the

phylogeny of the gene family and orthologous sequences

reflect the duplication of taxa via speciation. Paralogous

sequences evolve in the absence of recombinant interac-

tions, via a continual process of birth-by-duplication and
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death-by-mutation (Nei and Rooney 2005). However,

many repeated sequences evolve in a nonindependent

fashion, by ongoing intra- and interlocus recombination

within a species that homogenizes paralogous sequences

into what are called plerologues. This accumulation of

species-specific differences is termed concerted evolution

(Graur and Li 2000). Here the distinction between orthol-

ogy and paralogy is blurred by concerted evolution and

depending on the level of homogenization, whole families

of repeated sequences may appear to evolve like single-

copy genes and so reflect speciation events (Sanderson and

Doyle 1992).

Homogenization occurs through a variety of non-Men-

delian recombination processes that transfer DNA either

reciprocally or nonreciprocally within and between chro-

mosomes (Dover 2000). The continual turnover of DNA

involved in these exchanges results in the gain or loss of

repeated sequences during the lifetime of an individual and

includes unequal crossing-over, gene conversion, replica-

tion slippage, duplicative transposition, and retroposition

(see Graur and Li 2000). The level of homogenization is

maintained in a balance between the processes that gen-

erate variation and those that eliminate it. This level is

expected to decrease with increasing mutation rate,

population size, number of repeats, and number of non-

homologous loci, as well as when interchromosomal

exchanges are rare (Ohta and Dover 1983). DNA turnover

can also generate variation and plays a similar, though not

equivalent, role to mutation (Kimura and Ohta 1979).

Recombinant exchanges occurring at the length of a repeat

or greater may lead to its homogenization, but its rate of

turnover in the genome also has to exceed the mutation rate

and the turnover of other repeats present within or over-

lapping it. This is an important consideration because

several recombinant processes can operate simultaneously

on the same stretch of DNA.

More attention is usually given to differences in the

rates of turnover that occur within and between chromo-

somes (i.e., intra- and interlocus recombination) (e.g.,

Gonzalez and Sylvester 2001), as this forms the core of a

debate over the relative importance of population-level

versus genomic processes for concerted evolution. Low

rates of recombinant exchanges between chromosomes

can lead to the formation of independent chromosomal

lineages within a population that can be observed by

differences between individuals. For example, physical

constraints to X–Y chromosome pairing in Drosophila

melanogaster lead to incomplete homogenization of the

ITS1, in which a 24-bp deletion is restricted to males

(Schlötterer and Tautz 1994). The presence of interindi-

vidual differences enables natural selection and random

genetic drift to affect the frequency of variant repeats.

However, without restrictions to interchromosomal

exchange, the coupling of DNA turnover to meiotic

recombination (i.e., sex) can reduce interindividual dif-

ferences and spread variation throughout a population in a

genomic-level process called molecular drive (Dover

2000).

The ribosomal DNA (rDNA) multigene family, with its

contrasting regions of phylogenetically conserved rRNA

genes and divergent spacers, has long provided insights

into the underlying processes of concerted evolution. Of

these, the first internal transcribed spacer (ITS1) diverges

rapidly between closely related species, which has enabled

it to be utilized for phylogenetic studies at or below the

species level (e.g., Fabry et al. 1999; Rodriguez-Perez

et al. 2006). Despite some success at investigating popu-

lation relationships, intraindividual variation is common

for this spacer, and unless a high level of sequence

homogeneity has been maintained within species, it can

obscure the resolution of phylogenetic trees (Miller et al.

1996; Famà et al. 2000). This variation is often due to

internal repetition, in the form of microsatellites (Harris

and Crandall 2000), or longer repeated sequences (Paske-

witz et al. 1993; van Herwerden et al. 1999). The

increasing incidence at which such intraspecific polymor-

phisms are found highlights the need to determine the

effect these have on the level of homogenization and the

subsequent evolution of these repeated sequences within a

species.

Members of the Anopheles (Cellia) punctulatus group

are major vectors of malaria in the southwest Pacific region

which contain morphologically identical mosquito species

that require the use of rDNA for their identification (Beebe

and Cooper 2002). Intraindividual length variation has

been demonstrated in the ITS1 of An. farauti and includes

the presence of population-specific lengths (Beebe et al.

2000b). Here we surveyed the intraindividual variation

within this species group to determine its association with

internal repetition and its effect on the concerted evolution

of this spacer. Length variation was examined using cloned

PCR isolates and Southern blot hybridization. The species

relationships are well supported by two concordant phy-

logenetic hypotheses, using the mitochondrial COII gene

(Foley et al. 1998) and 18S rDNA (Beebe et al. 2000a).

This enabled us to use the phylogeny to interpret the

molecular evolution of the internal repeats. The effect these

have on the level of homogenization was determined by an

analysis of the spacer sequences and their repeat types. A

phylogeny was estimated using the ITS1 for comparison to

the previous hypothesis. The possibility that some restric-

tion to interchromosomal exchange was also generating

variation was explored. We suggest that intraspecific var-

iation is maintained because multiple units of turnover are

generated from the internal repeats with differential rates of

recombination.
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Materials and Methods

Mosquito specimens used here came from field collections

and five colonies maintained by the Australian Army

Malaria Institute. Included are 10 of the 12 known species

of the Anopheles punctulatus group and an outgroup spe-

cies, An. annulipes sensu lato (Table 1). The An. farauti

colony was founded by a single gravid female collected

from the island of Rabaul in 1968. Colonies from other

species were established from the pooled egg batches of

several females. The An. hinesorum and An. farauti 3

colonies were established in 1987 and 1983, respectively,

from collections from the Innisfail area, northern Queens-

land, Australia. The An. punctulatus and An. species near

punctulatus colonies were established in 1993 and 1994,

respectively. The former species was collected from Buk-

sak village, Madang Province, Papua New Guinea (PNG),

and the latter from the Komo area, Southern Highlands

Province, PNG. Note that there have been some recent

name changes within the An. farauti complex (Schmidt

et al. 2001, 2003).

DNA Extraction, PCR Amplification, Cloning,

and Sequencing

Genomic DNA was extracted using a CTAB-based method

(Reineke et al. 1998). Each sample of DNA was resus-

pended in 30 ll of TE buffer (10 mM Tris-HCl, pH 8,

0.1 mM EDTA) containing 250 ng of Rnase (Roche).

Specimens were identified using the PCR-RFLP method of

Beebe and Saul (1995), which discriminates 11 of the 12

cryptic species of the An. punctulatus group. This method

was modified using primers that amplify a slightly longer

ITS2 PCR product: primers F-5.8S (50-ACCGACACGT

TGAACGCATATGGC-30), which amplifies 73 bp of the

5.8S gene, and R-ITS/28S (50-CCGTTTCGCTCGCAGC-

TACTCAGG-30), which amplifies 108 bp of the 28S gene.

The whole ITS was isolated by PCR amplification, using

primers R-ITS/28S and F-ITS/18S (50-GATTCCACCG

CGAGTTGCAGTTGG-30), which amplifies 112 bp of the

18S gene. PCRs were performed with*10 ng of DNA, each

primer at 500 nM, 5% DMSO, each dNTP at 50 lM, 1 unit of

Pfu DNA polymerase (MBI Fermentas), 19 PCR buffer

supplied (pH 8.8), and 2 mM MgSO4. Thermocycling con-

ditions were one cycle at 95�C for 3 min, followed by 20–25

cycles at 95�C for 30 s, 69�C for 30 s, and 75�C for 3.5 min,

then one cycle at 75�C for 3 min. PCR products were elec-

trophoresed on 1% agarose gel, and the bands excised, then

purified using a gel extraction kit (QIAGEN). The ITS1 was

amplified under the same conditions using primers F-ITS/

18S and R-5.8S (50-CGGTCTTCATCGATCCATGAGC-

30), which amplifies 45 bp of the 5.8S gene.

An aliquot of each PCR gel extract was phosphorylated

with 1 unit of T4 Polynucleotide Kinase, 19 ligase buffer,

and 5% PEG 4000 (all MBI Fermentas). These were

incubated at 37�C for 20 min, then denatured at 65�C for

20 min. A 50-ng aliquot of dephosphorylated SmaI-cut

pGEM-3Zf(?) (Promega) was added during the last 5 min

and gradually cooled to 4�C. Two units of T4 DNA ligase

(MBI Fermentas), 19 ligase buffer, and 5% PEG 4000

were added and the samples incubated at 4�C for 16 h.

Ligation reactions were denatured at 70�C for 15 min.

Standard techniques for transformation and identification

of recombinant cells (e.g., Sambrook and Russell 2001)

Table 1 Anopheles species used in this study with length and G?C variation of cloned ITS sequences

Species Geographic origin No. of

individuals

No. of

clones

ITS1 length

(bp)

ITS1

G?C%

ITS1 mean

p-distance

ITS2 length

(bp)

ITS2

G?C%

An. farauti Rabaul (PNG) 12 22 841–1138 54–58 0.0076 554* 69

Northern Territory (AUS) 1 3 1204–1491 58–59.8 0.0017 549 68.9

Central Province (PNG) 1 4 1167–1194 57.2–57.3 0.0034 562* 68.5

An. irenicus Guadalcanal (Sol Is) 3 9 1197–1584 57.6–60 0.0045 560* 69.3

An. farauti 6 Irian Jaya (Indo) 2 3 1169–1175 55.9–56 0.0046 549 66.5

An. hinesorum Queensland (Aus) 4 10 1162–1486 55.6–57.8 0.0068 555 66.3

An. torresiensis Queensland (Aus) 5 8 1183–1200 62.4–63.2 0.0058 533 71.3

An. koliensis Madang Province (PNG) 2 3 1467–1469 61.2 0.0143 591 67.9

Central Province (PNG) 1 2 1465–1480 61.1 0.0055 – –

An. punctulatus Madang Province (PNG) 3 7 1590–1799 63–64.1 0.0059 551 67.3

An. sp. nr punctulatus Southern Highlands (PNG) 3 7 1706–2006 60.5–61.3 0.0038 557 64.8

An. clowi Irian Jaya (Indo) 1 3 548–731 54.4–55.1 0.0030 579* 64.9

An. annulipes sp. l Karumba (Aus) 1 3 1370 53.1–53.2 0.0024 415* 65.3

Note: Aus Australia, PNG Papua New Guinea, Sol Is Solomon Islands, Indo Indonesia

* ITS2 sequences isolated in this study; all others from Beebe et al. (1999)
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were carried out using CaCl2-competent Eschericha coli

cells of the DH5a strain. Cells were recovered for no longer

than 40 min after transformation. Insert-containing plas-

mids were purified using the GeneElute miniprep kit

(Sigma-Aldrich).

Both forward and reverse DNA strands were sequenced

using the BigDye terminator cycle sequencing kit v2.0 and

an ABI 377 sequencer (AppliedBiosystems). The PCR

primers F-ITS/18S, F-5.8S, R-5.8S, and R-ITS/28S were

used, in addition to the sequencing primers for each species

(Table 2). Cycle sequencing conditions were one cycle at

95�C for 3 min, followed by 28 cycles of 95�C for 15 s and

60�C for 3.5 min. Longer reads for DNA sequencing (1000–

1100 bp) were performed according to an AppliedBiosys-

tems user bulletin (http://www.appliedbiosystems.com), for

clones with numerous long internal repeats.

Southern Probe Labeling, Genomic DNA Digests,

and Southern Hybridization

An 18S probe was generated from an An. farauti individual

(Rabaul) for Southern hybridization. The primers For-

18Sprobe (50-TGTACACACCGCCCGTCGCTAC-30) and

Rev-18Sprobe (50-TAATGATCCTTCCGCAGGTTCAC-30)
were used to amplify the 30-terminal 179 bp of the 18S rDNA.

The primer For-18Sprobe includes a SspBI restriction site

(underlined) present in the genomic DNA, 22 bp downstream

from an EcoR47III site subsequently used for genomic

digests. Approximately 5 ng of DNA was used in a PCR

containing the above primers at 500 nM each, 10 mM Tris-

HCl, pH 8.9, 50 mM KCl, 1.5 mM MgCl2, 5% DMSO, each

dNTP at 100 lM, and 0.5 unit of Taq DNA polymerase.

Thermocycling conditions were one cycle at 95�C for 3 min,

followed by 25 cycles at 95�C for 30 s, 62�C for 30 s, and

72�C for 30 s, then one cycle at 72�C for 3 min. A PCR

product of the expected size was cloned as described above,

except the 30-overhangs introduced by Taq polymerase were

removed by the addition of 0.5 unit of Klenow (MBI Fer-

mentas) and 200 lM of each dNTP during phosphorylation. A

recombinant clone was selected containing the insert in the

orientation, allowing its release from the vector by BamHI and

SspBI digestion (Roche). The sequence of this 18S probe

template was determined from an undigested aliquot using the

M13F and M13R universal vector primers.

An 18S probe was 32P-labeled for a high specific activity

using imbalanced nucleotides (Mertz and Rashtchian 1994).

Approximately 5 ng of DNA was used in a PCR reaction

containing 500 mM each of primers For-18Sprobe and Rev-

18Sprobe, 40 mM KCl, 10 mM Tris-HCl, pH 8.9, 1.5 mM

MgCl2, 6.25 lM each dATP, dGTP, and dTTP, 1 lM a32P-

labeled dCTP (6 ll of 3000 lCi; PerkinElmer), 5% DMSO,

and 1.5 units of Taq DNA polymerase. Thermocycling

conditions were one cycle at 95�C for 3 min, followed by 45

cycles at 95�C for 30 s, 62�C for 30 s, and 72�C for 1 min

10 s, then one cycle at 72�C for 3 min. An internal ITS1

probe (215 bp) was made from an ITS clone using

the same method and individual with primers F-ITS1post-

core (50-AAGCAGCAAGTAGAGCATCCC-30) and R-Chi

Table 2 Sequencing primers

for the ITS1 of the An.
punctulatus group and an

outgroup taxon

Primer Oligonucleotide sequence Species

R-ITS1precore 50-CCT GTC GGA TTG TGA CAT GTT C-30 An. farauti

F-Anf-central 50-TCC TAC CAC CAA CAG TCG TAG-30 An. farauti, An. hinesorum,

An. farauti 6, & An. irenicus

R-Anf-central 50-GCG TGC TAC GAC TGT TGG TG-30 –

R-HinfI/ITS2 50-CGG GAG CGG GCA ACG GAT TG-30 –

F-Anfarauti3 50-GAC GCG CCG CCC AAC CAA GGT G-30 An. torresiensis

R-Anfarauti3 50-GCT TGA CCT TTT ACA CCT TGG-30 –

F-Ankoliensis 50-CGT GAG CCA CGT ACG GGA TCG CTC-30 An. koliensis

R-Ankoliensis 50-GAG CGA TCC CGT ACG TGG CTC ACG-30 –

F-Anpunct1 50-AGT CAT ACG GGG AAA AGC GAC C-30 An. punctulatus

R-Anpunct1 50-GGT CGC TTT TCC CCG TAT GAC TC-30 –

R-Anp1retro 50-GTA CGT GGC TAA CGC CTT ATC AGA C-30 –

F-Anpunct2 50-CGA GTG AGA GTT GAA CAA GTC AC-30 An. sp. nr punctulatus

R-Anpunct2 50-GTG ACT TGT TCA ACT CTC ACT CG-30 –

R-Anp2retro 50-CTA CAG TGC GCA ACA TCT AAC GACC-30 –

F-ITS1/Anclowi 50-CGT AGA GGT GGC CGA ACT ACC GC-30 An. clowi

R-ITS1/Anclowi 50-CCG GAC AGT TGG ACA CCA TGT GC-30 –

R-ITS2/Anclowi 50-AAG GCC CGC GTG GCA TGT TGT AG-30 An. clowi & An. annulipes sp. l

F-ITS1/Anannul 50-CGT ACA CGT GAG GGC AAG TCT GG-30 An. annulipes sp. 1

R-ITS1/Anannul 50-CGT CCA GAA CAG TTA GCG CAC TG-30 –
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(50-GCAACGGCGTTGTAAAGCG-30). Another probe was

made from GeneRuler DNA ladder mix (MBI Fermentas).

This was 30-end-labeled with 2 lg of DNA, 1.3 lM a32P-

labeled dCTP, 1.5 mM MgCl2, 5 units of Taq DNA poly-

merase, 1 9 PCR buffer supplied (Sigma-Aldrich) and

incubated for 5 h at 72�C. Unincorporated labeled nucleo-

tides were removed using G-50 Sephadex columns

(Amersham Biosciences).

Southern hybridization was performed to separate ITS1

length variants in An. farauti, An. hinesorum, An. torresi-

ensis, An. farauti 6, An. irenicus, An. koliensis, and An. sp.

nr punctulatus. Between 100 and 300 ng of genomic DNA

was double-digested overnight with 2 units each of

EcoR47III and PstI in 1 9 bufferH (Roche). Anopheles sp.

nr punctulatus was digested with EcoR47III and BlnI

because of internal ITS1 PstI sites. The ITS1 PCR products

are 97 bp smaller than the EcoR47III and PstI hybridized

fragments, as the primers used lie within these sites.

Digests were electrophoresed at 25 V for 15 h in 1.2%

superfine-resolution (SFR) agarose gel (Amresco). The

DNA was transferred to a Hybond N? nylon membrane

(Amersham Biosciences) and fixed by baking for 2 h at

80�C, according to Sambrook and Russell (2001). The

membrane was prehybridized for 2 h at 62�C in standard

hybridization buffer (5 9 SSC, 0.1% N-lauroylsarcosine,

0.02% SDS, 1% nonfat milk powder, 0.45 lM filtered).

Hybridization was carried out for 18 h at 62�C after the

addition of denatured probe. The membrane was washed

twice for 5 min at room temperature in 2 9 SSC and 0.1%

SDS, then twice for 15 min at 65�C in 0.5 9 SSC and

0.1% SDS. The plastic-wrapped membrane was exposed

overnight to a phosphor screen (Molecular Dynamics) and

hybridizations were detected using the Storm 860 laser

scanning system.

Sequence Analysis

Secondary structure predictions were generated using the

mfold server (www.bioinfo.rpi.edu/applications/mfold/old/

rna) with the default setting of 5% suboptimality (Zuker

2003), and structure drawings were produced using RnaViz

2 (De Rijk et al. 2003). Predicted structures were chosen

on the basis of comparative sequence analysis within the

species group and were used to identify putatively

homologous regions. Multiple sequence alignments were

aligned visually because of internal repetition. An unam-

biguous ITS1 sequence alignment was possible only for

four species of the An. farauti complex: An. farauti, An.

irenicus, An. hinesorum, and An. farauti 6. BLAST sear-

ches (Tatusova and Madden 1999) were also used to

identify sequence similarities. The stringency of matches

was reduced using low gap opening and extension penalties

to allow for expected length differences. Sequence

alignment restrictions caused by internal repetition meant

that the uncorrected distance measure (p-distance) was

used for comparison of pairwise nucleotide differences

among species, with gaps excluded. Substitutional models

were assessed using MODELTEST (Posada and Crandall

1998). A maximum likelihood (ML) 50% majority-rule

consensus tree was produced from 500 bootstrap replica-

tions. Heuristic searches with random stepwise addition

were employed using PAUP* v4.0 (Swofford 2002).

Results

Sequence Variation in the An. punctulatus Group

The rDNA ITS1 contains multiple length variants within

each of the individuals and species sampled, which indi-

cates the presence of internal repeats. The ITS1 ranges

between 900 and 3000 bp in PCR amplification products

(Fig. 1). The possibility that some intraindividual length

variants were concatamers of a main PCR product or het-

eroduplexes was explored by comparison to a Southern blot

of seven species (Fig. 2). This was the largest species

sample able to be cleaved by the same pair of restriction

enzymes. Some PCR products do appear to be heterodu-

plexes, for example, the intermediate band among the three

smallest bands in lane 4 of the gel (Fig. 1). It appears

unlikely that PCR concatamers were formed; indeed many

larger lengths are seen in the Southern blot ([2300 bp) that

were not isolated by PCR. This is likely to have resulted

from an inherent PCR and cloning bias for shorter lengths.

Each band in the blot contains a single hybridized copy

of the 18S probe (Fig. 2), therefore differences for band

intensity within lanes are expected to reflect the relative

abundance of each ITS1 length. This type of intraindividual

variation can be seen, but was not quantified here. The

number of bands and their relative abundance appeared

similar within population samples, though interpopulation

differences were observed for An. farauti, An. hinesorum,

and An. koliensis. ITS1 bands with a maximal length of

between 6.5 and 8.0 kb were observed in all species and

are clearly seen in An. torresiensis and An. koliensis. An

apparent ladder-like arrangement of ITS1 sizes in An.

irenicus, An. hinesorum, and An. sp. nr punctulatus indi-

cates the presence of a *300-bp repeat. The internal ITS1

probe confirmed the presence of this spacer, as the same

fragments were hybridized with this probe. Multiple ITS1

lengths were also observed over a range of genomic DNA

and restriction enzyme concentrations, thereby ruling out

the possibility of partial digestion.

The ITS1 was sequenced from a total of 84 clones and

39 individuals, with one to five clones sampled from each

in order to isolate length variants (Table 1; GenBank

70 J Mol Evol (2009) 68:66–79
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accession numbers EF042693–EF042776). No variable

sites were found in the partial sequence of the 18S gene.

The whole 5.8S gene (161 bp) was sequenced from most

clones except for An. sp. nr punctulatus and An. farauti 6.

The remaining species had an identical 5.8S, except for An.

annulipes sp. l, An. clowi, and an intraspecific variant

found in the four clones from a single inland sample of An.

farauti (Central Province, PNG). No variation was

observed for the PstI site in this gene. The ITS1 contained

a high level of sequence divergence between species and

was usually accompanied by significant intraindividual

length variation formed by several long internal repeats

(Table 1). Sequenced ITS1 lengths ranged from 548 bp in

An. clowi to 2006 bp in An. sp. nr punctulatus. These

lengths were also observed in the Southern blot, though in

most cases only the shortest one or two bands were isolated

by cloning. The ITS1 is less G?C-rich than the ITS2,

which varies within individuals primarily because of copy

number variation of a G?C-rich repeat at the 50-end.

Mean p-distance was estimated from several species as

an indicator of the level of homogenization at the nucleo-

tide level, which could be compared to other mosquito

species (Table 1). Nucleotide and length variation have

been maintained in all species, including those maintained

Fig. 1 PCR products of the ITS1 from primers F-ITS/18S and R-5.8S

resolved on 1.2% agarose gel. Samples are shown in the following

order: An. farauti (lanes 1–3; Rabaul, Northern Territory and Central

Province), An. irenicus (lane 4), An. farauti 6 (lane 5), An. hinesorum
(lanes 6–7; Central Province and QLD), An. torresiensis (lane 8), An.

koliensis (lanes 9–10; Central and Madang Provinces), An. punctul-
atus (lane 11), An. sp. nr punctulatus (lane 12), An. annulipes s.l.

(lane 13), and An. clowi (lane 14). Fragment sizes of the flanking

DNA ladders are in kilobases

Fig. 2 Southern blot of

genomic DNA digested with

EcoR47III and PstI, probed with

a 32P-labeled 18S rDNA

fragment. Samples are shown

from An. farauti (lanes 1–3;

Rabaul, Northern Territory, and

Central Province), An. irenicus
(lane 4), An. farauti 6 (lanes 5–

7), An. hinesorum (lanes 8 and

9, QLD; and lane 10, Central

Province), An. torresiensis
(lanes 11–13), An. koliensis
(lanes 14 and 15, Central and

Madang Provinces), plus

EcoR47III and BlnI digested

DNA from An. sp. nr
punctulatus (lanes 16–18).

Fragment sizes of the flanking

DNA ladders are in kilobases
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in colonies. Pairwise substitutional differences were cal-

culated by multiplying mean p-distance and average ITS1

length per species for those with three or more individuals:

An. farauti (Rabaul) = 7.3, An. hinesorum = 7.9, An.

torresiensis = 6.9, An. punctulatus = 9.9, An. sp. nr

punctulatus = 6.9, and An. irenicus = 5.7. Anopheles

punctulatus contains the most substitutional variation,

though the only noncolony sample, An. irenicus (a species

restricted to the island of Guadalcanal), appears to be more

homogenized at this level.

Internal Repeats and Secondary Structure

Internal repeats were identified by comparison of aligned

sequences, BLAST analysis, and secondary structural anal-

ysis. The most inclusive ITS1 sequence alignment possible

among the species contained four species from the An.

farauti complex: An. farauti, An. hinesorum, An. farauti 6,

and An. irenicus (supplementary alignment). Interspecific

sequence divergence also limited construction of a second-

ary structure model, as was also found for the ITS2 (Beebe

et al. 1999). The 50-end usually has multiple tandem copies

of a G?C-rich repeat (63.5–73%), 109–188 bp that folds

into a conserved stem structure (Fig. 3). This internal repeat,

hereafter called the 50-subrepeat, constitutes most of the

sequenced length variation but is noticeably absent from the

basal taxa, An. clowi and An. annulipes sp. l, and from most

clones from the An. farauti Rabaul colony. The rest of the

spacer is 811–966 bp long and forms a Y-shaped RNA

structure in the An. punctulatus group (except An. sp. nr

punctulatus), characterized by two long central stems

(Fig. 3). This ‘core’ region has a lower G?C content (52–

61.2%) and several smaller repeats are found at the apex of

its two central stems and the terminal 30-end (Fig. 4). The

first central stem was the only shared ITS1 region BLAST

analysis identified between the An. punctulatus group and

An. annulipes sp. l: 219 bp in the latter (Fig. 4). No signifi-

cant similarity was found between any species and An. clowi.

A surprising BLAST result was the identification a

single paralogous copy (142–151 bp) of the 50-subrepeat in

the ITS2 of all species, including the basal taxa. A similar

G?C content has been maintained (67.5–75.7%), but there

is greater sequence divergence and length variation in the

ITS1 copies. These were not readily alignable among

species, unlike their more conserved ITS2 paralogues.

Despite this divergence, the central region of each subre-

peat matches the boundary of a conserved RNA stem

structure it shares with the ITS2 (Fig. 3). A BLAST search

to previously published sequences also resulted in a match

to the ITS2 from two other Cellia species, An. dirus and

An. baimaii. These results indicate that its original position

within the rDNA array was likely to be the ITS2, though

no reverse transcriptase gene or terminal repeats were

identified to indicate recent translocation. Only in An. sp.

nr punctulatus does similarity between the two spacers

extend beyond the 50-subrepeats to include an additional

219 bp: a 370-bp region in all (Fig. 4). This ITS1 sequence

matches a continuous part of the ITS2 found in all species.

Most clones contained two divergent 50-subrepeat types,

termed the A type and B type (Figs. 3, 4), that represent

paralogous copies. The B type and ITS2 paralogues are more

similar in sequence and secondary structure, while the A type

is characterized by the deletion of a short stem (Fig. 3).

Further differentiation of types occurs in three species, but

these are termed A0 and B0 for convenience only. Anopheles

torresiensis is exceptional, having just a single shortened B-

type copy (126–129 bp). The 50-subrepeats vary in copy

number by multiples of one (126–155 bp) or two (288–

324 bp), with alternating A and B types (Fig. 4; Table 3).

This dual A?B repeat structure was seen as *300-bp length

variants in the Southern blot (Fig. 2). There is some evidence

from the blot for single-repeat length variants of*150 bp in

An. hinesorum and An. sp. nr punctulatus, but these appear to

be rare and were not isolated by cloning.

Despite interspecific divergence and the formation of

paralogous 50-subrepeats, plerologous copies were present

within and among ITS1 clones. Some plerologous copies

differed by a few point mutations, yet most were completely

homogenized within species. The pattern of internal repeat

types among the An. punctulatus clones was 4 9

A?B?B0?B0 and 3 9 A?B?B0?B0?B0, of which 12 of 17

B0-type sequences were identical. In An. sp. nr punctulatus

there were 4 9 A?B0?A0?B0?B, 2 9 A?B0?A0?B0?A0?
B0?B and 1 9 A?B0?A0?A0?B0?B clones, of which 15 of

16 B0-type and 7 of 10 A0-type sequences were identical. The

ITS1 within the An. farauti complex usually contained equal

amounts of two subrepeat types. There were 4 9 A?B and 6

9 A?B?A?B among the An. hinesorum clones, of which

all but 1 of 16 A-type sequences were identical. All the B-

type sequences were identical except for a variable region at

the 30-end of the first B-type copy in A?B?A?B clones. A

similar variable region was also found in the A?B?A?B

clones from the Northern Territory An. farauti and An. ire-

nicus. This is likely to be a recombination breakage point

since it is present at the same junction between pairs of A?B

subrepeats. In An. irenicus there were seven A?B and two

A?B?A?B clones. Eight of the 11 A types were identical,

though the B types were more variable. Homogenization of

these repeats in An. farauti occurred within the populations.

Among the six A?B clones from Rabaul, five of the A types

and all B types were identical, as were all four A?B clones

from the Central Province.

The core region contains three additional internal repeats.

A 23-bp perfect tandem repeat is present at the apex of the

first central stem and is found only in the An. farauti indi-

vidual from the Central Province. A repeat of varying length
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with a conserved 14-bp sequence (50-GGTGTCCAARG

GTC-30) occurs in all species except An. sp. nr punctulatus

and An. clowi (Fig. 4). The An. farauti complex usually has a

dispersed copy and a tandem array of four to six copies at the

apex of the second central stem. Just the single element

occurs in An. annulipes sp. l. Another tandem repeat (65–

67 bp) was generated by a duplication of the 30-end of the

core region in An. farauti and An. irenicus. The ITS1 of An.

clowi has an 84-bp-long repeat, present as either a single

copy or two dispersed repeats, again, near the apex of a long

central stem. Numerous microsatellites (2–3 bp) are also

common among the species, in particular, the dinucleotides

CAn, GTn, and GAn and the trinucleotides GGTn and GCTn.

Sequence Heterogeneity in the An. farauti Complex

An alignment of the ITS1 was constructed from four spe-

cies of the An. farauti complex: An. farauti, An. irenicus,

An. hinesorum, and An. farauti 6. Identical and ‘duplicate’

sequences, i.e., those differing by one or more dinucleotide

repeats, were removed from the alignment given the

redundancy of indels under a likelihood model. In all, there

were three identical pairs of sequences (all An. farauti

Rabaul) and five duplicate pairs (An. farauti = 2, An. ire-

nicus = 2, An. hinesorum = 1). Sixteen of the 22 An.

farauti clones had no 50-subrepeat and were excluded from

these alignments, but were used to analyze interindividual

variation in the core region. The alignment contained 29

unique sequences from 35 clones and 86% constant char-

acters among 1380 sites, gaps excluded. Sequences were

also edited to remove the large gap introduced by a second

copy of the 50-subrepeat. The 30-copy was removed for

interspecific comparisons, an arbitrary choice that did not

significantly affect our analyses.

A phylogenetic estimate of the ITS1 was constructed for

comparison to the previously hypothesized relationships

within the An. farauti complex (Foley et al. 1998; Beebe

et al. 2000a). The DNA substitutional model chosen by

MODELTEST (Posada and Crandall 1998) was the general

time-reversible (GTR) model (Rodrı́guez et al. 1990) with

a proportion of sites treated as potentially variable that are

drawn from a gamma distribution (U) and the remainder

Fig. 3 Secondary structure

prediction of a 50-subrepeat

from An. irenicus showing the

dual A- and B-type repeats and

their ITS2 paralogue (inset)
(GenBank accession no.

EF042725). Identical

nucleotides between the ITS

structures are shown in boldface
for both ITS1 repeats. Black
arrows show the sequence

match boundaries to the ITS2

structure. Gray arrows denote

the beginning and end of the

dual repeat. The downstream

ITS1 sequence, or ‘core’ region,

is drawn in black as a

generalized Y-shaped structure

with two long central stems
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considered invariant (I). The proportion of invariant

nucleotides was 0.51 and the shape parameter of the

gamma-distribution a was 0.86. Base frequency estimates

from this model were A = 23.3%, C = 25.8%, G =

30.2%, and T = 20.7%. One An. hinesorum sequence was

arbitrarily chosen to root the trees in order to resolve any

relationship between the An. farauti population samples

and its inferred sister species, An. irenicus (Foley et al.

1998; Beebe et al. 2000a). The well-supported clades in the

consensus tree clearly demonstrate species-specific diver-

gence of the ITS1 at the nucleotide level that is concordant

with the previously estimated relationships for these spe-

cies (Fig. 5). The bootstrap proportions also indicate the

presence of interpopulation differences within An. farauti.

An analysis of interindividual variation was carried out

by sequence comparisons between both sexes from the An.

farauti Rabaul colony. We aimed to detect any significant

restrictions to interchromosomal exchanges that might

explain the presence of intraindividual variation. The 50-
subrepeat is relatively uncommon in this colony, therefore

only the core region was analyzed. A total of 22 clones

were compared from six males and six females (11 from

each sex; 1–4 clones per individual). The average pairwise

difference between males and females was very similar

(mean p-distance = 0.0069 and 0.0074, respectively).

There was no copy number variation for the 21-bp repeats,

though a total of four repeat types were found in positions 2

and 3 within the tandem array. These formed two common

Fig. 4 Scaled representations of the ITS1 from members of the An.
punctulatus group (using the longest clone) alongside the most

parsimonious tree of the 18S rDNA (taken from Beebe and Cooper

2002). The 50-subrepeat and core region are shown for each species

(except the two basal taxa). Different shading patterns illustrate the

internal repeats and a conserved core region. *Additional part of the

translocated ITS2 sequence

Table 3 Length variation observed among cloned 50-subrepeat types from eight species within the An. punctulatus group

Species No. of subrepeats Overall lengtha Repeat type A Repeat type A0 Repeat type B Repeat type B0

An. farauti 0, 2, or 4 288–297 135–139 152–158

An. irenicus 2 or 4 320–324 135–137 185–189

An. farauti 6 2 328–332 135 193

An. hinesorum 2 or 4 321–323 135 186–188

An. torresiensis 1 126–129

An. koliensis 3 448–451 159 109 180–181

An. punctulatus 4 or 5 175–176 144 155 175–176

An. sp. nr punctulatus 5, 6, or 7 126–294 129–131 126–127 151 168

a Overall length variation of tandemly paired repeat types (base pairs)
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repeat pairings in 20 clones, while two others were unique.

Both sexes also shared three variant types of a 67-bp repeat,

copy number variation for this and several di-nucleotide

repeats, and a total of 17 substitutions (Table 4). Although

there appear to be five singletons, four of these actually

represent the unique positioning of a 21-bp (Table 4;

nucleotides 1001 and 1006) and a 67-bp (Table 4; nucleo-

tides 1361 and 1373) repeat type. Just two putative sex-

specific variants were observed: an ACn1–2 dinucleotide in

two males (Table 4; nucleotides 586–587) and a transition in

two identical clones from the same male (nucleotide 692).

Neither variant was observed in any other species.

Discussion

Intraindividual Variation

Multiple ITS1 length variants were observed within indi-

viduals and appear to be characteristic for these members

of the An. punctulatus group. Shorter lengths were pref-

erentially amplified during PCR compared to those seen in

the Southern blot (Figs. 1, 2). Previous studies have shown

that PCR tends to underestimate of the degree of intrain-

dividual length variation present (e.g., Mateos and Markow

2005). Longer ITS1 lengths of 6.5–8.0 kb were detected in

the seven species examined by Southern analysis, though

most were between 1.2 and 4.0 kb. These ITS1 lengths are

large considering they are generally\1 kb, although within

the same subgenus, Cellia, the spacer ranges between 1.25

and 5.5 kb in An. merus and An. melas (Paskewitz et al.

1993). ITS1 lengths of up to 2.5 kb also occur in ladybird

beetles (von der Schulenburg et al. 2001) and can exceed

3 kb in pinyon pines (Gernandt et al. 2001). The wide

range of observed lengths attests to the repeated recombi-

nation of internal repeats, which has led to some

interpopulation differences, as seen in An. farauti, An. hi-

nesorum, and An. koliensis. Most of this length variation

may be accounted for by a long internal repeat, the 50-
subrepeat, as was seen in the ITS1 of the An. gambiae

complex (Paskewitz et al. 1993).

The partial 18S sequence and complete 5.8S rDNA were

homogenized, as expected, and the only instance of intra-

specific variation in these gene regions was from the An.

farauti Central Province individual. No variation was found

in the 5.8S PstI restriction site that might have accounted for

some of the length variants in the Southern blot. Length

variation among the PCR products also makes it unlikely that

alternative restriction sites were present in the conserved

rDNA. Preliminary analyses using a range of DNA and

restriction enzyme concentrations also excluded the possi-

bility of partial digestion. In comparison, the ITS1 was only

partially homogenized and the sequenced lengths ranged

from 548 bp in An. clowi to 2006 bp in An. sp. nr punctul-

atus. However, the level of intraspecific sequence divergence

at the nucleotide level (*0.2–1.5%) is still well within the

range measured in other mosquitoes (Paskewitz et al. 1993;

Miller et al. 1996; Fairley et al. 2005), which indicates that

internal repetition itself has not significantly reduced the

level of homogenization. The presence of pseudogenic cop-

ies can also contribute significantly to the level of divergence

(e.g., Harpke and Peterson 2006; Li and Wilkerson 2007). It

is unlikely that these were isolated here, given that the only

instance of variation in the rRNA genes was restricted to one

individual and since most G?C variation resulted from copy

number differences of the 50-subrepeat.

ITS1 Internal Repeats

A high level of interspecific divergence limited ITS1

sequence alignments to within the An. farauti complex and

restricted RNA structural predictions to the 50-subrepeat.

The dual repeats of the 50-subrepeat were predicted to fold

into two long stems, and the core into a Y-shaped structure

(Fig. 3). Internal repetition appears to be characteristic for

the evolution of the ITS1 in several invertebrate taxa. Long

repeats occur at the 50-end in a closely related group of

mosquitoes (Paskewitz et al. 1993), in trematodes (van

Herwerden et al. 1999), and also within the middle of the

spacer in ladybird beetles (von der Schulenburg et al.

Fig. 5 Phylogram showing phylogenetic relationships of the ITS1

(50% majority-rule consensus tree from 500 bootstrap replicates using

ML analysis) from a sample of the An. farauti complex. Bootstrap

proportions are shown above each node of the phylogram and branch

lengths are proportional to the number of changes (see scale bar).

Individuals are denoted ‘A’ to ‘F’ after species name, and clones are

numbered 1 to 5. The An. farauti populations are denoted R = Rabaul

(wherein m = male and f = female), NT = Northern Territory, and

CP = Central Province
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2001). The 50-ITS1 repeat in the An. gambiae complex is

also *250 bp long and forms a long stem-loop structure

(Paskewitz et al. 1993), although no similarity was found

to the An. punctulatus group. Similar long stem-loop sec-

ondary structures have also been observed in the tandemly

arrayed subrepeats present in the ITS1 of pinyon pines

(Gernandt et al. 2001).

The 50-subrepeat was only detected in the ITS1 of the

An. punctulatus group. However, BLAST analysis identi-

fied a single paralogous copy in the ITS2 from all species,

including An. dirus and An. baimaii from Southeast Asia.

The central region of each subrepeat matches the boundary

of a conserved RNA stem structure shared with the ITS2,

and both have a similar G?C content (Fig. 3). In An. sp. nr

punctulatus this region of similarity between the spacers

extends a further 219 bp downstream, which corresponds

to a conserved ITS2 region in these species (Fig. 4). These

results indicate that the original chromosome position of

this duplicated sequence was within the ITS2. It is possible

that the 50-subrepeat might be a remnant of an ITS2

sequence reverse transcribed from a pre-rRNA template

and reintegrated upstream into the ITS1 in the stem species

of the An. punctulatus group. RNA molecules are known to

frequently serve as templates for what are called retrose-

quences, which, unlike retrotransposons, contain neither

terminal repeats nor a reverse transcriptase gene (Brosius

2003). Two conditions would have favored this: the

abundance of rRNA template and the fact that in all

arthropods reverse transcriptase is expressed by two site-

specific retrotransposons, the R1 and R2 elements, located

just downstream in the 28S rDNA (Jakubczak et al. 1991).

The 50-subrepeat region of the spacer usually consists of

two structurally different paralogous repeat types which

vary in copy number in either series or alternate pairs

(Fig. 3; Table 3). In six of the species analyzed, two

paralogous copies form into a dual subrepeat 288–324 bp

long, which may be repeated up to 20 times. The copy

number variation of the sequenced clones was also

Table 4 Variable sites present in the ITS1 core of An. farauti Rabaul males (m) and females (f)

Nucleotide position 3 4 44 4 5 5 5 55 6 6 6 7 8 9 1 1 1 1 11 11 1 1 1 1 1 1

9 1 22 6 4 4 4 88 3 8 9 4 2 8 0 0 0 1 11 11 2 2 2 3 3 3

4 4 89 6 4 6 8 67 8 3 2 3 4 0 0 0 0 2 88 88 3 3 9 0 6 7

1 2 6 6 56 78 5 6 4 6 1 3

Sex Clone

m A1 T G - A T C G - T T G G T T T A A C GT GT G G T C - -

m A2 . . - . . . . - . . . . . . . . . . .. .. . . . . - -

m B1 . . - . . G A - . . A . A A . . . A .. .. A . . A C A

m C1 . . CA . . . . - C . A . . . . . . . .. - . A C A C A

m D1 . . - . . . . AC . A A A . A A G T . - - . A C A T C

m D2 C . - . . . . - . . A . A . . . . . - - . . . A - -

m E1 . . - . . . . - . . A . A . . . . . .. .. . . . A - -

m F1 . . - . . . . AC . . A . A . . . . . .. - . A C A C A

m F2 . A CA T A G A - . A A . . . . . . . .. - . A C A C A

m F3 . . - . . . . - . . A . A . . . . . .. .. . . . A - -

m F4 . . - . . . . - . . A . A A . . . . .. .. . . . A - -

f A1 . . - . . . . - . . A . . . . . . . .. .. . . . . - -

f A2 . . - . . . . - . A A . . . . . . . .. - . A C A - -

f B1 . . - . . . . - . . A . A . . . . . .. .. . . . A - -

f B2 . A CA T . . . - C . A . . . . . . . .. - . A C A C A

f C1 . A CA T A G A - . A A A . A . . . . .. - . A C A - -

f C2 . A CA T A G A - . A A A A A . . . . .. - . A C A - -

f D1 . . - . . . . - . . A . . . . G . . .. - . . . A - -

f E1 . . CA . . . . - C . A . A A . . . . - - . A . A C A

f E2 . . - . . G A - . . A . A A . . . A .. .. A . . A C A

f F1 . . - . . . . - . . A . A A . . . . - - A . . A - -

f F2 . . - . . . . - . . A . A A . . . . .. .. . . . A - -

** * ? ? ? ? ? ? ?

Note: Nucleotide and gap (-) positions are shown above each column, with nucleotides identical to the top sequence encoded by a dot. Putative

sex-specific variants (*) and variants found in a repeat (?) are shown. Individuals are coded A to F for each sex, followed by the clone number.

Nucleotide positions correspond to the ITS1 alignment
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observed in the Southern blot. Clustering of the same

repeat type occurred to a lesser degree (2 or 3 9 B0 type

and 2 9 A0 type in An. punctulatus and An. sp. nr punc-

tulatus, respectively), though it indicates that recombinant

exchanges include either the single or the dual repeat. Long

ITS1 repeats in ladybird beetles and pinyon pines have also

formed into paralogous repeat types within a tandem array

(a.k.a. positional homologues), which may also promote

recombination (von der Schulenburg et al. 2001; Gernandt

et al. 2001). It is significant that a high level of homoge-

nization was observed within species for each repeat type

and within the An. farauti populations. Although this is

contrary to the expectation of a reduced level of homoge-

nization with increased copy number (Ohta and Dover

1983), it may reflect differences in the turnover rate of the

50-subrepeat relative to the rest of the spacer.

Sequence Heterogeneity in the An. farauti Complex

The ITS1 phylogeny illustrates the presence of both species-

specific and population-specific variation (Fig. 5). A sister

relationship between An. farauti and An. irenicus had previ-

ously been inferred in two other studies (Foley et al. 1998;

Beebe et al. 2000a) and was also shown by the ITS1. There

was high bootstrap support for the grouping of each clone with

its species and population source, which clearly indicates the

occurrence of concerted evolution at the nucleotide level.

However, a sister relationship between Rabaul and Northern

Territory An. farauti was unexpected, given the closer prox-

imity of Rabaul to the Central Province of PNG. There were

also numerous differences in the ITS1 and a substitution in the

5.8S gene, which leaves the possibility that the Central

Province specimen represents yet another cryptic species.

Fortunately, the resolution of these groups means that this

spacer might be applied to such a question. Intraindividual

variation in the ITS1 of An. aquasalis proved too problematic

to generate a population phylogeny (Fairley et al. 2005). Most

of the length variation consists of two to four internal repeats

75–88 bp in length that are flanked by a series of GAn di-

nucleotide repeats, which were also observed flanking the

50-subrepeats in the An. punctulatus group.

The presence of the rDNA on the heterologous X and Y

chromosomes in Anopheles (Marchi and Pili 1994) enabled

an analysis of interindividual differences through a com-

parison of variation between the sexes. The An. gambiae

complex is an exception to this because the rDNA is X-Y-

linked in some species but only X-linked in others (Collins

et al. 1989). Although intraindividual ITS1 length variation

occurs in this complex, it is only seen in the X-Y-linked

species (Paskewitz et al. 1993). The absence of significant

interindividual differences in An. farauti strongly suggests

that recombination within and between the two rDNA loci

is likely to occur and that intraindividual variation is not a

by-product of restrictions to X-Y exchanges. Similarly,

intraindividual variation in the An. albitarsis complex was

not associated with differences between males and females

(Li and Wilkerson 2007). Two sex-specific variants were

observed in the Rabaul males, one isolated from the same

individual and the other a CAn dinucleotide repeat. These

are likely to be new variants and, as such, are expected to

have a restricted chromosomal distribution (Dover 1989).

We have demonstrated the widespread presence of in-

traindividual ITS1 variation in members of the An.

punctulatus group. This spacer is characterized by internal

repeats which indicate the occurrence of recombination over

a number of lengths, or what are termed units of turnover.

Intraindividual variation in a monofunctional multigene

family like rDNA is sometimes explained as inefficient

homogenization at the level of either the chromosome or a set

of chromosomes (e.g., von der Schulenburg et al. 2001).

However, there are cases where this is not accompanied by

interindividual differences, as shown in this study, black flies

(Tang et al. 1994), and freshwater crayfish (Harris and

Crandall 2000). This reinforces the point that homogeniza-

tion is not an instantaneous process. Although the ITS1 does

not consist of a single unit of turnover within the rDNA locus,

the intragenomic heterogeneity that prevails in this species

group has not impeded the concerted evolution of the spacer

as a whole. Indeed, different regions within a single rDNA

repeat are known to experience different rates of turnover in

the genome (e.g., Gonzalez and Sylvester 2001; Averbeck

and Eickbush 2005). What is not generally appreciated is

how the presence of multiple units of turnover can generate

additional variation. We consider this to have been a sig-

nificant contributing factor to the observed level of

heterogeneity and caution others to consider the complexity

of the process of DNA turnover rather than simply invoke the

argument of the apparent inefficiencies of homogenization.
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