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Abstract

The evolutionary conservation and versatility of a new set of nuclear primers for the ampli-
fication of the ribosomal internal transcribed spacer regions in insects and other inverte-
brates have been studied. These primers, conserved across Insecta and other invertebrates,
are based on a comprehensive taxonomic survey of the current DNA sequence databases. Their
versatility was demonstrated by extensive polymerase chain reaction assays in 16 species
from two arachnid orders, eight insect orders, three invertebrate and vertebrate chordate
orders and by direct sequencing of the amplified products. The availability of these primers
to the insect research community should facilitate the use of internal transcribed spacer
regions in intraspecific studies as well as phylogenetic analysis of closely related taxa.
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Ribosomal DNA (rDNA) has been the most widely
employed nuclear sequence in evolutionary analyses,
primarily because concerted evolution occurs among
its repeated copies and conserved primers are available,
which facilitate the isolation of the target sequences by
polymerase chain reaction (PCR) (Hillis & Davis 1988;
White ef al. 1990; Hillis & Dixon 1991). Due to their rapid
rates of evolution, the internal transcribed spacer (ITS)
regions between the 185, 5.85 and 28S genes (or their homo-
logues), ITS1 and ITS2, have been popular in phylogenetic
inference for closely related taxa (e.g. Miller et al. 1996),
cryptic species identification (for review see Collins &
Paskewitz 1996) and phylogeographical and other popu-
lation genetic studies (e.g. Mukabayire et al. 1999; Wérheide
et al. 2002).

Studies in insects with ITS sequences often start with
conserved primers based on fungal rDNA genes (White
et al. 1990) or the general primers of Hillis & Dixon (1991).
The applicability of these primers to insects has not been
systematically examined and variable results have often
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been obtained in different species tested. These primers
were designed over a decade ago based on the limited
number of sequences available at that time and, therefore,
they unavoidably have some limitations. We have carried
out a more comprehensive taxonomic survey of the current
DNA sequence databases and designed a new set of con-
served primers for the amplification of these regions in
insects in particular and invertebrates in general. Here we
report the outcome of such studies.

The EMBL database was extensively searched for
nuclear ribosomal 185/5.85/28S (or their homologues)
gene sequences (complete or partial). Taxonomically rep-
resentative sequences were retrieved and multiple align-
ments of homologue sequences carried out using the
cLusTAL W (Thompson ef al. 1994)-based EMBOSS ‘EMMA’
program implemented by the HGMP Bioinformatics Ser-
vice (Cambridge, UK). In designing these primers, we not
only located them to a DNA region highly conserved
among invertebrate organisms but paid much attention to
their overall structure, particularly their internal stability.
The pattern of internal stability of a primer sequence greatly
affects the effectiveness of specific priming: primers with
relatively less stable 3’-ends tend to avoid false priming
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A). Information on the five ribosomal ITS primers
Name Position Sequence (5" to 3") Length (bases)
CAS18sF1 1843 TACACACCGCCCGTCGCTACTA 22
CAS5p8sB1d 2805 ATGTGCGTTCRAAATGTCGATGTTCA 26
CAS5p8sFt 2830 TGAACATCGACATTTYGAACGCATAT 26
CAS5p8sFc 2830 TGAACATCGACATTTYGAACGCACAT 26
CAS28sB1d 3328 TTCTTTTCCTCCSCTTAYTRATATGCTTAA 30
B). Primer CAS18sF1
Access/ 1D Sequence (5" to 3') Taxonomic status
TACACACCGCCCGTCGCTACTA CAS18sF1

FEEETEETEEEET I ICCGATTG 18d (Hillis & Dixon 1991)
DMRG FEEEEErrr el Insecta. Diptera
AFO12476 FEEEEErrr el Insecta, Coleoptera
X89482 FEEErerrr el Insecta., Neuroptera
X89487 FEEETEErErr et Insecta. Mecoptera
X89492 FEEEEErrr el Insecta, Hymenoptera
X89494 FEEEEErrr el Insecta. Raphidoptera
X89497 FEEEEErrrrrrrrrrrrrrtl Insecta, Megaloptera
u09207 FEEEErrrrrrrrrrrrrrrtl Insecta, Hemiptera
us8400 FEEEEErrr el Insecta. Plecoptera
X89488 FEEEEErrrrrrrrrrrrrrtl Insecta. Phasmida
U29493 FEEEEErrr el Myriapoda (centipedes)
Z74479 FEEEEErrrrrrr el Arachnida, Acari
AFO05438 FEEErErrrrrrrrr el Pycnogonida (sea spiders)
M29931 FEEEEEEEErrr e rrrrrd Pentastomida (tongue worms)
u49912 FEEEEErrrrrr el Tardigrada (water bears)
M91179 FEEEEEEEErrr el Chondrichthyes (fish)
M32847 FEEETEEEErrr el Amphibia
M10098 FEEETEETEErr el Human
C). Primer CAS5p8sFt
Access/1D Sequence (5 to 37) Taxonomic status

DMRG
L22060
BMRRN58S
NGO2955
AFO07264
93226
LVRRNAO1
EH58101
ug9871
AFO40936
AFO47853
ALUB2735
CEF17B5

TGAACATCGACATTTYGAACGCATAT
TGAACATCGACATTTYGAACGCACAT

D). Primer CAS28sB1d

Access/ID

DMRG
AATNSP
LCU417709
AB052895
550426
EAM303091
AF321244
AF212167
AFO84942
AF548530
CAL297569
X54004
749904
M98363
X16108
AFO42814
ue3isy
X57261

TILITEEEEEEEICHICHIrIrrie
ALTEEEEEEEEEEEEET et
ALTEEEICHITTICGITIRIETTTT
TEEEEEEEEEEEErrrcrrrrrrictl
ALTEEEEEEEErErrrerrrrrrictt
GCLITLITITTITAGICHILLITICT]
TEEEEEEEEEEEEE T e rrrtl
TICITEEEEEEEEErrcrirrrrictt
TICLEEEEEEEEEICtT et
TIEEEEEEEEErrererirrrrrict
TIELEEEEEErrrrrrerierrrrrice
CIEITHIITELIICHITEIIITTAT]
CClITLLILIITCCIICHITITTIATI
AITTCITILILIICHIGHITTITICTI
A A
Sequence (5 to 37)
TTCTTTTCCTCCSCTTAYTRATATGCTTAA
FETTEETTT T EICHTATTIAT TR
FEErCtrrrrriret eI Tiarterrrrnl
FEEEEErrrrrrctictTiart ety
FETTEETTTTEIGETEIGTATTEEETTTT
FIGEIETTEIEIGHIEITIATI LTI
FEEEEEEEEr et iGrAT ety
FEEEEEEEEEEIGICHITIATT LTI T
FEEEEEETEE TG TET ety
FEEEEEET L EIGEE I TET ety
FETTEETTTTEIGETEIGIGHE R
FEEEEEEEEEEIGEI T TATATT T
FEEEEEEEEEEIGHErIctGr ity
T EErrrrrtGgrrrictGgrrrrrrrrnd
FEEEEEETEEEIGHI T IGTATT T
[TTTTATEEEEIGEETICITErIErrrrnl
FEETTATTEEEIGHIEICITEIEEETTT]
[CITIETTEEEIGHIEICITEREETTTT]
FEEEEEET L EIGHIEITIGEE T
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CAS5p8sFt

CAS5p8sFc

5.8d (Hillis & Dixon 1991)
Insecta, Diptera

Insecta, Diptera

Insecta, Lepidoptera
Insecta, Hymenoptera
Insecta, Hemiptera

Mol lusca (molluscs)
Echinoidea (sea urchin)
Trematoda (parasitic flukes)
Trematoda (parasitic flukes)
Trematoda (parasitic flukes)
Turbel laria(flatworms)
Cnidaria

Nematoda

Taxonomic status

CAS28sB1d

Insecta, Diptera
Insecta, Diptera
Insecta, Diptera
Insecta, Hymenoptera
Insecta, Hemiptera
Insecta, Thysanoptera
Insecta., Blattaria

Merostomata,

Xiphosura

Arachnida,
Arachnida,
Arachnida,

Araneae
Acari
Acari

Ciliophora (Ciliates)
Ciliophora (Ciliates)
Ciliophora (ciliates)
Dinophyceae (dinoflagel lates)
Dinophyceae (dinoflagel lates)
Dinophyceae (corals)

Porifera (sponges)



more effectively and thus perform better in sequencing
and PCR (Rychlik 1992). Primers were designed using
OLIGO™ 4 primer analysis software (National Biosciences
Inc.) and synthesized by Sangon Biotech Ltd-China. Informa-
tion on the five primers studied here is given in Fig. 1(A).

The PCR were carried out on GeneAmp 9700 systems
(Perkin-Elmer) using Tag DNA polymerase (Promega),
with the following general conditions (annealing tempera-
ture varies and depends on the organism involved, see
Table 1): Some 5-10 ng of genomic DNA was used in a 10-
uL reaction with 0.5-1.0 U of Tag DNA polymerase, 200 pm
of each dNTP and 0.1-0.2 pum of each primer. Following an
initial denaturation at 94 °C for 4 min, 35 cycles were per-
formed, each consisting of melting at 95 °C for 20 s, anneal-
ing at the appropriate temperatures (Table 1) for 40 s and
extension at 72 °C for 20 s. A final extension was run at
72 °C for 2 min. A volume (5 uL) of the reaction was then
examined on 0.8% agarose gel to check the quality and
quantity of the PCR product. Negative PCR control was
carried out along with normal experiments to check
against cross contamination. The “Touchdown” program-
ming technique (Don et al. 1991) was employed for some
PCR (Table 1). After purification, PCR products were
directly sequenced with ABI BigDye™ Terminators Cycle
Sequencing Kit (version 2.0) in an ABI PRISM3100 auto-
mated sequencer.

Amplicon CAS18sF1/CAS5p8sB1d corresponds to the
ITS1 region between the 185 and 5.85 genes. Both ampli-
cons CAS5p8sFt/CAS28sB1d and CAS5p8sFc/CAS28sB1d
cover the ITS2 region between the 5.85 and 28S genes. The
primer combination CAS18sF1/CAS28sB1ld allows the
amplification of the entire region between the 18S and 285
genes (comprising ITS1, 5.85 gene and ITS2). Figure 1(B-D)
shows the status of sequence conservation of these primers
in a wide range of organisms (mostly invertebrates). It
can be seen from Fig. 1(B) that CAS18sF1 is completely con-
served in all animals compared, from fruit fly to man. This
primer overlaps partially with the primer 18d of Hillis &
Dixon (1991) but is 5 bases shorter and with a better inter-
nal stability profile.

Primer CAS5p8sB1d is the complement of CAS5p8sFt
and CAS5p8sFc. These primers are located at a position
similar to the 5.8c and 5.8d primers of Hillis & Dixon (1991)
but have some key modifications that ensure their versati-
lity. First, the most 3’ base of the backward primer of Hillis
& Dixon (1991) (5.8¢, which is the complement of 5.8d)
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is at a highly variable position where all four bases were
observed, as shown in Fig. 1(C) (indicated by the first
arrow in the figure). In Insecta, “T” was observed in Diptera
and Hymenoptera, ‘A" in Lepidoptera and ‘C’ in Hemi-
ptera. Therefore, 5.8c will not work in many insect species.
Second, the forward primer (5.8d) of Hillis & Dixon (1991)
ends with the base ‘C’. However, in dipteran insects and
several other invertebrates, “T” is observed at this position
(Fig. 1C, indicated by the second arrow). Hence, 5.8d also
has a limited applicability. These limitations were over-
come in our primers by modifying their location and
length. In addition, a degenerate base was introduced to
increase their versatility. The backward primer CAS5p8sB1d
should work in many invertebrate species. [Note that the
most 3" base should be changed to ‘G’ for hemipteran
insects according to Fig. 1(C) but we suspect that there may
be some sequencing error here with the AF007264 sequence.
In fact, our empirical PCR study showed that CAS5p8sB1d
works well in an aphid (Table 1).] Two slightly different
forward primers were designed, with CAS5p8sFt having
the nucleotide “T” at the third base next to the 3" end and
CAS5p8sFc having the nucleotide ‘C” instead. CAS5p8sFt
should work better in dipteran insects and many noninsect
invertebrates while CAS5p8sFc is better for most non-
dipteran insects and echinoderms (Fig. 1C). Due to some
exceptional variation observed at the 3’ end positions in
some flatworms and flukes, these primers may not work
well in these organisms (Fig. 1C). Empirically, we found
that both forms of the forward primer can work in many
insects tested, albeit with different efficiencies (see below,
Table 1).

The primer CAS28sB1d does not have any significant
overlap with any published primer that we know. It is highly
conserved in invertebrates (Fig.1D). Three degenerate
bases were introduced in the central part of the primer
where pronounced nucleotide variation is observed. The
complement of this primer, as well as that of CAS18sF1,
can be used as primers for PCR amplification if needed.

Overall, the above analysis suggests that the five ITS
primers that we designed are highly conserved in sequences
among insects and other invertebrate organisms allowing,
in theory, the isolation of ribosomal ITS regions in many
invertebrate organisms by simple PCR amplification.

The amplifiability of these primers was tested empir-
ically by PCR and direct sequencing of PCR products in
16 invertebrate and vertebrate species, including two

Fig. 1 Nuclear ribosomal internal transcribed spacer (ITS) primers studied here and their evolutionary conservation. (A) Position refers to
the nucleotide position of the 3" base of primers with respect to the Drosophila melanogaster sequence (sequence identification in EMBL
database is DMRG). F, forward primer; B, backward primer; d, degenerate primer; t, third base from the 3" end being T; ¢, third base from
the 3’ end being C. The following ambiguous symbols in sequences are used: R = A/G,S=G/Cand Y = C/T. (B-D) Access/ID, sequence
identification or the Accession no. of the corresponding sequence in the EMBL sequence database. In Taxonomic status, a class-order
affiliation is given for insects and arachnid species but, for other organisms, only a generally well-known taxonomic category is listed with
their common names given in brackets. Vertical bars in the sequences signify nucleotides which are identical to those in the primer sequence.
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Table 1 Universality of the internal transcribed spacer primers in Insecta

CAS18sF1/ CAS5p8sFt/ CAS5p8sFc/

CAS5p8sB1d CAS28sB1d CAS28sB1d
Organism Taxonomy Common name T, (°C) Yield T, (°C) Yield T, (°C) Yield
Thermobia domestica Thysanura Firebrat 67 S 55 w 62 S
Calopteryx splendens Odonata Damselfly 67 S 55 w 55 S
Locusta migratoria Orthoptera Migratory locust 55 S 55 w 55 S
Calliptamus abbreviatus Orthoptera Grasshopper 67 S 55 w 55 S
Periplaneta americana Blattaria American cockroach 67 S 55 w 55 S
Acyrthosiphon pisum Hemiptera Pea aphid 60 S 55 w 55 S
Tetramorium sp. Hymenoptera Ant 67 S 62 S 62 w
Helicoverpa armigera Lepidoptera Cotton bollworm 65 S 62 S 62 S
Dendrolimus punctatus Lepidoptera Pine moth 67 S 60 S 55 S
Drosophila melanogaster Diptera Fruit fly 67 S 55 S 55 S
Bombus lapidarius Hymenoptera Bumble bee 62 S 62 S 62 S
Tegenaria domesticus Araneae House spider 60 S 55 ? 55 S
Buthus martensii Scorpiones Chinese scorpion 50 S 50 ? 50 S
Acipenser sinensis Acipenseriformes Chinese sturgeon 67 S 55 w 60 S
Gadus morhua Gadiformes Atlantic cod 67— 60* S 55 ? 55 S
Branchiostoma belcheri Cephalochordata Amphioxus 60 S — — — —

Numbers given in the table are annealing temperatures (T,) used in successful polymerase chain reaction (PCR) amplification for the
corresponding taxon/amplicon combinations. ‘Successful’ means a main band, which is specific and reproducible, has been obtained in
the PCR conditions tested. Bands amplified have been verified to be ribosomal DNA by direct sequencing of the PCR products. Where no
T, is given, it means that the corresponding amplification was not satisfactory or no product was obtained after several tries at different
conditions. S, bright and specific band; w, specific band but (much) weaker compared with bands denoted S; ?, very weak band; —, no

specific amplification.
*T, for “Touchdown’ PCR.

chelicerate species from two arachnid orders, 11 insect
species from eight orders and three chordate organisms
(see Table 1 for details). The insects studied cover the main
divisions of Insecta, with one primitive wingless insect
(firebrat), a primitive winged insect (damselfly) and nine
other winged insects (two grasshoppers, a cockroach,
an aphid, a fruit fly, an ant, a bee and two moths). Several
invertebrate samples were used previously in the study
of Zhang & Hewitt (1997). Table 1 summarizes the test
results. Bands amplified have been verified to be ribosomal
DNA by direct sequencing of the PCR products (GenBank
Accession nos of the related sequences, AJ577252-A]577262).
The versatility of these ribosomal primers in insects is
clearly demonstrated. Also, our experimental studies
confirmed the theoretical expectations based on sequence
conservation about the relative performance of the two
5.85 forward primers (discussed above): CAS5p8sFc
performs better than CAS5p8sFt in most nondipteran
insects (Table 1; density of bands amplified with
CAS5p8sFc is normally much stronger, denoted ‘S’ in
the Table). It is also worth noting that the primers
reported here amplify quite well in three vertebrate and
invertebrate chordates tested (fishes and amphioxus),
indicating their probable applicability beyond invertebrate
organisms (Table 1).

We have examined the intraspecific variability of the
ITS1 region in the Chinese scorpion Buthus martensii using
the primer combination CAS18sF1/CAS5p8sB1d. Sixty-
one individuals from four geographical localities (across a
700-km area) were sequenced. Four haplotypes (named
after their polymorphic sites as AGAC, AGGC, AAGT and
AAGC, respectively) were identified, forming two distinct
groups congruent with the local geography. The estimated
average number of segregating sites per nucleotide site ()
is 0.00623 [with the polymorphicity Pm (Zhang & Hewitt
2003) being 1.143%], which is a rather high value for nuclear
DNA sequences (Zhang & Hewitt 2003). This shows that
ITS regions amplified with the primers reported here can
serve as valuable nuclear DNA markers for the phylogeo-
graphical study of scorpions in China.
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