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Abstract

BACKGROUND: The ability correctly to identify species in a rapid and reliable manner is critical in many situations. For insects
in particular, the primary tools for such identification rely on adult-stage morphological characters. For a number of reasons,
however, there is a clear need for alternatives. This paper reports on the development of a new method employing DNA biochip
technology for the identification of pest species within the family Tephritidae.

RESULTS: The DNA biochip developed and tested here quickly and efficiently identifies and discriminates between several
tephritid species, except for some that are members of a complex of closely related taxa and that may in fact not represent
distinct biological species. The use of these chips offers a number of potential advantages over current methods. Results can
be obtained in less than 5 h using material from any stage of the life cycle and with greater sensitivity than other methods
currently available.

CONCLUSIONS: This technology provides a novel tool for the rapid and reliable identification of several major pest species that
may be intercepted in imported fruits or other commodities. The existing chips can also easily be expanded to incorporate
additional markers and species as needed.
c© 2013 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
In recent years, the concept of developing DNA-based or molecular
taxonomies has gained considerable attention.1 Although not
completely free of controversy, there is little doubt that in certain
circumstances, in particular in relation to limitations of traditional
taxonomic approaches currently used for the identification of

many insect species, alternatives are clearly needed.2–4

One example of a situation where alternatives are needed
relates to the potential for invasions of novel pest species.
Because of this problem, many countries have strict phytosanitary
regulations requiring routine and cumbersome inspection of
commodities.5 When pests are intercepted, the species involved
need to be ascertained quickly and accurately in order to develop
an appropriate plan for dealing with the infestation. The invasion
of exotic pests is not a new phenomenon, especially in those
countries that have recently become members of international
groups such as the World Trade Organisation (WTO), the surge in
imports that has been experienced by these countries; imports
of agrocommodities in particular, has greatly increased the
opportunities for damaging pest invasions. It is partly because
of this that the development of efficient and practical methods to
facilitate the identification of infestation-causing species in a rapid
and reliable manner has become a high-priority issue.6

Traditionally, especially for tephritid insect species, taxonomic
identification has relied primarily on the use of adult-stage
morphological characteristics.7 However, the continued reliance

on these characteristics for identification is rapidly becoming
untenable for a number of reasons: it is often juvenile material that
is the stage detected in infested commodities; the sheer number
of species potentially to be identified; the lack of trained personnel
with sufficient expertise on a particular group of insects; the
extremely close relationships among a number of insect species.8

Molecular taxonomic methods, in particular those based on
the analysis of DNA, have a number of potential advantages
for achieving the goals of developing improved identification
systems. Various methods have been developed to identify DNA
markers which can be used to distinguish genetic differences
between individuals and species.4 The present paper describes
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the construction and use of DNA microarrays, also known as DNA
biochips, incorporating several of these genetic markers into a
broadly useful tool for identification of insect species.

DNA arrays of this type were first described9 as being capable of
utilising large amounts of genetic information in single reactions.
Other advantages of this approach include the small size and cost,
as well as the ability largely to automate the analysis, especially for
large-scale sampling. Owing to these and other advantages, DNA
biochip technology has been widely used in many applications
in recent years, such as in disease diagnosis,10,11 gene expression
profiling12 and comparisons of genomic relationships between
different organisms including viruses,13,14 transgenic plants,15

insects16 and birds.17 To date, however, the potential use of DNA
biochip technology in identifying the species of quarantine interest
has clearly not been fully developed, although material from
some of the same pest species studied here had been previously
incorporated into DNA macroarrays designed for genotyping
individuals.18 A related approach has also been used for
identification of some mosquito species that are medical pests.19

For application to quarantine pests, the authors have focused
on several pest species within the family Tephritidae, the true fruit
flies, to begin implementing this approach. These flies have wide
host ranges, high reproductive capacity and extensive migratory
ability. For these reasons, among others, they are often involved
in biological invasions causing extensive economic damage to
agricultural areas over relatively short timeframes.20 Among the
tephritids, species from the genera Ceratitis, Bactrocera, Anastrepha
and Rhagoletis are high priorities for identification and quarantine
because of the damage they can inflict if left unchecked.5,6 In the
present study, the authors have developed and tested DNA chips,
using mitochondrial gene sequences to identify 11 species of
important tephritid quarantine pests. This chip has also been used
to identify specimens representing a newly described species,
Bactrocera invadens,21 also considered to be a member of the
B. dorsalis complex of closely related species. The results indicate
that the DNA chip method is rapid, reliable and sensitive as a tool
for species identification.

2 MATERIALS AND METHODS
2.1 Sources of specimens
Specimens representing a total of 11 species from four genera
of tephritid fruit flies were used in this study: i.e. Bactrocera

(B. dorsalis, B. cucurbitae, B. tau, B. latifrons, B. oleae, B. papayae,
B. tryoni and B. carambolae), Ceratitis capitata, Anastrepha ludens
and Rhagoletis pomonella. In addition, material from a collection
of specimens of B. invadens was also used. Relevant information
for these specimens is shown in supporting information Table S1.
Prior to DNA extraction, all specimens were preserved in 99.5%
alcohol and stored at −20 ◦C. The species designation of every
specimen was reconfirmed by comparing its sequence with the
known sequences deposited in GenBank.

2.2 Genomic DNA extraction
Genomic DNA was extracted following the method of Lu et al.16

with slight modification for the identification of sequences to be
used for the biochip probes. In brief, individual specimens were
ground in glass homogenisers containing a grinding buffer (100
mM NaCl, 10 mM Tris–HCl, 25 mM EDTA, 0.05% SDS, and 0.1 mg
mL−1 of protease K). The homogenate was incubated at 65 ◦C for
30 min for enzymatic digestion, and then the DNA was isolated
using a standard phenol/chloroform method.

An alternative rapid DNA extraction method was also used
in some cases. Here, a small piece of tissue, ca 1 mm3 or less,
from a single specimen was obtained, and the genomic DNA was
extracted with Easy DNA High-Speed Extraction kit (Fisher Biotec,
Wembley, WA, Australia) following the instructions provided.

2.3 Design of PCR primers and oligonucleotide probes
DNA sequences from three different mitochondrial genes, i.e.
cytochrome oxidase subunit I (COI) and NADH dehydrogenase
subunits 4 and 5 (ND4 and ND5), were used for selection of primers
and oligonucleotide probes. For this, DNA sequences from more
than 15 species of major tephritid pests (obtained from GenBank)
were first aligned using Vector NTI 7.0 (Invitrogen, Carlsbad, CA)
(data not shown), and conserved regions were chosen to screen for
useful primer pairs. The pairs that stably amplified the appropriate
corresponding DNA fragments, regardless of the insect species
used, were retained for further use. Amplifications using the COI
primer pair were conducted separately (Fig. 1A), while primers
for the ND4 and ND5 genes were designed for use in multiplex
reactions (Fig. 1B).

To design species-specific probes for developing the DNA
array, amplicons produced were cloned and sequenced. The
sequenced regions of each gene for all the species tested were

Figure 1. PCR amplification results for eleven species of tephritid fruit flies with COI primers (A) and ND4 and ND5 primers in a multiplex reaction (B).
Lane designations: Bd: B. dorsalis; Bcu: B. cucurbitae; Bta: B. tau; Bl: B. latifrons; Bo: B. oleae; Bp: B. papayae; Btr: B. tryoni; Bca: B. carambolae; Cc: C. capitata;
Al: A. ludens; Rp: R. pomonella; N: negative control (no template DNA); M: 100 bp DNA markers.
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aligned using Vector NTI 7.0 (Invitrogen) or MEGA software
(http://www.Megasofware.net). Here, the most variable regions
were used for designing species-specific oligonucleotide probes.
The most conserved regions from these same alignments were
used to design probes serving as positive controls. In all cases the
probe features were optimised using the guidelines of 40–45%
guanine-cytosine (GC) content, Tm values of 40–45 ◦C and overall
lengths of 16–25 base pairs.

2.4 PCR amplification parameters and biotin labelling
The reaction mixture for amplification of COI sequences contained
100 ng of genomic DNA, 1.25 µL of 10 µM primer each, 2 µL of 2.5
mM dNTPs, 0.75 µL of 50 mM MgCl2, 2.5 µL of 10× Taq PCR buffer
minus Mg2+ and 0.2 µL of 1 U Taq polymerase (Invitrogen) in a
final volume of 25 µL. The ND4 and ND5 multiplex PCR reaction
mixture contained 150 ng of genomic DNA, 0.75 µL of 10 µM
primer each, 2 µL of 2.5 mM dNTPs, 0.75 µL of 50 mM MgCl2,
2.5 µL of 10× Taq PCR buffer minus Mg2+ and 0.3 µL of 1 U Taq
polymerase (Invitrogen) in a final volume of 25 µL. The specific
parameters for the PCR amplifications were as follows: an initial
denaturing step of 94 ◦C for 2 min, 28 cycles of 94 ◦C for 45 s, 44
◦C for 75 s and 72 ◦C for 40 s and a final extension step of 72 ◦C
for 10 min. The amplified products were stored at −20 ◦C. The PCR
products used for probing of the DNA chips incorporated primers
labelled with biotin at the 5′ end. Visualisation of PCR products was
carried out using 1.5% agarose gel electrophoresis and ethidium
bromide staining under UV light.

2.5 DNA biochip preparation
The polymer substrate and reagents for the colorimetric reactions
for all of the DNA chip development tests conducted here were
obtained from the Dr Chip DIYTM kit system (Dr Chip Biotechnology
Inc., Miaoli, Taiwan). For construction of a DNA chip, a probe
solution (20 µM) was prepared by mixing the oligonucleotide
probe (10 µM) with 2× probe solution. This solution was spotted
onto the surface of a DNA chip using the Dr Easy spotter (Dr Chip
Biotechnology Inc.). After the spots had dried, the chip was put
in a UV crosslinker (Uvitec, Cambridge, UK) for immobilisation of
the probes (energy 1 J). To prepare the DNA chips for use, 500 µL
of Milli-Q water was infused to each chip well for 5–10 min. The
liquid was discarded and the water infusion was repeated. Finally,
each chip was rinsed once with 100 µL of 99.5% alcohol and then
dried in an oven at 45 ◦C before use.

2.6 Hybridisation and detection
The success of the hybridisation reactions for the DNA chip tests
was monitored using a positive control probe (vp1) from the Dr
Chip DIYTM kit (Dr Chip Biotechnology Inc.). Positive controls for the
species-specific probes of COI, ND4 and ND5 using three different
conserved gene fragments were also employed to confirm the
amplification and detection of the different target gene sequences.

The DNA chips were hybridised, washed and visualised as
recommended using procedures for the Dr Chip DIYTM kit (Dr
Chip Biotechnology Inc.). PCR products used as targets were
denatured at 95 ◦C for 5 min in a thermal cycler and cooled down
immediately on ice. For hybridisation, 10 µL of PCR product in 200
µL of hybridisation buffer was added to the chips for incubation at
48 ◦C in a chip hybridisation oven (Dr Chip Biotechnology Inc.) with
vibration for 1 h. After hybridisation, the buffers were removed
from the chips. The wash buffer was warmed to 45 ◦C before use.
The chips were washed with 200 µL of wash buffer (repeated 3

Table 1. Primers used for amplification of various tephritid fruit fly
DNAs

Primer Sequencea(5′ –3′)

COI-F GGWGGRGGAGAYCCWATY

COI-R YCCTAARAARTGTTGWGGRAA

ND4-F ACTYCCTAAYCGYTCATAWGTAAT

ND4-R ATAMTTRBWGCTAGWGARTCTGT

ND5-F AATTCYGAYCAACCYTGATC

ND5-R TCWCARGAYATTCGDTTMATAG

a R = A/G, W = A/T, Y = C/T, M = A/C, B = G/T/C, D = G/A/T.

times), and a blocking solution (0.2 µL of Strep-AP with 200 µL of
blocking reagent) was added to each chip for a 30 min reaction
time. After this, the liquid was drained off and washed again with
wash buffer (3 times), and then a detection solution (4 µL of
NBT/BCIP with 196 µL of detection buffer) was added to each chip.
This was incubated in the dark for 5 min. The detection solution
was then removed and replaced with water to stop the reaction.
The pattern developed on the chip was detected and read using a
Dr AiMTM reader (Dr Chip Biotechnology Inc.).

3 RESULTS
3.1 Design of the primers and probes
DNA sequences from three different mitochondrial genes, i.e. COI,
ND4 and ND5, were targeted in this study. DNA was amplified by
PCR for individual tephritid fruit fly specimens using primers (listed
in Table 1) designed to amplify the same region in multiple species.
These primer pairs were able consistently to amplify all specimens
used in this study, and they produced consistently sized amplicons
from COI, ND4 and ND5, as shown in Fig. 1.

The DNA sequences obtained from all the above amplicons were
analysed to identify oligonucleotide probes for developing the
species-specific detection and identification arrays. After a series
of screenings (data not shown), the final probes were obtained as
shown in Table 2. For each species there were four species-specific
probes. These include one for ND4, one for ND5 and two for COI.
Also, three positive control probes were obtained for ND4, ND5
and COI from the same dataset (Table 2).

3.2 Development of DNA array for species identification
The layout of the oligonucleotide array for identification of
different tephritid species is shown in Fig. 2A. This will be referred
to as the ‘tephritid DNA chip’ or ‘chip’ throughout this paper. On
this chip, specific target probes for identifying each species were
grouped together in sets of four replicates. Within each group
there are two different COI probes (on top), while the bottom
contains probes from the ND4 (left) and ND5 (right) genes. The
spots located at four outermost corners of the chip are positive
controls including vp1 (the control for hybridisation, located at
A1), COI (located at A8), ND4 (located at H1) and ND5 (located at
H8) (Fig. 2A).

Using this tephritid DNA chip for species identification, the PCR
products from individual specimens were hybridised to the targets,
and positive signals were scored. As shown in Fig. 2B, besides the
three sibling species, including B. dorsalis (Bd), B. papayae (Bp) and
B. carambolae (Bca), where cross-hybridisation was observed, all
other tested fly species can be distinguished very clearly. For these
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Table 2. COI, ND4 and ND5 oligonucleotide probes for discriminating 11 tephritid fruit fliesa

Position Probe name Probe sequence (5′ → 3′) Position Probe name Probe sequence (5′ → 3′)

B1 COI-Bd-1 CTATTCACCAGCCATATTG D5 COI-Btr-1 CGGTACTCAACTAAACTAT

B2 COI-Bd-2 CCTATTTACAGGGCTAGTA D6 COI-Btr-2 CACGGTACTCAACTAAAC

C1 ND4-Bd TATTATACTTAAGTTAGGTGGT E5 ND4-Btr ATTGAAGCTAGGGGGGTAC

C2 ND5-Bd ATTAGTTTTAGGAATAAGAGTA E6 ND5-Btr GGTTTGTTTGCCTAGCC

B3 COI-Bcu-1 GAATTTTCAGATGACTAGCC D7 COI-Al-1 CCATCACATATTTACTGTTGGA

B4 COI-Bcu-2 TATGCTATGAGCTTTAGGT D8 COI-Al-2 TGGATTAAATATAAACCCTAGATGACT

C3 ND4-Bcu TATACAAATGAGAGGCATTA E7 ND4-Al GGACTTTGTTCTTCAGGACTT

C4 ND5-Bcu CACACCGTATATAATTTGTTTA E8 ND5-Al GGTGGTAGAATACTTAGATGATT

B5 COI-Bta-1 TGGGTTACTTGGGTTTATT F1 COI-Cc-1 TATACTATGAGCTCTTGGA

B6 COI-Bta-2 TAAGTGATTAAAGAGCCAA F2 COI-Cc-2 TGGTATAGACGTTGACACA

C5 ND4-Bta TTTACAGATAAGAGGAGTTA G1 ND4-Cc AGATTTTTGCAATTGATTGGATTA

C6 ND5-Bta TACGCCCTATATAATTTGTCTG G2 ND5-Cc ATGCATTTTAGGGGGTTTAATT

B7 COI-Bl-1 GTTAGTACTAAACCCAACCTGAC F3 COI-Rp-1 CTATACTATGAACCTTAGGAT

B8 COI-Bl-2 CCCAACCTGACTAAAAAGC F4 COI-Rp-2 GGCCTTCTTGGTTTTATTG

C7 ND4-Bl GATTTTGGCCGGGATTATGCTG G3 ND4-Rp AATTTTAAGATTTGCTAGTATAA

C8 ND5-Bl GTGGCTCTCTTAATATATTGA G4 ND5-Rp ATTGGGGGGAGAATTCTT

D1 COI-Bo-1 CCCTATTCACCGGACTAAATC F5 COI-Bca-1 ACTATTCACCAGCCATATTGT

D2 COI-Bo-2 TACTCTTCACGGCACACAG F6 COI-Bca-2 CCCTATTTACAGGGCTAGTAT

E1 ND4-Bo AAAATTGGGGGGCTATGGG G5 ND4-Bca TATTATACTTAAGTTAGGTGGT

E2 ND5-Bo GGTATTTGGATATTTAGTTTCAG G6 ND5-Bca ATTAGTTTTAGGGATAAGAGTATG

D3 COI-Bp-1 CTATTCACCAGCCATATTG A8 COI-InC ACAGTWGGAGGAYTAACNGGAGTWG

D4 COI-Bp-2 TCCCTATTTACAGGATTAGTA H1 ND4-InC ATTGCTTATTCWTCWGTWGCTCATATRGG

E3 ND4-Bp TATTATGCTTAAGTTAGGTGGT H8 ND5-InC AGAGATGARGGTTGARTTATRYTDCGWGG

E4 ND5-Bp CATTAGTTTTGGGAATAAGGGTATG

a Bd: B. dorsalis; Bcu: B. cucurbitae; Bta: B. tau; Bl: B. latifrons; Bo: B. oleae; Bp: B. papayae; Btr: B. tryoni; Bca: B. carambolae; Cc: C. capitata; Al: A. ludens;
Rp: R. pomonella; N: negative control.

three sibling species the results were identical, except for one of
the four COI probes in B. papayae that was absent when tested with
material from B. dorsalis and B. carambolae. This difference might
be useful for discrimination of this species from its sibling species.
For the other cases, the results show that the eight remaining
species were clearly and consistently distinguishable.

3.3 Sensitivity of the tephritid DNA chip
The sensitivity of the tephritid DNA chip for detection purposes
was evaluated using varying amounts of template genomic DNA
of B. cucurbitae. As shown in Fig. 3, the PCR amplification of
100, 10 and 1 ng of template DNA was easily visualised on the
electrophoretic gel, while the 0.1 and 0.01 ng amounts were barely
readable (Figs 3A and B). However, use of these PCR products to
react with the DNA chip probes showed that products down to
the 0.1 ng sample concentration could still be clearly read (Fig. 3C).
This indicates that the DNA biochip detection is at least tenfold
higher in sensitivity compared with the PCR reactions.

3.4 Identification results using material from different
developmental stages of a species
To demonstrate that this DNA chip can be used for detection
purposes using material from various developmental stages
(i.e. egg, larva, pupa and adult of tephritid fruit flies), material
from each of these stages was labelled for both B. dorsalis and
B. cucurbitae. After PCR amplification and hybridisation, the signals
on the biochip showed that material from all four developmental
stages of B. dorsalis produced results consistent with the adult
stage material used previously (Fig. 4A). The material from the

same four developmental stages of B. cucurbitae also reacted
consistently only with its own specific probes (Fig. 4B).

3.5 Consistency of the tephritid DNA chip
To demonstrate further the consistency of the tephritid DNA
chip for detection purposes, C. capitata material from different
localities, including Australia, Germany, Guatemala, America (HI)
and Spain, as well as from two closely related species, i.e.
C. fasciventris and C. rosa, were further examined using this
DNA chip system. The results showed that the C. capitata DNAs
from different countries (geographic localities) produced the
same identification patterns, indicating that the biochip could
consistently identify individuals from different populations of the
same species from various regions of the world. In addition, the
detection results of C. fasciventris and C. rosa showed two weak
signals on ND4 and ND5 spots (Fig. 5), suggesting that, although
this DNA chip has high specificity and accuracy for individual
species such as C. capitata, it may also be useful for identifying
closely related species that share extensive genetic similarities.
This may apply to the results obtained for the species tested here
that are known to be closely related members of the B. dorsalis
complex.

Material from another species, B. invadens, was also analysed
using this DNA chip. Direct sequence analysis of three target genes,
i.e. COI, ND4 and ND5, of B. dorsalis, B. papayae, B. carambolae
and B. invadens showed high levels of identity in these gene
sequences, ranging from 98 to 100% (Fig. 6A). Consistent with
these results, when B. invadens was used to probe the tephritid
chip, it gave results similar to those obtained for each of the three
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Figure 2. Identification of eleven species of tephritid fruit flies with the DNA
chip. (A) Schematic diagram of the spotting patterns of oligonucleotide
probes. Every four spots marked with the same colour are the probes for
identifying a special species; among these four probes, the top two are
different COI probes and the bottom two are ND4 (left) and ND5 (right)
probes. The spots located at the four corners of the biochip are positive
controls, including vp1 (the control for hybridisation, located at A1), COI
(A8), ND4 (H1) and ND5 (H8). (B) Hybridisation results of different tephritid
DNAs with the DNA chip. All spots on the chips are identical to those
shown in (A), and the genomic DNA of each species used for identification
is labelled under the corresponding chip result. Bd: B. dorsalis; Bcu:
B. cucurbitae; Bta: B. tau; Bl: B. latifrons; Bo: B. oleae; Bp: B. papayae; Btr:
B. tryoni; Bca: B. carambolae; Cc: C. capitata; Al: A. ludens; Rp: R. pomonella;
N: negative control.

Figure 3. Sensitivity of the DNA chip in comparison with the PCR reactions.
Series-diluted B. cucurbitae DNAs, i.e. 102, 10, 1, 10−1 and 10−2 ng, were
used as targeted DNAs. (A) PCR amplification profiles with COI primer;
(B) multiplex PCR amplification profiles with ND4 and ND5 primers; (C)
detection results of corresponding PCR products with the DNA chip. N-H:
negative control (hybridisation buffer only). M: 100 bp DNA markers.

Figure 4. Detection results of the DNA chip with the genomic DNAs
isolated from different developmental stages of the same species. Four
stages, i.e. egg, larva, pupa and adult, of B. dorsalis (A) and B. cucurbitae (B)
DNAs were examined. E: egg; L: larva; P: pupa; A: adult; N: negative control
(N-P: PCR without templates, N-H: hybridisation buffer only).

closely related species found with the B. dorsalis complex described
above (Fig. 6B). This suggests that, in terms of genetic relationships,
B. invadens is basically in the same category as the other species in
the B. dorsalis complex analysed here.

4 DISCUSSION
The development and use of a DNA chip for species identification
requires two basic principles to be demonstrated in a consistent
and reliable manner. These are (1) the ability to amplify specific
target DNA sequences using PCR from various types of material
and (2) hybridisation results with species-specific probes that
provide clear and qualitatively distinguishable patterns. For the
first requirement, PCR primers designed to be ‘universal’ are
needed to amplify a wide range of possible unknown species
DNAs.22 For this study, pairs of primers were identified that were
able reliably to amplify material from all species used in the
study and therefore qualified as ‘universal’ for this purpose. The
extent to which other tephritid species may be used without the
need for new primer development will have to be determined
empirically for each case. However, certainly within the Bactrocera
and Ceratitis genera, many other closely related species have
already been described,23 representing candidates that are likely
to be readily incorporated into this testing framework without
extensive additional development work.

However, owing to the identical amplicon sizes produced for
many of these and other species, it is only rarely possible to
identify and distinguish species on the basis of the DNA amplicon
sizes alone.24 Therefore, species discrimination using a molecular
approach usually requires demonstration of the ability to produce
qualitative differences in hybridisation patterns using species-
specific probes. In general it is clear that the relationship between
probe length and GC content is important for probe design, and
in general higher GC contents and shorter probe lengths are
considered to be optimal to keep cross-reactions to a minimal
level. For the present study, probe design was optimised on the
basis a GC content of approximately 40–45% and lengths of
16–25 base pairs.25 In addition to optimised probes, however,
stringent hybridisation and washing conditions are also important
factors. The specificity of a probe for a target sequence can often
be enhanced by adjusting the temperature of the hybridisation
reaction and the buffers used for washing.26 It was found that the
use of temperatures of 48 ◦C for the hybridisation and 45 ◦C for
the washes were optimal for the present system.

Pest Manag Sci (2013) c© 2013 Society of Chemical Industry wileyonlinelibrary.com/journal/ps
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Figure 5. Detection results of the DNA chip with the genomic DNAs of C. capitata collected from different countries and two of its related species. (A)
specific probe sequence analysing three target genes, i.e. COI, ND4 and ND5, of C. capitata from five countries and two related species, C. fasciventris and
C. rosa. (B) Detection results. The DNA samples used for detection are labelled under the corresponding chip result. N: negative control.

Figure 6. Relationships of species in the B. dorsalis complex, based on sequence similarity and DNA chip analysis. (A) The percentages of pairwise
sequence identities of four species of B. dorsalis complex, including B. dorsalis, B. papayae, B. carambolae and B. invadens. (B) Detection results of these
same four species of B. dorsalis complex with the DNA chip. The samples used are labelled under the corresponding chip result. N: negative control.

wileyonlinelibrary.com/journal/ps c© 2013 Society of Chemical Industry Pest Manag Sci (2013)
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In comparing the sensitivity of DNA chip to PCR technology,
it was shown that the DNA chip technology has at least
tenfold greater sensitivity than PCR-based detection systems.
This suggests that less material would be needed for species
identification from unknown specimens. The fact that only
very small pieces of tissue are required for identification with
the DNA chip also means that the remaining material is still
suitable for morphological identification or for retention as
a voucher specimen. The DNA biochip technology can be
used simultaneously to detect and identify more than one
species. The present chip currently includes probes to identify
11 species. However, each chip can potentially accommodate
many more probes, so, as new DNA sequence information
becomes available, the detection power of each chip will increase
accordingly.

The DNA chip can also be used to identify material from a
wide range of developmental stages and requires only minimal
amounts of specimen material (Fig. 4). This makes it more useful
for quarantine pest identification, in that insect pest interceptions
in plants or fruits mostly involve detection at their larval, pupal
or even egg stages. Currently, using morphological identification
methods, in such cases species identifications are either more
difficult or impossible to complete in a timely manner.8 Two of
the great advantages of using the chip approach, or any DNA-
based methods, are that the DNA of an organism does not change
during different developmental stages, and that, when done in
conjunction with PCR, only minimal amounts of material are
required.

The probes identified also give consistent results for
specimens obtained from regional collections representing
different geographic populations. This was confirmed by the
testing and direct examination of sequences of C. capitata
collected from five different countries (Fig. 5). These specimens
have identical sequences for the COI-1 and ND4 probes and one
nucleotide difference in the ND5 probes. All C. capitata from these
different collections are identified in an identical manner using
these probes. In contrast, the DNA sequences of two species closely
related to C. capitata, namely C. fasciventris and C. rosa, having as
few as 2–4 base differences in the probe sequences, can be readily
discriminated from C. capitata.

This DNA chip, as constructed, does not, however, clearly
discriminate between the closely related species in the B. dorsalis
complex tested here, specifically B. dorsalis, B. papayae and
B. carambolae (Fig. 6). The DNA sequence alignments also show
that the COI, ND4 and ND5 target gene sequences are highly
conserved in these species, with the values for identity falling in the
98–100% range. This result is consistent with other recent studies
that have suggested that these taxa (with the possible exception of
B. carambolae) in fact do not represent distinct biological species.27

This suggestion comes from information obtained recently at both
the molecular and morphological levels,8 as well as in terms of
sex pheromone and mating compatibility perspectives.28,29 In
addition, the possibility that B. invadens, another member of the
same dorsalis species complex, also does not warrant status as a
distinct biological species has recently been suggested as well.30

The results obtained here for B. invadens support this.
In conclusion, a DNA chip has been developed for identification

of various species of tephritid fruit fly pests. The use of this chip
requires only minimal amounts of material which can be obtained
from any stage of the life cycle. To the authors’ knowledge this is
the first DNA chip that can be used to identify the species of insect
pests of agricultural importance. Using this DNA chip technology,

results can be obtained for material from any stage of the life
cycle in less than 5 h. Therefore, it provides a useful tool for plant
quarantine inspections which require rapid and accurate insect
identification.
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