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Abstract

Background True fruit flies (Diptera: Tephritidae) are among the most destructive pests of fruit and vegetables
worldwide and are on the top of quarantine pest lists. To respond effectively to a fruit fly invasion, we need to
identify the species rapidly and reliably to understand its biological features and guide response decisions. Molecular
techniques have been used to improve the diagnostic ability circumventing many difficulties of morphological
identification. However, the commonly used Cytochrome Oxidase | (COl) gene lacks sufficient variation to distinguish
species within Bactrocera species complexes. Here we conducted mitochondrial genome sequencing to identify
additional genetic markers that could aid diagnosis of Bactrocera fruit fly species.

Results We assembled 82 complete mitochondrial genomes from 16 Bactrocera species, including 13 species for
which no mitochondrial genome data were previously available, as well as one species each from Dacus aneuvittatus,
Dirioxa pornia and Zeugodacus gracilis. Phylogenetic analysis of the Tephritidae family confirmed the monophyly of
the Bactrocera genus but could not properly resolve species within species complexes. Comparative mitochondrial
genome analysis revealed that intergenic spacer and NADH dehydrogenase genes, specifically ND2 and ND6, harbour
enough variations for new specific real-time PCR assays. Based on these findings, six TagMan-based real-time PCR
assays targeting ND2, COl, and CO3 genes were successfully designed and assessed for their specificity and sensitivity
in detecting Bactrocera curvipennis, a member of the B. tryoni complex. Of these, one real-time PCR assay targeting the
ND2 gene proved to be the most specific and sensitive. It detects B. curvipennis specifically at the level of 1 copy/uL of
target DNA.

Conclusions Mitochondrial sequence analysis and comparative studies indicate that mitochondrial genomes
offer valuable genetic markers for accurate diagnosis of Bactrocera fruit flies. The successful development of the
B. curvipennis real-time PCR assay highlights the importance of having additional genetic markers to advance the
molecular diagnostics in economically important Bactrocera species.
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Background

Biological invasions can lead to biodiversity loss, dis-
ruption of ecosystem services, reduced agricultural pro-
ductivity [1-3]. The economic losses are estimated at
$1,208 billion globally between 1980 and 2019, with a
702% increase in reported losses from 1980 to 1999 to
2000-2019 [1]. The unintentional transport of living
organisms through global trade and international tour-
ism increase the risk of biological invasions [4, 5]. True
fruit flies (Diptera: Tephritidae) are on top of the quaran-
tine pest list because they pose a major threat to horticul-
tural crops and high potential of anthropogenic spread
[2, 3]. Out of the 5,000 species within this family, only
250 highly polyphagous species are considered potential
invasive species [2, 3, 6]. The most destructive fruit fly
pests to global production of fresh fruits and vegetables
belong to the genus Bactrocera, along with Anastrepha,
Ceratitis and Rhagoletis [7, 8]. The economic impacts of
these invasive fruit flies include substantial crop losses,
increased cost due to pest management, eradication pro-
grams and biosecurity measures, and quarantine bans
imposed by importing countries [9-11].

Accurate, rapid, and reliable identification of fruit flies
to species level is essential for the adoption of effective
quarantine actions to prevent the spread of invasive spe-
cies. Inaccurate identification of specimens can lead to
unnecessary quarantine measures or allow harmful spe-
cies to establish in new regions [12]. Morphological dif-
ferentiation between invasive and non-invasive species
can be difficult especially for immature stages due to
limited morphological characters and large intra-spe-
cific morphological variation [10, 13]. Various molecular
techniques have been developed to overcome these chal-
lenges, including DNA barcoding, specific real-time PCR,
and loop-mediated isothermal amplification (LAMP)
[14-19]. Among them, DNA barcoding can discriminate
most species [9, 20, 21], but it is time-consuming (taking
up to four days) and depends on the quality of reference
sequences [22-25]. In contrast, molecular identification
using real-time PCR assays offer higher sensitivity, higher
specificity and can considerably reduce the diagnostic
time by eliminating post-PCR electrophoresis and ampli-
con sequencing [16, 17].

Molecular tools have significantly improved the diag-
nosis of fruit flies, but the selection of genetic mark-
ers for specific PCR assays or DNA barcoding purposes
remains challenging. Mitochondrial genes, in particu-
lar the cytochrome oxidase I (COI), are the preferred
genetic markers for molecular identifications due to their
high mutation rates, rare gene recombination, maternal
acquisition, and ease of sequencing using Sanger tech-
nique [26-28]. However, COI sequences do not allow
distinction between closely related species within the
same species complex, leaving at least 11.3% of Dacini
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fruit flies species non-identifiable [12, 24]. High similar-
ity of COI sequences have been observed within inva-
sive Bactrocera complexes [29-31], such as B. dorsalis
(B. dorsalis, B. carambolae, B. musae, B. borneoensis, B.
incognita, B. cacuminata, B. verbascifoliae, B. caryecae,
B. parafroggati, B. pallida, B. commensurata, B. occipi-
talis, B. kandiensis and B. raiensis [30, 32]), B. tryoni (B.
tryoni, B. neohumeralis, B. erubescentis, B. mutabilis, B.
curvipennis and B. ustulata [31]), and B. frauenfeldi (B.
frauenfeldi,, B. trilineola, B. kirki, B. caledoniensis, B.
psidii and B. parafrauenfeldi [29]). This high sequence
similarity makes species identification using real-time
PCR challenging [14, 20, 31, 33, 34]. Complete mitochon-
drial genomes sequencing can reveal alternative genetic
markers exhibiting greater interspecific variation, offer-
ing greater primer design flexibility and enable more
accurate species-specific assays critical for biosecurity
[11, 35]. Recent advances in high-throughput sequenc-
ing (HTS) technologies have accelerated the expansion of
fruit fly mitochondrial genomes [36, 37], facilitating the
discovery of more informative genetic markers that can
enhance molecular diagnostics [11].

This study analysed 82 mitochondrial genomes from
19 species of Bactrocera and related genera to identify
molecular markers that can be used to enhance the reli-
ability of fruit fly diagnosis. Specifically, we aim to (i)
address phylogenetic gaps in species resolution within
species complexes, focusing on the Bactrocera genus,
(ii) characterize mitogenomic features useful for species
discrimination within this genus, and (iii) develop a real-
time PCR assay for the rapid and accurate identification
of B. curvipennis.

Results

Mitochondrial genome sequencing

Adult fruit fly specimens were morphologically identi-
fied, and their identities were confirmed through COI
barcoding following standard protocols (Table S1, Sup-
porting Information). Mitochondrial genomes from 82
specimens, representing diverse COI haplotypes, were
sequenced using the Illumina NovaSeq 6000 platform,
generating an average of 20.0+6.8 million reads per
sample, totalling 2.70+1.55 Gbp (Table S2). The average
sequencing depth was 1,193.44x, ranging from 230x to
7,435x (Table S2). Despite some DNA degradation due to
the specimens collected dry from fruit-fly traps and long-
time storage, the obtained data quality was high [36].
Complete circular mitochondrial genomes were assem-
bled for 18 species across four genera within two tribes:
16 Bactrocera species, as well Zeugodacus gracilis from
the Dacini tribe, and Dirioxa pornia from the Acantho-
neurini tribe. A partial mitochondrial genome for Dacus
aneuvittatus (Dacini) was recovered with only a missing
section in the control region.
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The arrangement of the 37 genes was identical to their
order and transcription directions as in other Teph-
ritid fruit flies [36—38] and follows the ancestral insect
mitogenome arrangement. The majority strand (J-strand)
encodes 23 genes, including 9 protein coding genes
(PCGs)—ATP6, ATP8, CYTB, COI, CO2, CO3, ND2,
ND3 and ND6, and 14 tRNA genes. The minority strand
(N-strand) encodes 14 genes, comprising 4 PCGs—ND]1,
ND4, ND4L and NDS5, 8 tRNA genes and 2 rRNA genes—
12S and 168.

Phylogenetic analysis
Maximum likelihood analyses (ML) using 13 PCGs
and the entire mitochondrial genome from 479 Teph-
ritidae individuals produced trees with nearly identi-
cal topologies featuring few unstable branches (Fig. 1,
Figure S1-2, Supporting Information). The resulting
phylogeny was well-supported for subfamily and tribe
relationships, with most major nodes showing high
posterior probability (>0.95) (Figure S1). Two primary
clades emerged, grouping Dacinae, Tripetinae, and
Tephritinae, while Phytalmidae formed the basal group
of Tephritidae. Although support for the monophyly of
Dacinae was low, three monophyletic tribes, (Cerati-
dini + Gastrozonini) + Dacini, were strongly supported.
Within the Dacini tribe, Dacus and Zeugodacus iden-
tified as sister groups to Bactrocera, and the genera
Bactrocera and Dacus were monophyletic. The genus
Zeugodacus was recovered as paraphyletic based on
the 13 PCGs reconstruction but monophyletic accord-
ing the entire mitogenome (Figure S1). Within Bactro-
cera, the subgenera Bactrocera, Daculus, Notodacus,
and Tetradacus showed strong monophyly, whereas
Afrodacus was polyphyletic. None of the phylogenetic
reconstructions were able to resolve certain species
within the species complexes as monophyletic, includ-
ing B. dorsalis, B. carambolae, B. tryoni, B. neohumer-
alis and B. trilineola, with supported nodes containing
mixed samples from different species (Fig. 1). The B.
tryoni complex was divided into two subclades, one
of which included B. curvipennis, with B. neohume-
ralis and B. tryoni specimens mixed in both clades.
Although not yet recognized as a species complex, B.
facialis was polyphyletic, consisting of two clades, one
of which nested within B. passiflorae clade, referred
as B. facialis clade 2 in the tree. These discordances
between molecular and morphological data across
clades in the complex, as previously reported [10, 29,
32, 37], highlights the need for more stable morpho-
logical and molecular markers to reliably define these
species.
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Features of Bactrocera mitochondrial genomes: insights
into species differentiation

The structural analysis of all available mitochondrial
genomes of economically important species revealed
that Bactrocera mitochondrial genomes remained
stable across major clades and provided enough taxo-
nomic resolution for species-level identification (Fig. 2).
The nucleotide composition of fruit fly mitochondrial
genomes showed a high AT bias, the AT contents var-
ied from 66.55% in B. tsuneomus to 74.09% in the B.
frauelfeldi complex. The length range of the complete
mitochondrial genome was from 15,815.9+2.0 bp in B.
oleae to 15,977 bp in B. latifrons (Fig. 2A). The length
variations of 13 PCGs, 22 tRNAs and 2 rRNAs were very
minor, while the length variation among different speci-
mens was mainly caused by the variation in noncoding
regions especially the control region (size range from
923.8+0.8 bp in B. xanthodes to 953 bp in B. latifrons;
Fig. 2A). The three longest mitochondrial intergenic
spacers (IGS) were between trnQ-trnM with average
length of 129.2+22.3 bp, truC-trnY with 98.2+15.2 bp
and truR-trnN with 21.6+11.5 bp (Fig. 2B). These inter-
genic regions usually evolve faster than PCGs, indeed
length variation between species was observed (Fig. 2A).
Therefore, these regions should be explored as species-
specific markers for the accurate identification of fruit
flies. Only minor variations in stop codons were observed
across some clades, with the vast majority remaining
conserved (Table S3).

Evolutionary analysis of mitochondrial protein-coding
genes

Complete mitochondrial genomes serve as valuable
genetic markers, therefore, the availability and abun-
dance of these genomes is essential for designing specific
PCR assays to avoid cross-reaction with non-represented
species [11]. Therefore, we analysed the evolutionary
patterns of the mitochondrial PCGs in Bactrocera fruit
flies, which are more readily accessible across taxa due to
higher nucleotide conservation in coding regions com-
pared to intergenic spaces. Our evolutionary patterns
analysis of mitochondrial genomes evaluated key param-
eters such as nucleotide diversity (Pi), synonymous and
nonsynonymous substitution rates (Ka/Ks ratio), barcod-
ing gaps, and codon usage bias (Fig. 3, Figure S3-S4). The
average Pi of the individual genes ranged from 0.056 for
ND4L and 0.109 for ND2, the COI gene showed inter-
mediary nucleotide diversity (0.079; Fig. 3A). Along with
ND2, the genes ND6, ND3 and CYTB had the highest
nucleotide diversity, 0.108, 0.094 and 0.093, respectively.
The Ka/Ks ratio is a widely used metric in comparative
genomics to estimate selection pressure and the evolu-
tionary rate [39]. For the 13 PCGs, NDS5 had the high-
est average Ka/Ks ratio across all available Bactrocera
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Fig. 1 Reconstructed phylogenetic tree of Tephritidae fruit flies inferred from the PCGs dataset with partitions using RAXML. Maximum likelihood (ML)
bootstrap support values are shown at each node. Species and genera clades have been collapsed to improve visualization of the tree’s topology. The
Bactrocera tryoni complex includes B. tryoni and B. neohumeralis, while the B. dorsalis complex comprises primarily B. dorsalis and three B. carambolae speci-
mens. The number of specimens used in each collapsed clade is specified. Boxes highlight subfamilies and brackets denote well-supported Bactrocera
clades selected for further analyses
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Fig. 2 Mitochondrial genome comparative analysis of Bactrocera fruit flies. A Schematic representation of mitochondrial gene arrangement. Protein-
coding genes (PCGs), rRNAs, tRNAs, and the control region (CR) are shown in green, cyan, pink, and orange, respectively. Box plots of the genome length,
GC content, and control region length are provided for selected Bactrocera clades. B Detailed schematic of major intergenic spaces (IGS) within Bactrocera,
showing the boxplots of the lengths of the trnQ-trnM, trnC-trnY, and trnR-trnN IGS for selected clades. Each data point represents individual Bactrocera
specimens, with point colours indicating different Bactrocera clades shown on Fig. 1. The number of specimens used for each clade is indicated in the
pruned phylogenetic tree
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Fig. 3 Evolutionary analysis of mitochondrial protein-coding genes (PCGs) in Bactrocera fruit flies. A Sliding window analysis of nucleotide diversity (Pi)
across the PCGs, using a 100 bp window with a 20 bp step. Gene names and Pi values are indicated above or below the schematic representation of the
genes. B Boxplots showing synonymous (Ks) and nonsynonymous (Ka) substitution rates for each PCG, with each data point represents an individual Bac-
trocera specimen. Point colours correspond to different Bactrocera clades shown on Fig. 1. C Boxplots of intra-specific and inter-specific pairwise genetic
distances across PCGs to assess the barcoding gap. The median values for nucleotide diversity, Ka/Ks ratio, and interspecific genetic distances for the CO/

gene are indicated by the blue dotted line

mitogenomes, followed by ND2 and NDI, whereas COI
and ATP8 had the lowest average values (Fig. 3B). Even
though the ATP8 gene showed a high rate of non-synon-
ymous substitutions, its Ka/Ks ratio remained low due to
the large number of synonymous substitutions (Figure
S3). The average Ka/Ks values across all available Bac-
trocera mitogenomes varied from 0.029 (COI) to 0.124
(NDS) and consistently remained below 0.213 (below 1.0
the threshold for purifying selection), indicating that all
PCGs have undergone purifying selection. Variation in
the Ka/Ks ratio between different Bactrocera clades can
be observed for genes ND4L and ND6, with the B. dor-
salis complex showing the lowest Ka/Ks values. Intra-
and inter-specific genetic distances based on the data
of 13 PCGs were significantly overlapped regardless of
the marker, providing evidence of the lack of adequate
barcoding gaps for mitochondrial genes (Fig. 3C). For
interspecific genetic distance, the highest values were
observed for ND2 (mean 13.93 +5.53%), followed by ND6
(mean 13.85+5.78%). Although the mean intra-specific
genetic distance was very low for individual markers,
maximum values overlap with the interspecific genetic
distance (Fig. 3C). For instance, the commonly used COI
barcode marker showed an interspecific genetic distance
of 10.21+4.18% with a maximum intra-specific genetic
distance of 19.25%. Very weak codon bias was observed
on the Bactrocera PCGs (Figure S4). In summary,
although the COI gene has been extensively used for
molecular identification of fruit flies, this gene exhibited
lower evolutionary rates and moderate nucleotide diver-
sity resulting in small differences among closely related
species. Based in our results, the ND2, and ND6 genes
can provide better species resolution for distinguishing
closely related species at the species level.

Performance comparison of mitochondrial genes for
species-specific assays

Six Tagman-based real-time PCR assays targeting the
ND2, COI, and CO3 genes were designed (Table S4,
Fig. 4A-B) and used for screening to evaluate poten-
tial cross-reactions and the amplification efficiency for
known variants of B. curvipennis (Fig. 4C—H, Figure S5,
S6). The initial screening of three ND2, one COI and
two CO3 assays (Table S4) showed that the ND2 assay
(ND2_1138F_BC, ND2_1192P_BC+ and ND2_1251R_
BC) performed the best, with no cross-reactivity with
non-target species, producing lower Cq values, and

generating higher relative fluorescence (RFU>1000) for
all target species haplotypes (Fig. 4C, F). The COI assay
showed cross-reactivity with other members of the B.
tryoni complex, although lower RFU was observed for
non-target species (Fig. 4D, F). Both CO3 assays exhib-
ited cross-reactivity not only with the B. tryoni complex
but also with additional Bactrocera species, showing
non-specific amplification with higher Cq values (Fig. 4E,
H and Figure S5C, F). The ND2 assay’s higher specificity
was further confirmed with additional primer combina-
tions (Figure S5A, D and S5B, E).

Optimization and validation of the ND2 species-specific
real-time PCR assay

Real-time PCR conditions for the ND2 assay
(ND2_1138F_BC, ND2_1192P_BC+and ND2_1251R_
BC) was optimized to increase sensitivity while still
being specific. The optimized master mix composition
and cycling conditions for the B. curvipennis duplex
assay with 18S internal control targeting the 18S rRNA
gene [17, 40, 41] for evaluation of the DNA quality are
provided in Table S5 and S6. The annealing temperature
was set at 60°C since higher temperatures resulted in
increased Cq values and reduced florescence for certain
B. curvipennis variants (Figure S7).

The linear dynamic range for the singleplex assay was
assessed with serial dilutions of gBlock containing the
ND2 primer and probe binding sites (Figure S8). The
limit of detection (LOD) the singleplex assay was 1 copy/
uL of synthetic DNA template with an average Cq of
36.86 for all replicates detected (Fig. 5). The amplification
efficiency was 101.1% (Fig. 5), an thereby the analytical
cut-off was stablished at 36 cycles based on the LOD [42].
The ND2 assay could also amplify 10 fg/uL of genomic
DNA with Cq values around 35 cycles (Figure S8A, B)
and the LOD was unaffected by the addition of the 18 S
internal control (Figure S9C).

The diagnostic specificity the ND2 assay was validated
with 31 fruit fly samples in the specificity tests and 21
additional samples in the blind panel (a complete list of
the specimens tested is provided in Table S7). All the
tested samples of B. curvipennis were successfully ampli-
fied the ND2 assay with a Cq lower than 25 cycles (Fig. 6).
A single replicate of Dirioxa pornia DPNC2 resulted in
a very weak amplification (Cq=39.61), above the nega-
tive threshold of Cq>36. The blind test produced con-
sistent results and independently matched to the original
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CO3_5171F_BTC Forward CTTTAACCCATTCCAAATCCCA
CO3 CO03_5239P_BC Probe CAL610-AGCTCACCATAGTTTAATAGAAGGTAATCA-BHQ2
CO3_5310R_BC  Reverse CTAGAAGAACTGTAAAAAATAGACCC
B

okb |

20!

axbl

Yoo ol Ul coz  kokw ATP6 | CO3
QH—@H %

154 151
20] o—p—— 20¢
.
| o
250 % 25
8 3o 8 %
35¢ 351
40 40!
Negi Negi
Bactrocera B. tryoni other
curvipennis  complex  Bactrocera
30001 30001
_— ¢ —_—
=) . =
w = 1 w
5 s | T
8 2000¢ | SR 3 2000!
c | * ‘ o
3 : @
b3 . 2
8 8
3 . E
g 10004 g 10001
] s
° °
of ol
Bactrocera B. tryoni other
curvipennis  complex Bactrocera

15{
- o
L
. 20 ‘e .
PO
254
301 °
8 Lo e |
. ° 35¢ P—
40| e
—— Neg! . -—
B. tryoni other Bacltrocera  B. tryoni other
complex  Bactrocera curvipennis  complex  Bactrocera
30001
. -
S
Y
c
220000 L o]
2
®
2
e
S
2
_g 10001
et E
R °
ol = e
Te —— . .
L L - J . o
e e 0 . . ——
B. tryoni other Bactrocera B. tryoni other
complex  Bactrocera curvipennis ~ complex  Bactrocera

Fig. 4 Performance comparison of the specificity of real-time PCR assays designed for Bactrocera curvipennis detection. A Primer and probe sequences
for each of the three assays targeting the ND2, COI, and CO3 genes, represented by color-coded boxes. B Schematic overview of amplicon positions of
each assay on the B. curvipennis mitochondrial genome (BCNCT1). C-E Boxplot of Cq values for specific and non-specific amplifications across different
samples, cut-off set at 36 cycles (grey dotted line). Neg: no amplification within 40 cycles. F-H Boxplot of relative fluorescence unit (RFU) for specific and
non-specific amplifications, fluorescence threshold set at 100 RFU (grey dotted line). Primers (F: forward; R: reverse) and probes (P) sequences of each

assay are shown in the same colour of boxes. Each data point represents samples from different Bactrocera clades shown on Fig. 1

identities of the samples provided. High assay reproduc-
ibility was demonstrated by low variation in %CV val-
ues for each of the samples tested within individual and
between different runs (Table S8). Overall, these results
demonstrated the ND2 assay robustness and reliability.

Discussion

This study generated 82 complete mitochondrial
genomes from 19 fruit fly species, 16 of which were pre-
viously unavailable. Among these are highly polyphagous
species with elevated risk of spreading to new locations,
such as B. curvipennis, B. facialis, B. kirki, B. melanotus,



Castellanos et al. BMC Genomics (2025) 26:700

40

30+

20+

10+
1e+01

1e+03
synthetic template copies/pL

Page 9 of 17

y = 36.938 -3.297x
R?=10.999, p<2.2e-16

Efficiency = 101.1%

1e+05 1e+07

Fig. 5 Sensitivity of the ND2 real-time PCR assay for Bactrocera curvipennis detection. The gBlock synthetic template (Bac_TC_allin_control), contain-
ing concatenated primer and probe binding sites, was serially diluted, and tested with the singleplex real-time PCR assay. Linear regression of gBlock
concentrations against Cq values generated a standard curve, plotting Cq values against the log copy number (range =10’ copies-1 copy) of the gBlock

B. passiflorae, B. psidii, B. trilineola and B. xanthodes [8].
Analysis of complete mitochondrial genomes provide
useful molecular markers for both taxonomic and diag-
nostic studies [43]. Features like mitochondrial genome
size, GC content, and control region length showed great
variation across different Bactrocera clades, but their
diagnostic utility is not widely applied due to the high
cost and time required for whole genome sequencing. In
contrast, the variability on the IGS lengths, specifically
the trnQ-truM, trnC-trnY and truR-trnN, can be easily
implemented as diagnostic markers to differentiate major
clades as previously reported [43]. The findings of this
study have also showed that the IGS length is conserved
in Bactrocera species complexes analysed. However, the
representation of Bactrocera species in the IGS data-
base remains limited to a few species. Therefore, further
investigation of more species is essential to more com-
prehensively assess IGS variability and its potential usage
as diagnostic markers. To differentiate species within
these complexes, genes with higher substitution rates,
nucleotide diversity and interspecific genetic distance,
such as ND5, ND2 and NDI, can be better candidates
for the development of species-specific diagnostic tools.
This was exemplified by an increased specificity of the
ND2 real-time PCR assay for the identification of B. cur-
vipennis as compared with the assays for genes COI and
CO3 tested. Overall, these findings highlight that other
mitochondrial genes and features offer higher diagnostic
specificity than universal COI barcode, particularly for
distinguishing species within complexes [12].

Our phylogenetic analyses of 479 mitochondrial
genomes covering the major linages in the Tephriti-
dae family provided a robust reconstruction, which was
largely congruent with previous analyses and classifi-
cations schemes [10, 31, 36, 37, 44—46]. Monophyletic
clades were observed for the genera of Bactrocera, Dacus,
Ceratitis, Rhagoletis, Carpomya and Anastrepha, while
Zeugodacus was resolved as paraphyletic with Z. rubel-
lus and Z. cilifer positioned external to the Zeugodacus
main clade (Fig. 1). The fact that mitochondrial genome
data failed to distinguish closely related species within
the well-known B. dorsalis, B. tryoni, and B. frauenfeldi
species complexes, as well as Ceratitis FARQ complex
(frugivorous flies - C. fasciventris, C. anonae, C. rosa and
C. quilicii) [47], is not surprising. Notably, the inability to
discriminate B. facialis and B. passifloreae using either
the COI barcode or the entire mitochondrial genome
is a novel finding, indicating that B. facialis and B. pas-
sifloreae are belonging to a species complex. Our results
support expanding the B. tryoni complex to include the
polyphagous fruit pest B. curvipennis from New Caledo-
nia, consistent with previous molecular studies [31, 46].
Although the presence of B. curvipennis in Aneityum
Island, a remote island in Vanuatu has been previously
reported [48]subsequent evaluation by the European and
Mediterranean Plant Protection Organization (EPPO)
have considered it as absent [49]. This study sequenced
B. curvipennis specimens from New Caledonia, obtained
over different years and from diverse sources, thereby
ensuring a sufficiently representative dataset to support
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cut-off at 36 cycles

the conclusion drawn. Recent speciation events, hybrid-
ization, mitochondrial introgression, inter-specific gene
flow likely contribute to the discrepancies between mito-
chondrial genetic diversity and morphology [10, 30,
32]. To address challenges posed by recent or ongoing
speciation, employing nuclear genome wide data, such
as RADseq (Restriction-site Associated DNA Sequenc-
ing) and HiMAP (Highly Multiplexed Amplicon-based

Phylogenomics) can provide more accurate insights into
species delimitation [29, 30, 32]. However, the continu-
ous post-speciation gene flow [32] and the presence of
additional, unrecognized species complexes among less
studied fruit fly pests with more restricted distribution,
highlights significant gaps in our knowledge which can
hinder efforts to prevent new invasions or prioritize pest
control measures [30]. Improving the accuracy of species
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delimitation and resolving taxonomic discrepancies in
fruit flies are crucial for strengthening biosecurity mea-
sures [30, 31].

Our findings demonstrate that mitochondrial genome
features like the IGS and other rapid-evolving mitochon-
drial genes can be valuable to enhance species-detection
resolution. In the battle against the spread of fruit fly
pests, molecular methods such as DNA barcoding or
species-specific assays (e.g., PCR, real-time PCR and
LAMP) targeting the COI gene have been developed [12,
16, 17, 19, 50-52]. However, the COI-5P barcoding frag-
ment that is widely used to develop these assays may not
be the most informative for the molecular identification
of Bactrocera fruit flies. Despite extensive BOLD records
that have been generated for this fragment (up to 18,283
on 03/12/2024), its utility for diagnosis is compromised
by (i) misidentifications in the reference databases, (ii)
underrepresentation of non-pest species that do not
respond to lures (only 272 of 750 species in Bactrocera
genus), and (iii) considerable overlap of intra- and inter-
specific genetic divergences within species complexes
[12, 22, 24]. For example, some assays targeting the
COI gene are unable to distinguish B. tryoni from other
closely related B. tryoni complex members [14, 50], B.
dorsalis from other B. dorsalis complex species [14, 15],
B. latifrons from B. correcta [53], B. minax from B. tsu-
neomis [52] and C. capitata from C. cosyra [54].

Remarkably, the whole length of IGS is relatively con-
sistent within each Bactrocera clade and significantly
varied among the other clades, suggesting that the IGS
length can serve as a useful diagnostic tool for distin-
guishing clades. Mitochondrial IGS are usually limited
in number and size, and represent the most variable part
of insect mitochondrial genomes [55-58]. For instance,
the trnl2-CO2 IGS has been effective in characteriz-
ing genetic diversity within honey bee populations [59],
while the trul-trmQ and trnQ-trnM IGS gene region has
been successfully used to differentiate the five most com-
mon fruit flies in South Africa (C. capitata, C. cosyra, C.
rosa, C. quilicii, and B. dorsalis) [43]. Similarly, sequences
covering the trnQ-truM, trnC-trnY and truR-truN 1GS
gene regions can be used for accurate differentiation of
the main Bactrocera clades without downstream analysis
and sequencing. However, the high AT content (>80%)
of IGS regions poses a challenge for developing species-
specific assays, since AT-rich sequences reduce primer
annealing temperatures, compromise the probe binding,
and lower the amplification efficiency [60]. Additionally,
the high variability of IGS regions increases the chances
of mutations within primer and probe binding sites can
lead to false negative results.

Mitochondrial PCGs are widely used in animal species-
specific assays due to higher temporal stability, moderate
AT content (~70% in Bactrocera), and large cellular copy
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number, which increases the likelihood of detection from
the fragmented DNA frequently found in fruit-fly traps
[61, 62]. Selecting the proper gene is critical for ensur-
ing the analytical specificity and sensitivity required for
border diagnostics. The nucleotide diversity, evolution-
ary rates and interspecific genetic distance indicates that
the ND5, ND2 and NDI genes are the least conserved
genes among PCGs. While the COI gene was the most
conserved gene as reported for other insects, includ-
ing fruit flies [37], mosquitoes [63], beetles [58, 64, 65],
parasitoid wasps [66], and soft scales [67]. Recent stud-
ies suggest that genes with rapid-evolving rates might
be more suitable for the design of species-specific assays
and capable of distinguishing closely related species [64].
A comparison of the analytical specificity of real-time
PCR assays targeting the COI, CO2 and ND2 genes to
distinguish B. curvipennis found that only the ND2 assay
did not show cross-reactions with other B. tryoni com-
plex members or other Bactrocera species. Subsequent
test for sensitivity, diagnostic specificity, and reproduc-
ibility further validated the suitability of the ND2 assay.
The COI representation of non-pest Bactrocera species is
often lacking in the public databases, and the representa-
tion of other genetic markers that can be more suitable
for the differentiation of closely related species is even
less robust. Using genetic markers with limited repre-
sentation in public databases can lead to cross-reaction
with non-represented species. Therefore, the situations
represent a trade-off dilemma between the representa-
tion in the databases and the diagnostic capability. Fortu-
nately, advances in sequence technologies have facilitated
the rapid expansion of mitochondrial genome databases
[64], mitigating this limitation and enabling the broader
implementation of alternative genetic makers for the
diagnosis of invasive fruit flies.

The advent of high-throughput sequencing (HTS)
offers a promising solution by enabling the cost-effec-
tive sequencing of entire mitochondrial genome, due to
smaller size and high copy number of this organelle [61,
68-70]. HTS is not only more affordable, but also more
technically robust as eliminates primer biases and non-
standard amplification [68]. For instance, the cost of
generating the entire mitochondrial genome using Illu-
mina NovaSeq is currently less than US $100 for 10 mil-
lion reads, which is more than sufficient to get the entire
mitochondrial genome. Similar pricing and read depth
are achievable using portable sequencing technologies,
such as Oxford Nanopore Technologies (ONT), with
the advantages of in situ sequencing, shorter timeframes
and even covering highly AT rich sequences in the con-
trol region that are often missing by Illumina [71-75].
Despite these advancements, the accuracy of identifica-
tions at species-level based on the entire mitochondrial
genome remains dependent on the availability and the
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quality of the curated sequences in DNA repositories
[74]. Therefore, expanding mitochondrial sequences
databases, particularly for fruit flies and other quarantine
pests, is essential for employing these technologies for
species identification and biosecurity applications.

Conclusions

This study addresses significant gaps in sequence data-
bases that have hindered the molecular identification of
fruit flies, particularly in South Pacific Countries. By gen-
erating 82 complete mitochondrial genomes from 19 spe-
cies across three genera of Tepritidae, this study provides
critical genetic resources for diagnostic and taxonomic
studies.

Our data also highlight the potential of alternative
mitochondrial gene markers, such as ND2, ND5 and
IGS gene regions to improve the specificity and sensitiv-
ity of species-specific assays for closely related species.
The evolutionary analysis of mitochondrial protein-
coding genes (PCGs) showed that genes like ND2 and
ND6 exhibited higher nucleotide diversity compared to
COI. While ND2 and ND5 genes provide better species
resolution, making them particularly useful for distin-
guishing closely related species at the species level. Addi-
tionally, the intergenic spacers, such as trnQ-trnM and
trnC-trnY, displayed significant length variation between
species, making them potential candidates for species-
specific markers. Despite the success in screening poten-
tial genetic markers based on evolutionary rates, limited
representation of many mitochondrial genes in public
databases remains a challenge for their widespread use in
fruit fly diagnostics.

The ND2 real-time PCR assay developed in this study
demonstrates the practical application of these find-
ings. The assay showed high sensitivity and specificity,
with a limit of detection (LOD) of 1 copy/uL of the syn-
thetic DNA, making it a reliable tool for the identifica-
tion of B. curvipennis. When compared with the assays
targeting COI and CO3 genes, the ND2 assays demon-
strated superior specificity in distinguishing B. curvi-
pennis from other B. tryoni complex members without
cross-reactions.

This research provide supports to improve surveillance
and management of fruit flies, enhance the diagnostic
accuracy and aid border security agencies in rapid deci-
sion-making to safeguard international trade; ultimately
improving biosecurity response capability. The continu-
ous expansion of genetic databases and innovations in
sequencing technologies present further opportunities
to refine molecular diagnosis and strengthen biosecurity
responses. Additionally, these innovations can reduce the
cost and time of fruit fly detection, benefiting the biose-
curity agents and agricultural sectors that rely heavily on
fruit production.
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Methods

Specimen selection

Fruit fly species, representing five genera were obtained
from interceptions in New Zealand and fruit fly traps
from Australia, Cook Islands, Fiji, French Polynesia, New
Caledonia, Tonga, and Vanuatu (Table S1 and S7). All
adult specimens were identified using taxonomic keys
and DNA barcoding (Supplementary Notes).

DNA extraction

For mitochondrial genome sequencing, total DNA from
individual whole fruit fly specimens of 82 individuals of
three genera (Table S2) was extracted using the DNeasy
for Blood and Tissue kit (Qiagen, Germany) as per the
manufacturer’s instructions. The purified genomic DNA
was quantified using the Qubit dsDNA Quantification
Assay Kits (Invitrogen, Waltham, MA, USA) and normal-
ized to 300 ng per sample.

For real-time PCR validation, additional DNA (Table
S7) was extracted either a leg of adult, pieces of larva/
pupa or an egg with DNeasy for Blood and Tissue kit
(Qiagen, Germany) or PrepGEM universal kit (ZyGEM,
New Zealand) according to manufacturers’ instructions.

Mitochondrial genome sequencing, assembly, and
annotation

Fragment length, Illumina library preparation and
sequencing were performed by Novogene on the Agilent
5400 Fragment Analyzer System and Illumina NovaSeq
6000 platform paired-end 150 to attain at least 2.0-3.0
Gbp raw data per sample. The quality of sequences was
evaluated using the FastQC software (Table S2). All
ambiguous reads with an average quality value lower
than Q20 and adaptor sequences were excluded from
further analysis using Trimmomatic. De novo assembly
was performed with MitoZ [76], MitoFlex [77] and Get-
Organelle [78]. MitoFlex and MitoZ are modular pipe-
lines specifically designed for mitochondrial genome
assembly and annotation. MitoFlex and MitoZ represent
a modified version of the assembler MEGAHIT to better
assemble mitochondrial sequences, while GetOrganalle
use Spades for de novo assembly of organelle genomes.
For the MitoZ assembly module, it was specified that the
reads stemmed from a specimen in the clade Arthrop-
oda and all other default parameters were used. For the
MitoFlex and GetOrganelle default parameter to assem-
bly animal mitochondria were used. The final accessions
were generated with consensus sequences from an align-
ment of the assembly methods that obtained circular
sequence. After that, majority consensus sequences were
generated using Samtools and coverage calculated using
BEDtools [79]. Consensus sequences were then anno-
tated using Geneious Prime 2021.1.1 (www.geneious.
com/) and Mitos2 with the appropriate parameters:
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Reference= “RefSeq 63 Metazoa” and Genetic Code =
“5 Invertebrate” [80]. The two different annotation tools
were compared and adjusted using the available fruit fly
mitochondrial genomes. The genome sequences were
submitted into GenBank under the accession numbers
PV604183 - PV604264.

Phylogenetic analysis

The complete mitochondrial genome sequences of all 397
Tephritidae fruit fly specimens available in October 2024
were downloaded from NCBI (Table S9). Along with 82
from this study, 479 Tepthitidae mitochondrial genomes
available representing 4 subfamilies, 8 tribes, 14 genera
and 116 species were used for mitochondrial phyloge-
netic analyses, using Drosophila yakuba NC_001322.1
as the outgroup. Additionally, 13 complete PCGs were
extracted from the 473 annotated mitochondrial genome
sequences and concatenated into a single dataset using
Geneious Prime 2021.1.1. (www.geneious.com). Mul-
tiple sequence alignment was performed using MAFFT
version 7.505 with default parameters [81]. Possible
incongruences in the alignment of protein-coding genes
(PCGs) were verified using Geneious Prime. The align-
ments based on the entire mitochondrial genome and the
concatenated PCGs were used for the phylogenetic analy-
ses. Two different methodologies were used for the recon-
struction of the phylogenetic relationships: (i) leaving the
data unpartitioned with the same substitution model
applied to all the sites in the alignment; and (ii) using a
partition scheme based on genes and codon positions.
For the first method, Maximum Likelihood (ML) tree was
inferred for each of the three alignments by searching for
the best substitution model using ModelFinder and cal-
culating the bootstrap support with 10,000 replicates in
IQ-TREE. PartitionFinder2 [82] was used to select the
optimal partitioning schemes and substitution models for
phylogenetic analyses using the “greedy” algorithm and
branch lengths estimated as “unlinked” under the AICC
model selection. The best partitioning scheme was used
for phylogenetic reconstruction using 10,000 replicates in
IQ-TREE. Phylogenetic analyses were also reconstructed
using ML performed with RAxML 8.2.12 [83] using the
GTRCAT model and a full ML bootstrap analysis with
100 replicates.

Mitochondrial genome comparative analysis

Comparative analysis of the Bactrocera mitochondrial
genomes was performed using the concatenated PCGs
dataset that includes the 325 annotated mitochondrial
genome sequences distributed in 46 species. Nucleotide
diversity (Pi) values of each PCG from 4SPE were deter-
mined using sliding window analyses of a window size
of 100 bp and step size of 20 bp in DnaSP v6 [84]. The
nonsynonymous substitution 184 rate (Ka), synonymous
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substitution rate (Ks), and Ka/Ks were calculated by the
seqinr package [85]. The Ka/Ks ratio for each PCG, and
each taxon was measured in comparison with the out-
group Drosophila yakuba. Genetic distances among fruit
fly species were calculated using K80 model of evolu-
tion in the dist.dna function of ape for R. Barcoding gap
analysis and the calculation of maximum intra-specific
distances and the distance to nearest neighbour were
performed employing the spider package in R [86]. The
indices of codon usage and synonymous codon usage bias
were measured using CodonW (https://codonw.sourcefo
rge.net/).

In order to identify more effective genetic markers
for the molecular identification of Bactrocera fruit flies,
we analysed the structure of all available mitochondrial
genomes, with a focus on economically important spe-
cies [according to 8]. The selected clades included the
complexes B. dorsalis (B. dorsalis, B. carambolae, B.
occipitalis), B. tryoni (B. tryoni, B. neohumeralis, B. cur-
vipennis), B. frauenfeldi (B. frauenfeldi, B. albistigrata, B.
kirki, B. trilineola, B. psidii, B. caledoniensis), B. zonata
(B. zonata, B. correcta), B. facialis (B. facialis, B. passiflo-
rae), B. latrifrons, B. oleae, B. melanotus, B. tsuneomis, B.
xanthodes, B. distincta, and B. umbrosa.

Development and validation of the qPCR assay
Species-specific primer design

The entire mitochondrial genome alignment was used to
design real-time PCR assay for B. curvipennis. This align-
ment includes seven B. curvipennis, nine B. neohumeralis
and twenty B. tryoni mitochondrial sequences. Addition-
ally, all 591 available COI sequences from the B. tryoni
complex defined by [31], namely B. curvipennis, B. tryoni,
B. neohumeralis, B. aquilonis, B. erubescentis, B. muta-
bilis and B. ustulata, were also included in the aligment.
Regions that showed differences specific for B. curvipen-
nis were selected manually in the alignment and used for
the design of specific probes and primers manually. The
optimal condition for melting temperatures, GC con-
tent, dimer formation, and secondary structure forma-
tion were analysed through Oligo Analyzer Tool (IDT)
and Geneious Prime 2021.1.1. The BHQplus stabilising
technology was used to increase the melting temperature
(Tm) of the probe, mismatch discrimination and binding
to the AT rich regions in ND2 gene [87].

Optimization of the assay conditions

All real-time PCR reactions were set up on a CFX96™
Touch Real-time platform (BioRad, Hercules, CA,
USA). For each PCR assay, 2 pL of the DNA extract was
added to a 20 pL final volume of reaction mix, contain-
ing 10 pL of the 2X mastermix, variable concentrations
of primers and probes and DEPC water. Each reac-
tion mix was performed in duplicate wells and all runs
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included a positive control and a non-template control
(NTC). Newly designed primers and probe for each assay
(Table S4) were preliminary tested in different combina-
tions using the target species and closely related species.
Based on results from the preliminary specificity assess-
ment, the best-performing primer-probe combination
was selected for further optimisation. The selected prim-
ers and probes for each species was first tested using dif-
ferent annealing temperatures (58.1, 59.7, 61.6, 63.2 °C).
Then, the assay was further optimised using mastermixes
[PerfeCTa® qPCR ToughMix® (Quanta Bioscience, Bev-
erly, MA, USA) and SsoAdvanced™ Universal Probes
Supermix (BioRad, Hercules, CA, USA)], different primer
concentrations (200—400 nM), probe gradients (100—300
nM), and with or without the addition of Bovine Serum
Albumin (BSA, Sigma-Aldrich Co., Massachusetts, USA;
0.1-0.5 pg/pL). To coamplify the 18S ribosomal RNA
(rRNA) gene as an internal control, the TagMan™ 18S
internal control (Applied Biosystems ™, CA, USA) prim-
ers and probe were incorporated with the B. curvipennis
specific assay in duplex format.

Sensitivity and specificity of the species-specific real-time
assay

A synthetic control (Integrated DNA Technologies
gBlocks™ Gene Fragment) was used to determine the
sensitivity of the qPCR assay. The synthetic control is a
283 bp template for different qPCR assay targets used in
the detections of B. curvipennis and B. tryoni complex.
The concatenated primers - probe sequence of the all-
in-one synthetic control, is given in Figure S8. Connect-
ing strings of Cs and Gs nucleotides were added before,
between and after the primers/probes to increase CG
content to meet the IDT manufacturer’s requirement of
minimum of 32% of GC content for a gBlock fragment.
Extra bases at 3’ and 5’ ends were added to ensure primer
binding. Sequences in between the primer and probe
binding sites were not included for better differentiation
of the COI or ND2 sequences of the target specimens
from the gBlock positive control.

Analytical sensitivity of the assay was determined using
the dilution series of the “all-in-one” template prepared
in TE buffer ranging from 1 copy/uL to 1 x 107 copies/pL
with each concentration in quintuplicate per reaction.
Additionally, sensitivity was tested with ten-fold serial
dilutions of genomic DNA from the target specimens
(concentration ranging from 1 fg/uL to 10 ng/pL). Stan-
dard curve, PCR efficiency and R? were calculated auto-
matically by the CFX manager software.

In addition to the specificity implied through the design
process, the specificity of real-time PCR assay was tested
using singleplex format against DNA extracted from
target and the non-target species. In total, 31 fruit fly
specimens were tested, including target species, closely
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related non-target species as well as species commonly
intercepted at New Zealand’s borders (Supplementary
table S7). For the blind panel test, total of 21 specimens
and 3 dilutions of the synthetic control were provided
to the operators with no knowledge of the sample origin
and identity (Supplementary table S7). The samples were
tested with the ND2 real-time PCR assay in singleplex
format. For each run, positive and non-template controls
were included, and all the reactions were performed in
triplicate wells.

Abbreviations

ML Maximum likelihood

LAMP Loop-mediated isothermal amplification

Gbp Gigabase pair

PCG Protein Coding Gene

ATP6 ATP synthase membrane subunit 6

ATP8 ATP synthase membrane subunit 8

CYTB Cytochrome b

COl Cytochrome c oxidase |

Co2 Cytochrome c oxidase 2

[€O%] Cytochrome c oxidase 3

ND1 NADH dehydrogenase subunit 1

ND2 NADH dehydrogenase subunit 2

ND3 NADH dehydrogenase subunit 3

ND4 NADH dehydrogenase subunit 4

ND5 NADH dehydrogenase subunit 5

ND6 NADH dehydrogenase subunit 6

tRNA transfer RNA

rRNA Ribosomal RNA

CR Control region

Pi Average pairwise differences between all possible pairs of
individuals

Ka/Ksratio  The ratio of the number of nonsynonymous substitutions per
non-synonymous site (Ka), in a given period of time, to the
number of synonymous substitutions per synonymous site (Ks),
in the same period

IGS Intergenic Spacer region

HTS High-Throughput Sequencing

ONT Oxford Nanopore Technologies

HIMAP Highly Multiplexed Amplicon-based Phylogenomics

RADseq Restriction-site Associated DNA sequencing
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