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Abstract Economically important cacao (Theobroma cacao Linnaeus 1753) plantations in South East Asia and Papua New
Guinea (PNG) are significantly affected by the cocoa pod borer (CPB) moth. Species identity of the pest is
attributed to Conopomorpha cramerella (Snellen 1904), a gracillariid moth endemic to Australasian and Oriental
tropic regions that has evolved a host preference for introduced cacao. Suspected presence of cryptic CPB biotypes
is largely unsupported by earlier genetic work but remains a concern to organisations developing species-specific
lure and/or control tools for managing this pest. We report the use of DNA barcoding to investigate population and
species genetic diversity of CPB infecting cacao plantations in PNG at the eastern periphery of the pest’s distribu-
tion. DNA barcodes from 94.4% of 179 moths from three disjunct PNG provinces (East Sepik, Bougainville and
East New Britain) matched to reportedC. cramerella sequence accessions. Genetic diversity amongC. cramerella
in PNG was limited to four closely related haplotypes, two of which were common in PNG and have previously
been reported in the Malay Archipelago at different frequencies. We found evidence of significant population
genetic structure between mainland and eastern offshore PNG provinces marked by a reduction of genetic
diversity at the offshore provinces. We suggest C. cramerella populations in these offshore island provinces likely
arose recently from a genetically depauperate cohort of founders fromwestern sources. Tenmoths were genetically
unmatched to C. cramerella. Of these, six incidentally captured and degraded adults had novel unmatched DNA
barcodes. Four larvae infesting cacao pods were genetically matched to Thaumatotibia zophophanes (Turner
1946) (Lepidoptera: Tortricidae) and an undefined Conopomorpha species distantly related to C. cramerella.
The extent to which these two additional moth species affect the cacao industry in PNG (and potentially elsewhere)
remains unknown. However, their low representation here (<2.3% of samples) indicates they may be of lesser
prominence than the widespread C. cramerella. Nevertheless, organisations designing and/or implementing
CPB controls tailored specifically for C. cramerella will need to ensure empirical evidence of control efficiency
is monitored with respect to species identity of the captured pests.
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INTRODUCTION

Plantation production of cacao (Theobroma cacao Linnaeus
(1753) (Malvaceae)) is of major economic importance to Papua
New Guinea (PNG) and other countries of the Malay Archipel-
ago, which collectively contribute approximately 14% of annual
global cacao production (FAO 2004). Damage to cacao fruit
caused by oviposited larvae of the ‘cocoa pod borer’ (CPB) pest
moth has significantly affected cacao production across much of
the Malay Archipelago. Losses of cacao yield as high as 80%
due to CPB damage have been reported (Loke et al. 2006), and

in some instances, CPB infestations have forced temporary aban-
donment of orchards and plantations (Day 1989).

Taxonomic (Bradley 1986) and genetic (Shapiro et al. 2008)
authorities have attributed identity of the CPB pest to the
gracillariid moth Conopomorpha cramerella (Snellen 1904)
present at various tropic locations in the Orient and Australasia.
Apart from introduced cacao, C. cramerella is associated with at
least 10 native host plant species, mainly within Sapindaceae (De
Prins & De Prins 2019) including economically important ram-
butan (Nephelium lappaceum Linnaeus 1767). Conopomorpha
cramerella show a strong preference for oviposition on intro-
duced cacao over its native plant hosts (Gende 2012; Niogret
et al. 2020). This is surprising given that cacao was introduced
during the 16th century to South-East Asia from the new world
(Day 1985) where Conopomorpha is absent (De Prins & De
Prins 2019). Pest Lepidoptera damage to cacao pods was first
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noted during the mid-19th century among the early Indonesian
cacao plantations in central Java and Sulawesi (Mumford 1986).
Substantial damage to pods reported later at plantations in the
Philippines from 1936 (Uichanco 1936), in East Malaysia from
1980 (Day 1989) and in PNG from 2006 (Loke et al. 2006) indi-
cated the broad geographical scale of the problem. A scant re-
cord of C. cramerella in PNG prior to 2006 indicated presence
of its larvae found in fruit of some Fabaceae (Froggatt 1940). It
was argued that it had not been recorded in the country in over
a decade since 1940 and therefore was of little concern to the
local cacao industry of the day (Dunn 1955). The infestations
in PNG during 2006 occurred initially in the offshore East
New Britain Province (Loke et al. 2006), and within a year,
CPB had affected multiple mainland and offshore plantations
separated by up to 1300 km (Gende 2012).

It is uncertain how this pest had rapidly emerged across dis-
tant and disjunct cacao plantations across PNG and elsewhere.
Adult CPB in a host orchard fly up to 5 m at a time when dis-
turbed (Niogret et al. 2019), but their capacity for migratory
flight or wind assisted dispersal between host plant stands over
far greater distances is unreported. The natal distribution of
C. cramerella prior to the advent of the cacao industry is uncer-
tain. Subsequently, it is unclear if the species was naturally en-
demic across affected areas of the Malay Archipelago, or if
expansion of the cacao industry (and/or other cash crop hosts) fa-
cilitated movement of the pest into areas where it was absent.
Alternatively, inter-plantation transfers of cacao planting
materials contaminated by CPB eggs, larvae and/or pupae may
have provided a recent pathway for assisted dispersal and intro-
duction of this pest among distant cacao plantations (Singh &
Rethinam 2006; Yen et al. 2010; Gende 2012). This was
indirectly supported by population genetic analysis of
C. cramerella sampled across the Malay Archipelago (Shapiro
et al. 2008). Evidence of diminished multi-locus genetic diver-
sity across much of the pest’s distribution resembled that seen
in populations of introduced insects that have experienced bottle-
neck events associated with their movement into new territory
(Shapiro et al. 2008).

Shapiro et al. (2008) also genetically tested for cryptic bio-
type and/or species presence in CPB, as this was an issue initially
raised in reports of allozyme variation among putative
host-specific biotypes of C. cramerella in Malaysia (Rusnah
et al. 1985; Muhamad& Tan 1987). The possibility of cryptic di-
versity within CPB remains a point of concern to the cacao in-
dustry (Singh & Rethinam 2006; Yen et al. 2010) and relevant
to organisations using and/or developing species-specific lure
and control tools and practices for management of the pest. Un-
detected taxonomic diversity present in the distribution of the
pest CPB may potentially confound generically applied trapping
and controls of the pest (Beevor et al. 1993; Zhang et al. 2008).
The earlier suggestions of cryptic species diversity among CPB
were unsubstantiated by Shapiro et al. (2008) who reported evi-
dence only of intraspecific level variations among samples with
no clear associations between CPB genetic lineages and their
host use. Notwithstanding the broad geographic scale of
their survey across the Malay Archipelago (~5000 km), the
per-location sampling employed by Shapiro et al. (2008) was

low (average 6.1 samples over 15 locations) and in some cases
obtained from historical collections of adult specimens found
on various hosts. It is possible that a more intensive genetic
sample of Lepidoptera directly affecting cacao pods may reveal
presence of previously undetected species diversity.

DNA barcode (Hebert et al. 2003) analysis of mitochondrial
encoded 5′ cytochrome c oxidase subunit I (COI) gene sequence
variation within and between faunal species provides a
standardised comparative means to test species hypotheses and
to aid in discovery of novel species diversity (Gopurenko
et al. 2015). The method allows genetic identification of query
specimens to species when matched to representative DNA
barcodes of taxonomically vouchered taxa (Mitchell &
Gopurenko 2016). This is particularly useful in cases when
query specimens are morphologically ambiguous due to their
physical condition and/or developmental life stage (Gopurenko
et al. 2013). Where levels of intraspecific polymorphism are suf-
ficient, DNA barcodes can also be informative of maternal pop-
ulation genetic structure in a broadly sampled target species
(Bellis et al. 2015). Here, we report use of DNA barcoding to in-
vestigate species and population genetic diversity of CPB
infesting cacao plantations in three geographically separated
PNG provinces at the eastern periphery of the pest’s distribution.
For comparative genetic analyses, we included COI DNA
barcode sequences available at repositories for Conopomorpha
species, and six C. cramerellaCOI haplotypes reported in earlier
genetic analysis of CPB (Shapiro et al. 2008).

MATERIALS AND METHODS

Sampling locations

Lepidoptera were sampled during February to June 2019 from
cacao plantations in three PNG provinces: Autonomous Region
of Bougainville (Bougainville), East New Britain (first outbreak
of CPB in PNG recorded 2006) and East Sepik (Fig. 1;
Supporting Information S1). The three provinces are primary
centres of cacao production in PNG and are each sea separated
by distances exceeding 200 km, with greatest straight-line dis-
tance of 1350 km between East Sepik (west mainland PNG)
and Bougainville to the east. Sampled locations within provinces
were separated by no more than 150 km and collectively
analysed per province.

Four methods of sampling were used at each province
(summarised from detailed report in Chapter 5, Reynolds
et al. 2019):

1 Sampling infested cacao pods
C. cramerella infested cacao pods (displaying typical uneven
ripening) were harvested from trees, split open at field site
laboratories and inspected for the presence of an insect or insect
damage. Specimens were collected as larvae in pods, pupae on
pods and adults raised from larvae infected pods.

2 Leaf inspection
Leaf litter and leaves on host and non-host plants in cacao plan-
tations were visually inspected for the presence of C. cramerella
pupae.
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3 Pheromone trapping
Two types of traps were used, a modified Biotrap that had four 2-
cm-diameter holes cut out of the clear plastic lids (BioTrap
Australia Pty Ltd, Victoria, Australia) and a UNI-Trap
(AlphaTrap, Oregon, USA). These were baited with
C. cramerella lures (PCI Pest Control Private Limited, Mumbai,
Maharashtra) and contained a 1 cm2 of dichlorvos-impregnated
strip. Traps were placed randomly (singly) in fruiting cacao trees
(all provinces), fruiting rambutan trees (East Sepik only), native
forest (ENB only) and native rainforest (East Sepik only), for at
least 24 h and up to 14 days. Traps were checked daily or
weekly/fortnightly for adult moths.

4 Sweep netting
Regular sweeping of leaves around and within the cacao canopy
yielded some adult moths. This activity was typically 5 min in
duration in places where traps were deployed, or where fruit
was collected but was limited in some instances by the degree
to which the cacao canopy was closed over thus restricting
movement.

Curation of samples

Initial specimen handling and rearing was done at PNG field site
laboratories. Immature stages were preserved in 99% ethanol,
while adults were either micro-pinned and dried or, if degraded,
placed into 99% ethanol. Procedures for taxonomic identifica-
tion of specimens were detailed in Reynolds et al. 2019 (Chapter
5). Preserved and pinned specimens were received and curated at
the Biological Collections unit in NSW DPI (Orange Agricul-
tural Institute) and allocated with unique alpha-numeric sample
tags before subsequent DNA barcoding at Wagga Wagga
Agricultural Institute (Supporting Information S1).

DNA barcoding

Specimens were cleared of ethanol by overnight evaporation
prior to digestion. Samples were non-destructively digested
overnight at 55°C in 330 μL of aliquots containing 310 μL of
buffer ATL (with 100% ethanol additive) and 20 μL of Protein-
ase K (600 mAU/mL) as provided in DNeasy®, Blood & Tissue
Kit (Cat ID: 69506; QIAGEN). DNAwas extracted from 250 μL
of each digestion and eluted to 170 μL, using volume adjusted
buffers and protocols provided in GenElute™ 96 well tissue
genomic DNA extraction kit (G1N9604; Sigma-Aldrich).

For PCR amplification, we targeted the 5′ mitochondrial
cytochrome c oxidase I (COI) gene fully encompassing the
standard faunal DNA barcode region (Hebert et al. 2004) and
all contiguous downstream sequence examined by Shapiro
et al. (2008). For this, we used primers LepF1 (Hebert
et al. 2004) and C1-N-2410D (5′ AATTTTAATwCCwGTwGG)
designed here as a modified and reverse complement of primer
C1-J-2441 (Simon et al. 1994), in amplification of an 895
base-pair (bp) target. In a few instances, this primer combination
failed, and we repeated PCR but replaced C1-N-2410D either
with C1-N-2329 (Simon et al. 1994) to amplify a 814 bp target
or with LepR1 (Hebert et al. 2004) to amplify just the DNA
barcode region (658 bp). All primers were 5′ tailed with direc-
tional M13 vector sequences (17 mer) to simplify bi-directional
Sanger sequencing at the Australian Genome Research Facility
(AGRF, Brisbane node). PCR reactions (15 μL of total volume)
contained 2 μL of DNA extract, 1 μM each of forward and
reverse primers (Sigma-Aldrich), 200 μM of dNTP mix
(Invitrogen) and Invitrogen PCR reagents (0.4 U Platinum®
Taq DNA Polymerase, 2.9 mM of MgCl2 and 1 X PCR buffer).
Thermal cycling using an Eppendorf Mastercycler EP Gradient

Fig 1. Map of Papua New Guinea showing three major cocoa growing provinces, East New Britain, East Sepik and the Autonomous Re-
gion of Bougainville, that were sampled for Conopomorpha cramerella and other cocoa pod borer pests, including the first records of
Thaumatotibia zophophanes sampled from cocoa.
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S Thermal Cycler consisted of a 94°C denature step (2 min),
followed by 40 cycles of step profile (94°C denature 30 s,
50°C anneal 30 s, 72°C extension 45 s) and ending with a
72°C extension (5 min) and 4°C storage. PCR products stained
with Invitrogen SYBR® Safe DNA Gel Stain were visualised
under UV light in a BioRad Universal Hood II following electro-
phoresis through a 1.5% agarose gel including of size markers
and negative controls. PCR products were Sanger sequenced at
the Brisbane node of the Australian Genome Research Facility
(AGRF). Semi-automated liquid handling protocols for
PCR preparation and sequence picking followed Gopurenko
et al. (2013).

Bi-directional sequence chromatograms were consensus as-
sembled to sample ID and quality checked using Lasergene
SeqMan Pro ver. 8.1.0 (DNASTAR Inc., Madison, WI, USA).
Assembly was orientated for 5′ directional alignment against ref-
erence C. cramerella COI sequence (895 nucleotide combina-
tion of overlapping GenBank accessions HQ824804 and
EU644524). Aligned FASTA formatted sequences were primer
truncated using BioEdit ver. 7.0.5.3 (Hall 1999) and examined
for evidence of frame shift indels and heterozygous sites indica-
tive of nuclear encoded mitochondrial pseudogenes. Specimen
records and their associated DNA barcode sequences were pub-
licly released to the Barcode of Life Data Systems [BOLD]
(Ratnasingham & Hebert 2007) repository under project ‘Cocoa
pod borer in Papua New Guinea’ (project code: CPBNG) and
accessioned at GenBank (MW378131–MW378310). For gen-
eral specimen summary, refer Supporting Information S1.

Exemplar sequences in the alignment were listed using
FABOX ver. 1.35 (Villesen 2007) and queried (05/May/2021)
for closest genetic match to publicly available COI accessions
using the online BOLD identification engine (http://v4.
boldsystems.org/index.php/IDS_OpenIdEngine) (Ratnasingham
& Hebert 2007). Sequences matched to a reported accession
(>99% sequence similarity criterion) were treated as putatively
conspecific and identified to the accession’s taxonomic record.
Sequences unmatched to accessions in a genus (>3% sequence
difference) were treated as unidentified; in those cases, the taxo-
nomic description of the nearest matched accession was cau-
tiously noted as the closest comparative reference to the query.
As an alternative to this genetic distance approach, we also re-
ported the Barcode Index Numbers (BINs) and associated taxo-
nomic descriptions auto assigned to our specimen sequences
deposited at BOLD. BINs provide alpha numeric indexing of ge-
netically similar COI barcode sequences grouped by coalescence
algorithms, to allow ongoing delimitation of molecular opera-
tional taxonomic units in the BOLD database (Ratnasingham
& Hebert 2013). BINs reported in Lepidoptera studies are fre-
quently inclusive of specimens with a shared single species de-
scription (Wilson et al. 2011; Hausmann et al. 2013; Lees
et al. 2013; Zahiri et al. 2014). We also used assigned BIN iden-
tifiers as interim species hypotheses for indexing query se-
quences either unmatched to existing accessions in the BOLD
database or only matched to accessions lacking a complete taxo-
nomic description.

Pairwise genetic distance relationships among sequences
minimally identified to genus, and their matched exemplar

accessions at BOLD, were constructed by Neighbour-Joining
(NJ) distance analysis implemented in MEGA 6.06 (Tamura
et al. 2013). The NJ analysis included all publicly available
sequence exemplars of Conopomorpha, to compare genetic
distances among taxa within the genus (Supporting
Information S2). Pairwise sequence distances were calculated
using a Kimura two-parameter substitution model to accommo-
date transition–transversion nucleotide rate variation. Missing
nucleotides in the alignment were excluded from paired sample
distances. Significance of nodes in the optimal NJ tree were
determined by bootstrap replication (N = 10 000 replicates).

Sequences identified to C. cramerella were truncated to 624
bp to allow equal length comparisons against six available
C. cramerella haplotypes labelled CO-A to CO-F (Shapiro
et al. 2008; GenBank accessions EU644563, EU644578,
EU644565, EU644539, EU644577 and EU644589). Novel hap-
lotypes in PNG not matched at 100% similarity to the six haplo-
types were labelled following on from earlier nomenclature
(Shapiro et al. 2008) and deposited at GenBank (accessions
MW403484 and MW403485). Genealogical relationships
among C. cramerella haplotypes were inferred as a parsimony
network using TCS ver. 1.21 (Clement et al. 2000) set to a
95% limit imposed on haplotype connections.

Summary population genetic statistics reporting haplotype
(h) and nucleotide (π) diversity among provincial
C. cramerella populations were estimated from the 624 bp hap-
lotype alignment using DnaSP ver. 6.0 (Rozas et al. 2017).
DnaSP was used to ascertain Tajima’s D statistic and associated
significance tests for evidence of deviation from nucleotide neu-
trality among identified C. cramerella sequences. Pairwise Fst

estimates of population genetic structure between provinces
based on nucleotide data were determined using DnaSP, with
significance of estimates obtained by permutation (10 000
replicates).

RESULTS

Sampling of cacao plantations in PNG provided 189 moths for
DNA barcode analyses and included 32 specimens fromEast Se-
pik, 99 from East New Britain and 58 from Bougainville. Most
specimens were obtained as larvae in cacao pods (N = 149),
and of these many (N = 89) were raised to adult stage. The
remainder of specimens consisted of pupae sampled from the
cacao pod husk (N= 7) and cacao leaf (N= 9), or adults captured
using lure-baited traps (N = 21). Sweep netting was ineffective
as a means for capture of adult CPB moths, although other
incidental species were captured by this means and retained for
molecular comparison against sampled larvae (see later).

COI sequences were obtained from 179 of 189 sampled
specimens (Supporting Information S1); 10 specimens failed to
PCR amplify despite repeats using various primer combinations.
Aligned sequences were free of frameshift indels and/or degener-
ate nucleotide sites found in pseudogenes. Over 94% of primer
truncated sequences were of 814 to 895 nucleotides in length,
and all sequences fully overlapped the DNA barcode region
(658 bp) except at specimen ww26793 from which only 455
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bp of DNA barcode region sequence was obtained. Nucleotide
polymorphisms were confirmed by bi-directional sequence reads
and by additional selective resequencing effort.

Sequences of 169 PNG specimens matched closest
(>99.84% similarity) to existing DNA barcodes of
Conopomorpha cramerella at BOLD (N = 106 public records,
allocated to BINBOLD:AAA4000). Two existing and two novel
C. cramerella haplotypes were identified among 163 of the se-
quences that could be truncated to 624 bp for equal length com-
parisons against the six haplotypes ‘CO-A’ to ‘CO-F’ reported
by Shapiro et al. (2008). A 95% parsimony network among all
equal length C. cramerella haplotypes evidenced a genetically
shallow multifurcating phylogeny with maximum sequence
differences not exceeding 0.32% (Fig. 2a). Haplotype CO-A
was central to all haplotypes in the network and identified as
the most recent common ancestral lineage in the species. Each
of the remaining seven haplotypes differed from CO-A by a sin-
gle nucleotide mutation. CO-A was present in each of the three
sampled PNG provinces but represented less than 8.6% of the
current C. cramerella sample (Fig. 2b). Most C. cramerella in

PNG (>88.3%) had haplotype CO-B, and this was dominant
in each sampled province. The relative frequencies of haplotypes
CO-A and CO-B in the current PNG sample were a reversal of
that reported collectively among Malay Archipelago locations
to the west of PNG (Fig. 2b) where previously haplotypes
CO-A and CO-B were found in 80.2% and 11.1% of moths,
respectively (Shapiro et al. 2008). Four rare haplotypes (CO-C,
CO-D, CO-E and CO-F) reported to the west of PNG (Shapiro
et al. 2008) were absent from our PNG sample. Two novel and
rare haplotypes (CO-G and CO-H; GenBank: MW403484 and
MW403485, respectively) in our PNG sample were only
observed at the mainland East Sepik Province. Haplotype and
nucleotide diversity measures at East Sepik were more than
twice as high as that at Bougainville and East New Britain, with
the least genetic diversity observed at East NewBritain (Table 1).
Significantly high population genetic structure was observed be-
tween East Sepik and Bougainville (Fst = 0.144, P < 0.01) and
between East Sepik and East New Britain (Fst = 0.234,
P < 0.001). In contrast, population genetic structure between
Bougainville and East New Britain was minimal (Fst = 0.022)
and non-significant (P> 0.05) and reflected the almost identical
haplotype frequency profiles present at these two offshore prov-
inces (Fig. 2b). Tajima’s D measure of deviation from a neutral
model of nucleotide evolution at COI was negatively deviated
(D = �0.817) for the collective PNG sample and individually
at Bougainville (D = �0.178) and East New Britain
(D =�0.783). In contrast, the East Sepik was positively deviated
(D = 0.153) from neutrality expectations. Deviations of the
observed D statistic in each of these four tests were not signifi-
cantly different (P > 0.10) from neutral model expectations.

Ten remaining moths were genetically unrelated to
C. cramerella, differing by more than 10% and far exceeding
the maximum 0.41% sequence difference evidenced among
vouchered accessions of this species (Table 2). These unrelated
moths included four larvae infesting cacao fruit in East New
Britain and East Sepik, and six adult moths captured mainly by
sweep netting in Bougainville and East New Britain plantations.
The DNA barcode of larval specimenww27790 found in a cacao
pod at East New Britain differed from C. cramerella by>11.1%
but was matched at 99.1% similarity to accessions of an uniden-
tified Conopomorpha species (indexed as BOLD:AAI5875;

Fig 2. Conopomorpha cramerella COI haplotype relatedness and
distribution. (a) Genetic relationships among eight haplotypes
(CO-A to CO-H) determined as a 95% parsimony network. Connec-
tion between haplotypes represents one nucleotide difference in 624
base sequence alignment. Decreasing circle size represents fre-
quency of haplotype as high, moderate, low and singleton. (b)
Relative frequency of haplotypes (coloured as in (a)) at geographic
regions including Malay Archipelago west of Papua New Guinea
(* data from Shapiro et al. 2008), and three provinces (East Sepik,
Bougainville and East New Britain) in Papua New Guinea sampled
in this study.

Table 1 COI haplotypes (624 bp) identified to Conopomorpha
cramerella sampled from three provinces in Papua New Guinea
(PNG)

Province Total PNG

East Sepik Bougainville East New Britain

Nsequences 28 46 89 163
Nhaplotypes 4 2 2 4
H 0.585 0.198 0.066 0.213
π 0.00119 0.00028 0.00009 0.00038
Taj. D 0.153NS �0.178NS �0.783NS �0.817NS

The number (N) of sequences and haplotypes, and measures of genetic
diversity reported, including haplotype (H) and nucleotide (π) diversity.
Tajima’s D (Taj. D) statistic and its probability of (±) deviation from expec-
tations under a neutral model of evolution here shown as not significant (NS)
at P > 0.10.
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Fig. 3; Table 2). This unidentified Conopomorpha species was
marginally more similar (92.3% sequence similarity) to
C. litchiella Bradley 1986 than to C. cramerella (88.9%). Three
other specimens sampled from cacao fruit at East New Britain
and East Sepik comprised haplotypes matched (99.5–100% sim-
ilarity) to accessions of the tortricid moth Thaumatotibia
zophophanes (Turner 1946) (Lepidoptera: Tortricidae) indexed
to BOLD:AAD6549 (Fig. 3; Table 2). Six unrelated adult moths
captured by sweep netting (N = 4) or in a pheromone trap (N = 2)
were each uniquely indexed at BOLD and were ambiguously
related (<97% sequence similarity) to various Lepidoptera
(Table 2). Morphological examination of these specimens was
not possible owing to their damaged and/or degraded condition
Reynolds et al. 2019). These six adult moths were captured in
the cacao plantations, but there was no evidence linking them
to crop damage.

DISCUSSION

DNA barcoding confirmed Conopomorpha cramerella was by
far the most prevalent (94.4%) species in our sample of 179
sequenced moths from cacao plantations in three PNG
provinces. Additional captures represented less than 6% of the
sample and included at least two other pest taxa infesting cacao
pods and several incidental captures. Presence of the additional
pest taxa has relevance for CPB pest management.

Genetic paucity of Conopomorpha cramerella, the
main pod-boring pest in Papua New Guinea

OurDNA barcode analysis indicated low levels of mitochondrial
genetic diversity among 169 C. cramerella in PNG at the eastern
periphery of the species distribution. The maximum pairwise se-
quence difference among PNG haplotypes did not exceed
0.32%. This was consistent with earlier evidence of diminished
mitochondrial genetic diversity identified among a lesser sample
of C. cramerella (N = 92) collected across >5000 km of the

Malay Archipelago (Shapiro et al. 2008). Four of the eight com-
parable mitochondrial COI haplotypes currently identified to
C. cramerella were present in PNG (Fig. 2a). Two haplotypes
(CO-A and CO-B) common to all three provinces in our PNG
sample were reported as widespread in the Malay Archipelago
(Shapiro et al. 2008), albeit at contrasting relative frequencies
to that found in the current sample (Fig. 2b). Two novel haplo-
types (CO-G and CO-H) were present at low frequencies (collec-
tively 3.1% of the current sample) and unique to the East Sepik
Province of mainland PNG. Four other rare haplotypes reported
west of PNG (Shapiro et al. 2008) were not observed in the
current sample.

The 95% parsimony network among all C. cramerella hap-
lotypes was characteristic of a low complexity intraspecific
‘star’ phylogeny often observed in species that have undergone
historically recent population expansion from a common an-
cestor (Slatkin & Hudson 1991). Haplotype CO-A was genet-
ically equidistant to all other haplotypes in the C. cramerella
network and identified as the most recent common ancestral
mitochondrial lineage for the species (Fig. 2a). The common
presence of this ancestor haplotype across the species distribu-
tion in the Malay Archipelago was consistent with intraspecific
coalescent theory predictions concerning the distribution of
the progenitor lineage (Posada & Crandall 2001). Although
our sample of C. cramerella in PNG was almost twice the
quantity sampled across the Malay Archipelago by Shapiro
et al. (2008), we did not detect additional genetic depth in
the haplotype network of mitochondrial lineages reported
earlier. Based on this shallow level of coalescence, we suggest
the eastern peripheral C. cramerella populations in PNG were
unlikely natal or ancestral sources of diversity within the
species distribution.

Our analysis indicated presence of significantly high popula-
tion genetic structure between the mainland population of
C. cramerella at East Sepik and each of the two offshore
provinces (Fst > 0.144, P < 0.01). In contrast, the measure of
population structure between the two offshore provinces
(Bougainville and East New Britain) was lower and

Table 2 DNA barcodes of 10 non-Conopomorpha cramerella specimens sampled from Papua New Guinea cacao plantations

ID Stage BIN BOLD nearest matched record* %

Family Species

ww26780 A ADZ3683 Riodinidae Semomesia 90.1
ww26787 A AEB9394 Cosmopterigidae Labdia 91.3
ww26791 A ADZ4996 Cosmopterigidae Limnaecia 93.0
ww26793 A N/C Cosmopterigidae 95.0
ww27760 A ADZ5450 Gracillariidae Stomphastis 96.8
ww27790 L AAI5875 Gracillariidae Conopomorpha sp. 99.2
ww27741 A ADZ5878 Noctuidae N/A 91.9
ww27757 L AAD6549 Tortricidae Thaumatotibia zophophanes 100
ww27752 L AAD6549 Tortricidae Thaumatotibia zophophanes 99.2
ww26734 L AAD6549 Tortricidae Thaumatotibia zophophanes 100

DNA barcodes queried at BOLD; taxonomic information and sequence similarity (%) to nearest genetic match as indicated. Specimen sample ID (refer
Supporting Information S1), developmental stage (A = adult; L = larva), and Barcode Index Number (BIN, except where non-compliant (N/C)) as registered at
BOLD. Per cent (%) sequence similarity of specimen DNA barcode to its nearest matched public record at the BOLD identification engine. Identification to
species* is only indicated where matched sequence similarity> 99%, otherwise closest matched family and genus indicated except where not available (N/A).
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non-significant (Fst = 0.022, P > 0.05), suggesting the two off-
shore provinces were demographically connected or recently
sourced from a shared founder cohort. Comparative statistical
tests of population structure across the Malay Archipelago were
unreported in the earlier analysis of C. cramerella (Shapiro
et al. 2008) possibly due to the low per-site sample replication
in that study (Naverage = 6.1, sampled over 15 countries). Regard-
less, Shapiro et al. (2008) indicated CPB haplotypes among
sea-separated regions across a 5000 km zone were unsorted by
any obvious pattern or discernible population structure. In con-
trast, our evidence indicated an interesting phylogeographic shift
in the frequencies of the two common haplotypes at PNG rela-
tive to the remainder of the Malay Archipelago. The most recent
common ancestor haplotype (CO-A) of C. cramerella reported
as abundant and ubiquitous among sampled locations west of
PNG (collectively 80.2% of 81 specimens, Shapiro et al. 2008)
occurred at much lower frequency in our PNG sample

(collectively 8.6% of 163 PNG specimens). The abundance of
haplotype CO-A at each province in PNG was greatly surpassed
by the derived haplotype CO-B (88.3% of all PNGC. cramerella
specimens) reported earlier at lower frequencies (11% of 81
specimens) among disjunct locations west of PNG. Although
not commented on directly by Shapiro et al. (2008), their total
sample of 11 C. cramerella from PNG (all from East New
Britain) was fixed for haplotype CO-B (refer Table 1, Shapiro
et al. 2008) and consistent with our evidence of an upwards shift
in the frequency of this haplotype in PNG. Shapiro et al. (2008)
sampled too few specimens from Irian Jaya (N = 6), to the west
of PNG, to permit an analysis of the broader regional scale of this
pattern across the New Guinea landscape. Future intensive sam-
pling is required to determine if the pattern is ubiquitous across
C. cramerella populations elsewhere in New Guinea, or if the
relative abundance of these two common haplotypes transition
as a clinal or abrupt frequency shift in the landscape.

Fig 3. Neighbour-Joining distance tree among DNA barcodes of moths sampled from cocoa pods in Papua New Guinea, and all available
Conopomorpha accessions at BOLD. Current samples denoted by closed red diamond and specimen labels as listed in Supporting
Information S2. Barcode Index Numbers in parentheses as assigned by BOLD to terminal DNA barcode clusters (collapsed to species).
DNA barcodes matched at >99% sequence similarity to accessions using the BOLD identification engine, unmatched DNA barcodes not
included here. Bootstrapped (10 000 replicates) node supports (>70%) as shown. Scale bar equals 2% Kimura two-parameter adjusted
sequence distance.
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We speculate that stochastic sampling of mitochondrial
lineages during C. cramerella founder events led to fortuitous
prevalence of the derived haplotype (CO-B) over the ancestral
haplotype CO-A in PNG. Founder and invasive events involving
reduction(s) of effective population size can accentuate stochas-
tic losses and sorting of alleles in newly established populations
(Puillandre et al. 2008). Our evidence of low haplotype diversity
(H = 0.066 and 0.198) and lack of population structure between
the two eastern offshore provinces is consistent with our conten-
tion that these eastern provinces were foundered by a limited and
shared cohort of C. cramerella. Presence of C. cramerella in
PNG prior to entry of the cacao industry is unknown; however,
expansion of the industry onwards from 2006 may have inadver-
tently aided both broad dispersal and establishment of a common
cohort of C. cramerella among plantations in the country. Cacao
planting materials are commonly transported among PNG
plantations, and survey evidence suggests relaxed quarantine
and bio-sanitary handling procedures were prevalent at the onset
of the industry in PNG and potentially allowed movement of
CPB infected materials among disjunct plantations and distant
grower provinces (Yen et al. 2010; Gende 2012). Stochastic
sampling of maternal genetic lineages during successive translo-
cation events can allow rare haplotypes to rise up at high fre-
quencies in new areas (Puillandre et al. 2008) and may account
for the observed shifts in relative frequencies of haplotypes
CO-A and CO-B in PNG. Similar shifts in neutral allelic diver-
sity incurred by genetic drift during population bottleneck and/
or founder events have been evidenced at isolated peripheral
populations (Gopurenko & Hughes 2002), at areas of recent nat-
ural range expansion (Bellis et al. 2015) and at the populations of
introduced species (Zhu et al. 2019).

Analyses of our genetic evidence under models of population
equilibrium were equivocally supportive of demographic or
bottleneck events affecting genetic diversity in PNG. Marginally
negative neutrality statistics (Tajima’s D; Table 1) observed at
each of the two offshore provinces indicated low-frequency
COI polymorphisms were potentially in excess of that expected
if the provinces had sustained stable effective population sizes or
were free from the effects of purifying selection linked to the ex-
amined locus. Shapiro et al. (2008) reported similar ‘borderline’
negative deviances from neutrality at unlinked mitochondrial
and nuclear loci in their pooled sample fromMalay Archipelago
locations. They argued this apparent shared pattern at two inde-
pendent genomes was symptomatic of a demographic bottleneck
event affecting both loci, and unlikely to have occurred through
independent selective sweeps for favoured alleles at each locus.
We note however in all cases the observed marginal negative
neutrality statistics reported by both the current and earlier
studies were not significantly different from expectations under
a stable population model. It is possible the low levels of avail-
able polymorphism at the examined loci affected statistical sen-
sitivity of these neutrality tests (Pluzhnikov & Donnelly 1996).
Future population genetic analysis of this species may benefit
from analysis of multiple single nucleotide polymorphisms
and/or hypervariable loci, where greater levels of assayable
nucleotide diversity could allow more informative testing of this
neutrality question. This approach has been reported for other

pest Lepidoptera, where next-generation sequencing approaches
have provided unparalleled population genetic resolution of
taxonomic lineages defined previously by mitochondrial DNA
barcoding (Perry et al. 2018, 2020; Picq et al. 2018).

CPB diversity: more than the one species

Reports of moth larvae affecting cacao pods in PNG prior to
emergence of CPB infestations during 2006 identified the
tortricids Cydia Hübner (1825) sp. and Cryptophlebia encarpa
(Meyrick 1920) as pests of limited occurrence and minor
economic concern to the industry (Froggatt 1938; Froggatt 1940;
Baker 1976). Conopomorpha cramerella and several suspected
pod borer moths were similarly reported to be of minor concern
(Dunn 1955; Szent-Ivany 1961). First genetic evidence is pre-
sented here for two additional moth species directly damaging
cacao pods in PNG cacao plantations, albeit at low levels of
abundance, and may be significant for future moth pest research
and management. This evidence heralds the need for vigilant at-
tention to species diagnostics when interpreting empirical CPB
data. Larvae of the tortricid, T. zophophanes and an unidentified
Conopomorpha species found damaging cacao pods represented
2.3% of our DNA barcoded moths. Thaumatotibia zophophanes
was sampled at mainland East Sepik and offshore East New Brit-
ain, indicating the pest may be broadly distributed across much
of the PNG cacao plantations. The pest was previously recorded
from North Queensland damaging fruit of native lemon Aspen
Acronychia acidula von Mueller 1864 (Rutaceae) and intro-
duced avocado Persea americana Miller 1768 (Lauraceae) and
macadamia Macadamia sp. von Mueller 1857 (Proteaceae)
(Horak & Komai 2016) but has not been recorded as causing
damage to the sparse cacao plantations in that region. The other
novel cacao pest species was sampled as a single specimen in
East New Britain; it was genetically matched (BIN BOLD:
AAI5875) to reported adult accessions of an unidentified
Conopomorpha species sampled previously only from Madang
Province (mainland PNG) on Sapindaceae host plant Pometia
pinnata Forster & Forster 1776 (Sam et al. 2017). This
unspecified Conopomorpha species is genetically distant from
others in the genus and placed closer to C. litchiella than to
C. cramerella (Fig. 3).

Uncertainty concerning species identity and diversity of pod
borer moths has persisted for several decades. This uncertainty
was driven initially by taxonomic confusion in the literature of
the main pest C. cramerella with several other Conopomorpha
species and to some extent by taxonomic inaccuracy of field
diagnosed CPB. Bradley (1986) provided an interim taxonomic
report clarifying descriptions of C. cramerella and three novel
Conopomorpha species existing as a complex of four taxa
indigenous to Oriental and Australasian locations that are
‘remarkably similar in wing pattern and coloration’. Bradley
identified C. cramerella as the sole pest of cacao within the
complex and distinguished it from C. litchiella, an economically
important pest of litchi (Litchi chinensis Sonnerat 1782
[Sapindaceae]), that was previously misreported as
C. cramerella following incorrect listing of the latter species in
India by Fletcher (1916).
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Intraspecific variation in host specificity among phytopha-
gous insects, driven by maternal responses to cues for oviposi-
tional sites, may be associated with assortative mating
behaviours involved in emergence of race and/or species
diversity (Berlocher & Feder 2002). Conopomorpha cramerella
is polyphagous for plant hosts across several families, and this
led some authorities to suggest host-specific cryptic diversity
was present in the species and/or possibly evolved in response
to increased availability of novel crop hosts such as introduced
cacao. Initial evidence of incomplete allele segregation at two
allozyme loci between ‘biotypes’ ofC. cramerella sampled from
cacao and rambutan hosts in Malaysia (Rusnah et al. 1985) was
prospectively reported as an indication of a need to investigate
the taxonomic status of the biotypes (Muhamad & Tan 1987).
In contrast, Yong et al. (1987) reported an absence of any geo-
graphic or host plant related trends in allozyme variation among
C. cramerella biotypes sampled from Sri Lanka and Peninsula
Malaysia. They conservatively concluded that biotypes of the
pest, as defined by their use of host plants, were genetically
conspecific. Additional allozyme analyses of eight polymorphic
loci in C. cramerella sampled from cacao and rambutan hosts in
Malaysia also failed to support earlier proposals of host-specific
genetic variation in the pest; results were more consistent
with outcomes of population genetic processes (Muhamad
et al. 1989).

DNA sequence analyses of the pest by Shapiro et al. (2008)
reported evidence only of limited and historically recent intra-
specific genetic diversity among CPB sampled across much of
its distribution in the Malay Archipelago. Their sequence analy-
sis of polymorphic and independent mitochondrial and nuclear
genes indicated the presence only of shallow population-level
genetic variation in the widespread C. cramerella pest. Further,
there was no apparent genetic segregation between CPB lineages
sampled from cacao or rambutan hosts (taking into consideration
that CPB were sparsely sampled from the latter host). The
geographically broad but sparse sampling of CPB across
>5000 km of the Malay Archipelago by Shapiro et al. (2008)
potentially under-sampled the true diversity of the pest. Unpub-
lished COI sequence analyses (refer [I Valenzuela comm.],
p. 28, Gende 2012) of three putative CPB biotypes sampled in
East New Britain during 2009 were genetically sorted to
C. cramerella and two unrelated and unidentified moth species.
These two unidentified CPB biotypes were trapped outside of ca-
cao plantations, and their (unreported) status as pests to the cacao
industry remains unclear. One factor which potentially con-
founded earlier CPB identifications concerns field-based species
identification of immature moths sampled from cacao.
Handlers lacking specialised taxonomic expertise may mistak-
enly identify immature stages of various Lepidoptera species
present in cacao fruits to the common C. cramerella pest. For
example, T. zophophanes are morphologically distinct from
C. cramerella as adults; but differences between the two species
during pre-adult stages of development are less obvious and re-
quire microscope use and a morphology-based key for their sep-
aration. Presence of T. zophophanes among larvae in cacao fruit
was only detected in a single instance in the current study prior to
the DNA barcoding, with other larvae initially assumed at field

stations to be C. cramerella (noting that several untrained locals
assisted with sample collection). Specimens which are phenotyp-
ically ambiguous due to their life stage or physical condition are
liable to be misidentified. The facility of DNA barcoding in
matching phenotypically ambiguous specimens to species is well
documented. This is particularly so where reference DNA
barcode libraries obtained by broad taxonomic and geographic
sampling show evidence of defined genetic separations among
taxonomically described species (deWaard et al. 2010;
Gopurenko et al. 2013; Fletcher et al. 2017).

One of the problems affecting this and other studies using
DNA barcoding for query-based species diagnostics of pheno-
typically ambiguous specimens is the delivery of species-level
assignments using incomplete reference DNA barcode libraries
(Ekrem et al. 2007). For example, comparative DNA barcode se-
quences at public repositories were available for four of the 14
taxonomically described Conopomorpha species and five un-
specified Conopomorpha taxa (Fig. 3). Subsequently, among
our sequence queries of test specimens, identity of one of the lar-
vae found in a cacao pod at the offshore province of East New
Britain was genetically matched (99.1% similarity) to an unspec-
ified Conopomorpha species sampled earlier from Madang
Province on mainland PNG. This unspecified Conopomorpha
is registered with barcode index number BOLD:AAI5875 and
includes prior DNA barcodes of 10 specimens (Fig. 3). DNA
barcodes of six adult moths we incidentally trapped in planta-
tions were genetically distinct fromC. cramerella but unmatched
to existing accessions at sequence repositories (Table 2). The
poor physical condition of these incidental specimens negated
their explicit identification via traditional taxonomic process;
subsequently, their identity at lower taxonomic levels remains
unclear. Future availability of matching DNA barcodes sourced
from vouchered and described specimens will help to resolve
species identity of all these additional taxa. In the interim, the
BIN system as implemented in BOLD allows indexed registra-
tion of their DNA barcodes to terminal molecular taxonomic
units. In the absence of available taxonomic description, BINs
can provide valuable ecological and/or geographical information
of unspecified taxa matched by their DNA barcodes (Zahiri
et al. 2014). In some instances, this may also inform their prob-
able genus and/or sub-genus relationships based on nearest
genetic neighbour relationships with described taxa (Wilson
et al. 2011).

In conclusion, DNA barcoding identified the majority of
Lepidoptera sampled from three cacao-producing provinces in
PNG to C. cramerella. The species showed limited and closely
related genetic diversity across the disjunct provinces, largely
consistent with that evidenced from elsewhere in the species
distribution. This genetic pattern of reduced diversity in PNG,
particularly in the offshore provinces, possibly resulted through
dispersal or transfer of genetically impoverished founder moths
among provinces. Transfer of infested inter-plantation stock
materials and/or other practices lacking adequate bio-sanitary
precautions likely facilitated the spread of this pest in PNG.
Our evidence of several closely related mitochondrial
matri-lineages of C. cramerella infesting cacao were not consis-
tent with earlier suggestions of host-specific biotypes within
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C. cramerella. Our DNA barcoding of moth larvae from infested
cacao pods indicated a minor portion in PNG plantations consti-
tuted additional species diversity. This included three specimens
identified as the tortricid moth T. zophophanes and one unspeci-
fied Conopomorpha species distantly related to C. cramerella
and requiring taxonomic description beyond the capacity of
our report. The extent to which these additional moth species af-
fected cacao plantations in PNG (and elsewhere) remains to be
determined. Our research indicated they were likely less abun-
dant than C. cramerella and at juvenile stages may only readily
discerned by trained personnel or using genetic approaches such
as DNA barcoding. Six unrelated adult moths sampled from
plantations were unmatched to public DNA barcode records
and likely represented incidental captures as opposed to cacao
pests. Two of these moths were caught in C. cramerella
pheromone-baited traps. Given the ease at which additional taxa
may be mistaken for C. cramerella under field sampling condi-
tions, we argue it is essential that genetic assisted taxonomic as-
sessment of Lepidoptera found affecting cacao is used in the
development and assessment of integrated pest management
practices specifically designed for control of C. cramerella.
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SUPPORTING INFORMATION

Additional supporting information may/can be found online in
the supporting information tab for this article.

Table S1. Papua New Guinea moth sample information and as-
sociated DNA barcode records deposited at BOLD (http://www.
boldsystems.org/) under project “Cocoa pod borer in Papua New
Guinea” (project code: CPBNG). Specimen sample ID’s at NSW
Department of Primary Industries collections linked to BOLD
process ID’s and DNA barcode records. DNA barcode sequence
length in base pairs (bp) as indicated. Best matched species-level
identifications using the BOLD identification engine. Details of
PNG province, location and sample site co-ordinates (decimal)

as indicated. Conopomorpha cramerella haplotypes truncated
to 624 BP and matched 100% to equal length haplotypes
(CO-A to CO-F) reported by Shapiro et al. 2008, except where
indicated as novel (CO-G*, CO-H*) or not applicable (N/A).
Table S2. DNA barcode equivalent COI sequences of
Conopomorpha and other specimens available at GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) and BOLD (http://
www.boldsystems.org/) repositories (last searched 10/July/
2020) used in neighbour joining analyses. Specimen sequences
listed by GenBank accession and or by BOLD process ID, ex-
cept where not reported (N/R). Taxonomic description (species
level) as reported for specimen sequence where available and in-
dicating Barcode Index Number (BOLD:BIN) as allocated at
BOLD (Ratnasingham & Hebert 2013). Notes column indicate
instances where (1) sequence suppressed at GenBank or (2)
assigned to species based exclusively on BOLD:BIN association
with identified taxa.

DNA barcoding cocoa pod borer moths in PNG 609

© 2021 Australian Entomological Society

http://www.boldsystems.org/
http://www.boldsystems.org/
https://www.ncbi.nlm.nih.gov/genbank/
http://www.boldsystems.org/
http://www.boldsystems.org/

