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Abstract Coconut rhinoceros beetle (Oryctes rhi-
noceros; CRB) was discovered in 2015 in a small
outbreak in Honiara, Guadalcanal, Solomon Islands.
This was the first record of CRB from Solomon
Islands and a response plan was prepared. An aware-
ness programme was launched and where CRB
sightings were confirmed, delimitation surveys were
carried out. Following the launch of the awareness
programme, later in 2015, CRB was also reported
from the Shortland Islands in the Western Province.
Other islands were surveyed from 2015 to 2020. If
CRB presence was confirmed, beetles were collected
and analysed for haplotype and presence of the clas-
sical biological control agent, Oryctes rhinoceros
nudivirus (OrNV). A distribution map and timeline
of invasion were developed. The initial populations
belonged to two distinct haplotypes: CRB-G (clade
I*) in Honiara and CRB-S (clade II) in Shortland
Islands. Despite control measures, by 2020 CRB-G
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had spread to islands in eight provinces and CRB-S
had spread to islands in seven provinces. CRB-S and
CRB-G co-occur in Guadalcanal and Malaita prov-
inces. In 2019, OrNV was detected from field col-
lected CRB from Guadalcanal and has since spread
to Malaita Island. In both cases the virus was detected
where CRB-G and CRB-S co-occur. Other outbreak
areas in Solomon Islands remain OrNV-free. The two
haplotypes appear to have spread following patterns
of air and sea movement between the point of origin
(CRB-G from Honiara and CRB-S from the Short-
land Islands) to other islands/provinces.

Keywords Coconut rhinoceros beetle - CRB-G
haplotype - CRB-S haplotype - Oryctes rhinoceros
nudivirus - Solomon Islands

Introduction

Coconut rhinoceros beetle (Oryctes rhinoceros; CRB)
is one of the most damaging pests to coconut and oil
palms in Asia and the Pacific Islands (Bedford 1980).
The adult beetle bores into the palm crown, damag-
ing the developing fronds and creating distinctive
V-shaped notches (Fig. 1), which affect tree devel-
opment and yield. Severe attack will kill the palm.
Larvae feed on rotting organic matter (green waste,
manure, dead palm trunks, etc.) but do not cause
damage to living palms. The insect is native to South
and Southeast Asia and was inadvertently introduced
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Fig. 1 Coconut palms
with characteristic coconut
rhinoceros beetle (CRB)
damage (V-shaped notches)
in Guadalcanal, Solomon
Islands. Inset at the top
right shows an adult CRB

to the Samoan islands in 1909 (Catley 1969; Paudel
et al. 2022) and spread to other nearby island nations
in the south-west Pacific resulting in significant eco-
nomic impact on palm production (Jackson 2009;
Young 1986).

The early pest outbreaks were brought under
control by releasing biological control agents, par-
ticularly Oryctes rhinoceros nudivirus (OrNV) and
phytosanitary measures (Bedford 2013; Paudel et al.
2021a). Such was the success of the virus, that dam-
age was reduced to manageable levels and no signifi-
cant new invasions were reported for a period of more
than 30 years (Huger 2005). Recently a new wave of
invasions has occurred with beetle outbreaks reported
in Guam, Hawaii, Solomon Islands, and the mainland
of PNG (Ero et al. 2016; Marshall et al. 2017; Moore
2011). The initial response to the CRB outbreak
detected in Guam during 2007 was to introduce previ-
ously successful OrNV isolates as biocontrol agents,
but these were unsuccessful as the virus could not be
established in the population (Marshall et al. 2017;
Moore 2018). Using the mitochondrial DNA marker,
cytochrome ¢ oxidase subunit I (COI), Marshall et al.
(2017) recognized that the outbreak belonged to a
distinct population which was designated as CRB-G.

By examining CRB samples from the Asia/Pacific
region, Marshall et al. (2017) differentiated the CRB
population into four clades (Clade I, II, IIT and IV)
based on geographical origin and invasion pathway.
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Three of these clades (clade II, III, and IV), while
genetically distinct, were characterized biologically
by susceptibility to the original strain of OrNV used
to control the earlier wave of CRB invasion in the
Pacific. These three clades included native popula-
tions, and populations from regions affected by the
previous CRB invasions, and were collectively named
CRB-S. The fourth clade (clade I), which included
populations from the newly invaded regions (Guam,
Papua New Guinea, Hawaii, Solomon Islands) and
from parts of the native range (Philippines, Indone-
sia), was named CRB-G. Thus, two distinct levels of
population structure within CRB were identified: the
first grouping (CRB-G and CRB-S) is associated with
susceptibility to the original strain of OrNV intro-
duced to the Pacific, although there is no evidence for
a causal relationship between the mitochondrial hap-
lotype marker and virus susceptibility. The second,
more complex, clade grouping reflects geographic
populations in the native and invasive range of CRB
and presumably relates to historic patterns of disper-
sal by CRB. Haplotype analysis using the COI gene
has been proven to be an effective tool to identify
genetically distinct populations and to analyze inva-
sion pathways of several pest species (Abdallah et al.
2013; Doorenweerd et al. 2020; Gariepy et al. 2021;
Machado et al. 2020; Rollins et al. 2011; Schlum
et al. 2021; Sun et al. 2020) and was used to sug-
gest CRB invasion of Hawaii was a relatively recent
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invasion likely to be human mediated (Reil et al.
2016). Improved understanding of different invasion
pathways of a pest assists towards developing a bios-
ecurity plan and subsequent implementation of effec-
tive management programs (Brookes et al. 2020).
This study uses haplotype and virus analysis to follow
invasion pathways and spread of CRB in the Solomon
Islands.

In January 2015, the first official record of a CRB
incursion in Solomon Islands was reported from the
capital, Honiara, Guadalcanal (SIBC 2015), and was
identified as CRB-G clade I* (Marshall et al. 2017).
After awareness was raised of the presence of CRB
in Solomon Islands, CRB was also reported from
Shortland Islands (Western Province) but identified
as belonging to CRB-S (clade II) (Marshall et al.
2017; SIBC 2018c; Tsatsia et al. 2018). The presence
of CRB in the Solomon Islands poses a major threat
as the country is highly dependent on coconut and
oil palm for economic development and food secu-
rity in the territory which spreads over 28,400 km?
and comprises over 900 islands, with limited air and
sea connections between islands (Bennett 2018). The
separation of the islands provides a barrier to spread,
but once the pest has spread to new islands, commu-
nication and implementation of controls are difficult.
Unprecedented damage from CRB has already been
documented from Honiara and its surrounds, there-
fore, failure to control the pest is anticipated to have a
significant impact on the country’s SBD$140 million
coconut industry (~12% of GDP) and food security
of more than 40,000 rural households (Tsatsia et al.
2018; Vagalo et al. 2017).

In response to reports of the CRB incursion, Bios-
ecurity Solomon Islands (BSI), a division of the
Ministry of Agriculture and Livestock (MAL), estab-
lished a CRB Task Force and with the assistance of
local stakeholders, the Land Resources Division of
the Pacific Community (SPC), and AgResearch, New
Zealand, started a campaign to contain and control
the pest. An awareness campaign was launched and
extension officers in the provinces were asked to
look for the beetle and send information to Honiara
(SIBC 2016b; 2017a). It was important to differenti-
ate CRB attack from that of the native Scapanes aus-
tralis, which causes similar damage on young palms
(Stapley 1973). Based on reports from the extension
officers, delimitation surveys as well as exploratory
visits were conducted by MAL officers to determine

the infestation boundaries within each province and
to collect samples for analysis of CRB haplotype and
the presence of virus.

In this report we summarize data collected from
exploratory and delimitation field surveys for CRB in
Solomon Islands to determine distribution of invasive
CRB populations and the presence of the biologi-
cal control agent, OrNV. A more detailed analysis of
results from Guadalcanal province for a longer time-
frame (2015 to 2020) is also provided. We postulate
a timeline for CRB spread within Solomon Islands
and produce distribution maps. The results are ana-
lysed, and recommendations provided for stemming
the spread and limiting damage by the pest based on
haplotype and virus occurrence.

Materials and methods
Beetle collection

Beetles were field collected either during exploratory
visits, usually to confirm first sighting in a location,
or by delimitation survey using pheromone traps or
collection from breeding sites. Hygiene was main-
tained and tools were cleaned between sites. In all
cases, live beetles were counted from a site, sexed,
and individuals each placed in a clean, labelled con-
tainer. Site location was recorded, by GPS on-site
where possible, or estimated from maps after return
to the office. Pheromone traps were cleared fre-
quently. From the surveys, at least 2—3 beetles were
taken from each trap sampled and dissected. Gut con-
dition was described, and gut tissue segments placed
in preservative for dispatch.

Delimitation surveys

Delimitation surveys were conducted on twenty-
eight islands across the nine provinces of Solomon
Islands to demarcate the spread and severity of the
CRB incursion (Table 1 and Online Resource 1).
Survey sites were selected based on local reports
of putative CRB damage. Led by BSI, the surveys
were organized in coordination with local extension
officers and AgResearch, New Zealand. These sur-
veys gathered snapshots of CRB activity from each
area visited (with GPS and locality information) and
collected beetle samples for subsequent haplotype
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Table 1 Provinces, survey dates, and sites visited during the delimitation surveys (DS) and general collections (GC) of CRB sam-
ples from the Solomon Islands

Province Survey dates Major Location Sites/villages
Central 23-28 May 2018 (DS) Nggela (Florida) and Russell Islands Tulaghi, Haleta, New Vanuha, Togha,
Burani, Tathi Hanalei, Leitongo,
Olevuga, Hanesavo, Maravagi, Ravu
Sodulu, Siota, Boromole, Salisapa,
Kombe, Hakama, Taroniara, Boko-
longa, Koilovala, Bola, Vuranimala,
Siarana
13 June 2019 (GC)
20-21 Oct 2020 (GC)
Choiseul 4-12 Jan 2020 (DS) Choiseul Island (Lauru) Choiseul bay, Taro station, Subisae,
17 Sept 2020 (GC) Voza, Vou, Moli, Salakana, Hivoko,
Sirovanga, Vagara, Saquqae, Bara-
barakakasa
Guadalcanal 1 Jan 2015 (GC) Honiara Honiara and surrounds, Guadalcanal
12 June 2019 (GC) Plains Palm Oil Limited (GPPOL)
7-18 Sept 2019 (DS)
9-12 Dec 2019 (GC)
8-14 Feb 2020 (DS)
23 June 2020 (DS)
23-29 Jan 2020 (DS) West Guadalcanal and Weather Coast ~ West Guadalcanal, Weather Coast
Isabel 5-16 July 2019 (DS) Santa Isabel Island Tasia Island, Buala, Fera Island, Kubol-

Makira-Ulawa

Malaita

24 Aug 2020 (GC)

13 Oct 2018 (GC)
1626 May 2018 (DS)

1-8 Jan 2020 (DS)
28 Oct-8 Nov 2019 (DS)

30 Oct—4 Nov 2020 (DS)

Makira and Ulawa Islands

Malaita and Maramasike Islands

Ontong Java Atoll (Malaita Outer
Islands)

lota, Nuluhake, Popohoe, Gozoruru,
Susukana, Sisiga, Maptain, Baolo,
Kia, Babahairo, Ruruma, Aladaius,
Faragia, Dedeu, Samasodu, Furona,
Kilokaka, Susubona, Kaevanga, Kolo-
tubi, Suva, Sigana, Tataba, Poro
Kirakira, Ripo/Hadja, Maradjaj,
Lenga, Arona, Mwadjoaj, Taheroma,
Suumoli, Aroaha, Rongolelei, Mouta
Haora, Mouta paina, Suholo, Manao,
Suutoliato, Suulopo, Amau, Tawai-
romo and 3 schools (Rarahoi School;
Suumoli Community High School;
Pirupiru Community High School)

Hadja, Mwadjoa-Ohula

Baegu Asifoloa (Fouia Village,
Takato’ona Plantation, Kofiloko Vil-
lage, Sasafa Settlement), Lau Baelelea
(Suluone Village, Ofotabu Village,
Rummo Villages, Takwa Station,
Fourere Village, Fumatoa Village,
Darikona Village, Ferafaulu Village,
Hatodea Village, Binangali Settle-
ment, Gouulu Village, Kukunu Set-
tlement, Ururu village, Tauba Island),
West Kwara’ae, Central Kwara’ae,
Aoke Langalanga, West Kwaio, West
Are’Are

Luaniua, Pelau
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Table 1 (continued)

Province Survey dates Major Location Sites/villages
Rennell and Bellona 23 Oct 2018 (GC) Rennell Island Tagini, Lavangu, Abatai, Gongona
26 May-2 June 2019 (DS) Bellona Island Siva, Matangi, Anua, Matamoana,
N,
28 Nov 2019 (GC) gongona
3 Aug 2020 (GC)
17 Sept 2020 (GC)
Temotu 3-18 Nov 2019 (DS) Vanikoro, Utupua, and Santa Cruz Buma, Emua, Peu, Lale, Koiabu,
18 Oct 2020 (GC) Islands Lavaka, Tanibili, Matembo, Asupo,
Nebao, Aveta
Western 24 June 2016 (GC) Shortland Islands Kariki, Toumoa, Harapa, Kamaleai,
23 Oct 2018 (GC) North New Georgia and Rendova Maleai, Pirumeri, Samanago, Nuhu,
20-25 June 2019 (GC) Islands Aleng, Gaomae, Kalena Bay, Nusa

17-23 July 2020 (DS)

Hope, Duduli, Baraulu, Kurikiti,
Sasevele, Ughele, Bagho, Lokuru,
Beroozii, Husuzo, Eghelo, Rendova
Harbour, Baeroko, Tunguivili, Noro
Settlement, Noro Town, Foskay

identification and virus testing (detailed protocol
in Online Resource 1). Briefly, at each survey loca-
tion the team established pheromone traps to monitor
adult CRB activity, then conducted visual assessment
of palm damage and inspection of potential breed-
ing sites (i.e., primarily dead coconut/other palm
trunks and accumulations of organic wastes including
chicken manure) to check for CRB larvae. The survey
team also met with local extension staff, local com-
munities, and farmers to raise awareness of CRB and
to advise on sanitation efforts to reduce damage and
control the spread of CRB.

Pheromone traps

For the delimitation surveys, at least three bucket
traps baited with aggregation pheromone, oryctalure
(ethyl 4-methyloctanoate; ChemTica Internacional,
Costa Rica) were established at each reported inva-
sion site (ground zero) and spaced at least 100 m
apart. Traps were hung in the tree canopy at approxi-
mately 1.5-1.8 m above the ground and were in oper-
ation for approximately 2—-10 days. Captured CRB
were either placed into individual containers (with
GPS coordinates, collection dates, etc.) for trans-
port back to the MAL laboratory in Honiara or dis-
sected locally and tissue preserved for transport (see
Online Resource 1 for details). In Honiara, a network
of 29 bucket traps was established to monitor CRB

activity in the area, as part of local control efforts,
and checked every 7-14 days (Paudel et al. 2021b).
Up to two beetles per trap were collected for dissec-
tion in September 2019 and February and June 2020,
(Table 1) and tissue preserved for analysis.

CRB detection and breeding sites

From the ground zero point, the survey team travelled
along the roads or tracks to search for damaged palms
and breeding sites (see Online Resource 1 for detailed
methods). Initially, records (photos, GPS, etc.) were
taken of what was seen every 1 km (up to 3 km from
ground zero). If no damage was detected along the
first route, the team searched down another road/
track, until all possible routes from ground zero had
been searched.

When breeding sites were identified, the date and
site details were recorded (with GPS coordinates)
and up to 10 CRB adults per site were collected in
labelled individual containers. Either whole CRB
were transported back to the MAL laboratory in
Honiara, or they were dissected locally and then the
preserved tissue was sent for further analysis.

Beetle dissection to collect gut tissue

Training in the dissection and preservation of CRB
specimens was provided to the BSI staff by Marshall,
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Jackson, and Mansfield during in-country work-
shops prior to the surveys (see Online Resource 1
for detailed methods). After dissection, tissue sam-
ples were sent to AgResearch, New Zealand to deter-
mine CRB haplotype (G or S) and geographic clade
(according to Marshall et al. 2017), and presence or
absence of OrNV using DNA analysis and histology
(as described in Sect. "Determination of haplotype (G
or S) and presence/absence of OrNV").

Determination of haplotype (G or S) and presence/
absence of OrNV

Haplotype (G or S) and presence/absence of OrNV
were determined from CRB tissue using methods
described by Marshall et al. (2017). The methods are
described briefly below.

Genomic DNA extraction from CRB gut tissue

DNA was extracted from the gut tissue supplied (pre-
served and shipped in monopropylene glycol) using
the Tissue Genomic DNA Mini Kit (Geneaid) column
system following manufacturer instructions. DNA
elution was carried out using 100 pl of elution buffer
and aliquots of eluted DNA samples were subse-
quently used for further analyses.

PCR-RFLP method for detecting the CRB-G
haplotype

The following primer pair was designed and used to
amplify a 524 bp fragment of the O. rhinoceros COI
gene: C1-J-17180ryctes (5 ‘- GGAGGTTTCGGA
AATTGACTTGTTCC -3) and C1-N-21910ryctes
(5’- CCAGGTAGAATTAAAATRTATACCTC -3°)
(Marshall et al. 2017). A unique Trull restriction site
polymorphism within this amplified region allows the
CRB-G haplotype to be identified. Note that Trull
is an isoschizomer of the Msel restriction enzyme
reported in Marshall et al. 2017, and therefore recog-
nizes the same DNA site. Each 20 pL PCR reaction
contained: 10 pL VitaTaq® 2X HS Mastermix Gold
(Procomcure), 0.4 pL C1-J-17180ryctes (10 pM),
0.4 pl CI-N-21910ryctes (10 pM), 1.5 pL 100-fold
diluted O. rhinoceros DNA template, and 7.7 pL
sterile distilled water. PCR amplifications were per-
formed in an Eppendorf Mastercycler Gradient with
a cycling profile of 30 cycles of 94 °C denaturation
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(30 s), 50 °C annealing (45 s), 72 °C extension
(1 min) with an initial denaturation of 3 min at 94 °C
and a final extension of 5 min at 72 °C. A 5 pL ali-
quot of each PCR reaction was checked on a 1% aga-
rose gel. For RFLP analysis, successfully amplified
COI PCR products (5 pL) were each combined with
0.25 pL Trull (10 U/pL; Thermo Fisher Scientific),
1.5 pL 10xBuffer R, and 8.25 pL sterile distilled
water, and incubated at 65 °C for 1 h. The digested
samples (15 pL) still contained enough loading dye
from the VitaTaq® 2X HS Mastermix Gold to be
directly loaded on a 2% agarose gel.

Gel electrophoresis and UV visualization of DNA

Aliquots of PCR reactions were checked by aga-
rose gel electrophoresis (1%, 0.5X TBE) alongside a
100 bp DNA Ladder (GeneRuler™, Thermo Scien-
tific). All PCR runs included a template-free reaction
as a negative control. RedSafe (iNtRON Biotechnol-
ogy) was included in all agarose gels and allowed
DNA fluorescence to be visualized over UV light.
Photographs were recorded using an UVIdoc HD2
gel doc (UVlItech).

COI sequencing for determining CRB geographic
clade

Barcode primers, LCO1490 (GGTCAACAAATC
ATAAAGATATTGG) and HCO2198 (TAAACT
TCAGGGTGACCAAAAAATCA) (Folmer et al.
1994), were used to amplify the 5’ end of the COI
gene for a subset of DNA samples. Each 40 pL PCR
reaction contained: 20 pL VitaTaq® 2X HS Master-
mix Gold (Procomcure), 0.8 pL LCO1490 (10 pM),
0.8 pl HCO2198 (10 pM), 3.0 pL 100-fold diluted
O. rhinoceros DNA template, and 15.4 pL ster-
ile distilled water. PCR amplifications were per-
formed in an Eppendorf Mastercycler Gradient with
a cycling profile of 40 cycles of 94 °C denaturation
(30 s), 45 °C annealing (30 s), 72 °C extension (45 s)
with an initial denaturation of 3 min at 94 °C and a
final extension of 5 min at 72 °C. A 5 pL aliquot of
each PCR reaction was checked on a 1% gel. Sanger
sequencing (BigDye®v 3.1, Applied Biosystems) of
the amplified COI product was conducted at Mac-
rogen (Korea). Sequences were tidied and analysed
using Geneious version Prime (http://www.geneious.
com) (Kearse et al. 2012). Multiple alignments of the
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CRB sequences were generated using the program
MUSCLE (Edgar 2004) in Geneious version Prime.
Nucleotide-based analyses were calculated using dis-
tance-based (neighbor joining) methods and allowed
visualization of the CRB geographic clades based on
the reference sequences reported in Marshall et al.
(2017).

PCR detection of OrNV infected CRB beetles

DNA was extracted from the gut tissue supplied in
monopropylene glycol as described above. The PCR
protocol for detection of OrNV was based on a previ-
ous study (Richards et al. 1999) and has been modi-
fied subsequently by using diluted DNA template
(down to 1 in 5000) to better distinguish active infec-
tion from mere presence due to cross-contamination
between infected and uninfected beetles in the phero-
mone traps. The primer pairs used to amplify a 945
base pair (bp) fragment of the OrNV genome were
OrNV15a (5-ATTACGTCGTAGAGGCAATC-3%)
and OrNVI15b (5’-ATGATCGATTCGTCTATGG-3
) (Richards et al. 1999). Each 20 pL PCR reaction
contained: 10 pL VitaTag® 2X HS Mastermix Gold
(Procomcure), 0.4 pL OrNVl15a (10 pM), 0.4 pL
OrNV15b (10 pM), 1.5 pL of the 100-fold or 5,000-
fold diluted DNA and 7.7 pL sterile distilled water.
PCR amplifications were performed in an Eppendorf
Mastercycler Gradient with a cycling profile of 30
cycles of 94 °C denaturation (30 s), 50 °C annealing
(45 s), 72 °C extension (1 min) with an initial dena-
turation of 3 min at 94 °C and a final extension of
5 min at 72 °C. A 10 pL aliquot of each PCR reaction
was checked on a 1% agarose gel. Detection of OrNV
PCR product in the 1 in 5,000 dilution was consid-
ered here as indicative of OrNV infection.

Histology

Gut tissue samples were preserved in FAA fixative
(5% formaldehyde, 2.5% acetic acid, 50% ethanol as
an aqueous solution) and sent to Gribbles Veterinary,
an IANZ (International Accreditation New Zealand)
accredited pathology lab, for paraffin embedding,
serial sectioning, and hematoxylin and eosin (H &
E) staining (Kiernan 1990). Slides of gut tissue were
examined under bright-field and differential inter-
ference contrast (DIC) optics with observations of
OrNV infection status recorded based on pathology

(Huger 2005). A subset of beetles was subjected to
histological examination due to limited availability of
the FAA fixative (Online Resource 2).

Data analysis

Records of CRB-G and CRB-S haplotypes, clade
affiliation and OrNV infection from the beetle sam-
ples were summarized using descriptive statistics
(frequencies and percentages). Maps of CRB and
virus distribution were produced using ArcGIS soft-
ware (ArcGISPro 2021).

Results

Overview of CRB distribution within Solomon
Islands

Based on the field surveys and sample analyses,
CRB is confirmed on twenty-eight islands, from the
Shortland Islands in the northwestern region bor-
dering Papua New Guinea’s Autonomous Region
of Bougainville to Temotu, the easternmost prov-
ince of Solomon Islands (Online Resource 2 and 3).
Using RFLP, two haplotypes were detected, CRB-G
and CRB-S. In total, 396 beetles were analysed from
multiple islands from> 100 independent sample col-
lections. Sequencing of the COI gene from all 396
samples showed that all CRB-G (257) were identi-
cal to the Solomon Islands sample described in clade
I* of Marshall et al. (2017). The majority of CRB-S
(131/139) were identical to the PNG samples cat-
egorized in clade II from Marshall et al. (2017); the
exception being a new single nucleotide polymor-
phism (SNP) variant found in seven Choiseul samples
and one from Shortland Islands (Western Province)
(Online Resource 2). Representative COI sequences
have been deposited into GenBank as the following
accessions: OL546395-0OL.546457.

Since first reported in 2015, CRB has spread
through the Solomon Islands. CRB-G is now pre-
sent in eight out of nine provinces, whereas CRB-S
is present in seven provinces, with both haplotypes
present in six provinces (Table 2). Closer examina-
tion, however, shows that haplotypes are mostly pre-
sent in distinct populations (Fig. 2 and 3). All CRB
samples from Makira-Ulawa and Rennell and Bellona
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Table 2 Number (#) and percentage (%) of field-collected coconut rhinoceros beetle (CRB) samples from nine provinces in Solo-

mon Islands with determination of haplotype (CRB-G or CRB-S) and presence (+ ve) of Oryctes nudivirus (OrNV)

Province Total Samples # CRB-S (%) # CRB-G (%) # CRB-S +ve # CRB-G+ve # CRB
for OrNV (%) for OrNV (%) (G&S) + ve for
OrNV (%)
Central 40 13 (32.5%) 27 (67.5%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
Choiseul 7 7 (100.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
Guadalcanal 182 27 (14.8%) 155 (85.2%) 13 (52%) 50 (31.8%) 63 (34.6%)
Isabel 2 1 (50.0%) 1 (50.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
Makira-Ulawa 5 0 (0.0%) 5 (100.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
Malaita 51 21 (41.2%) 30 (58.8%) 0 (0.0%) 2 (6.7%) 2 (3.9%)
Rennell and Bellona 16 0 (0.0%) 16 (100.0%)  0(0.0%) 0 (0.0%) 0 (0.0%)
Temotu 10 4 (40.0%) 6 (60.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
Western 83 66 (79.5%) 17 (20.5%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
Total 396 139 (35.1%) 257 (64.9%) 13 (9.4%) 52 (20.2%) 65 (16.4%)
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Fig. 2 Timeline of Oryctes rhinoceros (CRB-G haplotype)
detection across Solomon Islands with confirmed year of
detection (in different colors) and presence or absence of

Oryctes nudivirus (OrNV) (+: present, o: absent) for each map
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island. Each point represents the site of sample collection plot-
ted using GPS coordinates. The inset at the top right shows the
location of submaps A-D within a complete Solomon Islands
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Provinces were determined as CRB-G whereas all the
specimens from Choiseul Province were CRB-S.

In Western Province, CRB-S was found on
the islands of Shortland Islands and Ghizo while
CRB-G was found on New Georgia. In Temotu
Province, CRB-S was found from one location on
Santa Cruz Island; CRB-G was found from two
locations on Vanikoro Island. In Malaita province,
CRB-G and CRB-S were present on the main island
of Malaita but in different outbreak areas; whereas
only CRB-S were found on Maramasike Island and
CRB-G on Ontong Java Atoll (Fig. 2 and 3, Online
Resource 3). The geographic distributions of the
two haplotypes overlap in Guadalcanal and Cen-
tral Provinces, although there are more site records
for CRB-G than CRB-S (Fig. 2-5). CRB-G were
confirmed for 85% and 67% of the samples from

Isabel ",

A A
! s |
D
= (i
9 L %0
@
i R
© | $
0 O | et
-—-- Central we = Mo . Malaita
e
4 — 0%
Honiara dh s . X t
i tol
Guadalcanal i

Makira Ulawa

island. Each point represents the site of sample collection plot-
ted using GPS coordinates. The inset at the top right shows the
location of submaps A-D within a complete Solomon Islands
map

Guadalcanal and Central Province, respectively
(Table 2).

Timeline of CRB-G invasion in Solomon Islands

CRB-G was first detected in Honiara (Guadalca-
nal Province), early in 2015 (Fig. 2, Table 3, Online
Resource 2). At that time, it was centered in Honiara
but already spreading in plantations east of the town
towards the oil palm plantations 20 km away (per-
sonal communication, Bob Macfarlane). By June
2017, CRB damage was evident along 50 km of
the northern Guadalcanal coastline, extending in
both directions from the original site of infestation
in Honiara (SIBC 2016a; Vaqalo et al. 2017). The
more recent data from this province is presented in
Sect. "CRB spread on Guadalcanal".
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Table 3 Summary of timeline details of CRB-G invasion into Solomon Islands, by province and year from 2015 to 2020

Year
Province 2015 2016 2017 2018 2019 2020
Guadalcanal First record: Pheromone trap net- Delimitation survey
haplotype work established for West Guadal-
confirmed around Honiara canal & Weather
Coast
Malaita First record: Delimitation survey: Range expansion
CRB presence damage recorded within province
reported & haplotype con-
firmed
Central Delimitation survey: Haplotype confirmed
first record of CRB
damage & presence
Makira-Ulawa Delimitation survey:
first record of dam-
age & haplotype
confirmed
Rennell and Bellona First record: haplo-  Delimitation survey: Range expansion
type confirmed damage recorded within province
Western First record: haplo-
type confirmed
Temotu Delimitation survey: Haplotype confirmed
first record of CRB
damage & presence
Isabel Delimitation survey: Haplotype confirmed
first record of CRB
damage & presence
Choiseul CRB-G not
recorded
from this
province

In 2017, MAL extension officers reported that
CRB was present on northern Malaita Island (Malaita
Province) (SIBC 2017b), although no samples were
available to confirm haplotype at that time (Table 3,
Online Resource 3).

In 2018, CRB invasion was detected in three fur-
ther provinces (Fig. 2, Table 3). Two adult CRB-G
were captured from a single trap on Ulawa Island
(Makira-Ulawa Province), out of 20 traps estab-
lished during the delimitation survey. Palm dam-
age characteristic of CRB was limited to an area of
approximately one hectare on this island, suggest-
ing the infestation was comparatively recent (Online
Resource 3). Two adult CRB-G were also collected
from Rennell Island (Rennell and Bellona Province).
Adult CRB (n=72) were captured in pheromone
traps from three sites on Nggela Island (Central Prov-
ince), although no samples were collected to confirm
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the haplotype during this survey. CRB damage was
also recorded from three small islands of the Russell
Islands group in this province (Online Resource 3).
Presence of CRB-G in Central Province was con-
firmed in 2019 from several sites in the Russell
Islands (Fig. 2, Table 3). The discovery of CRB-G
in 2019 (n=10 collected in June, n=4 collected in
November) near the airport at Munda, New Geor-
gia Island (Western Province), marked a significant
expansion of its geographic range in Solomon Islands
(Fig. 2, Table 3). The delimitation surveys from Ren-
nell Island (Rennell and Bellona Province), conducted
in mid-2019, found CRB damage at 21 out of 35 sites
visited (Online Resource 3), with adult CRB-G col-
lected from one site (n=6). The delimitation survey
of Malaita and Maramasike Islands (Malaita Prov-
ince) conducted from late October to early November
2019, confirmed that CRB-G (n=26) was established
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at multiple sites in the north and west of Malaita
Island (Fig. 2, Table 3). During the survey, officers
noted that CRB was often present near forestry opera-
tions on Malaita (Online Resource 3). Finally, the first
evidence of CRB presence was recorded in November
2019 from Vanikoro Island, in remote Temotu Prov-
ince, although samples were not collected for con-
firmation. CRB was not detected on nearby Utupua
Island during this delimitation survey.

Early in 2020, a delimitation survey confirmed that
CRB-G had spread to West Guadalcanal at two (Tiaro
and Tangarare) out of eight sites surveyed (Fig. 2,
Table 3), with probable CRB damage noted at a third
location, Duidui (Online Resource 3). Several follow-
up visits were made during 2020 to provinces where
CRB-G was known to be present. The first such visit
in January to Ulawa Island (Makira-Ulawa Province),
captured three adult CRB-G and found CRB dam-
age over a larger area compared with the 2018 sur-
vey (Online Resource 2). More CRB-G (n=3) were
collected in July 2020 from New Georgia (Western
Province). CRB-G (n=28) had expanded its range to
five locations on Bellona Island (Rennell and Bellona
Province) by early August 2020, (Fig. 2, Table 3). On
Nggela Island (Central Province), CRB-G (n=24)
was present at 11 locations altogether by mid-October
2020, including two sites originally surveyed in 2018
(Fig. 2).

The first record of CRB-G (n=1) from the south-
east of Santa Isabel Island (Isabel Province), was con-
firmed in August 2020. In mid-October, presence of
CRB-G was confirmed at two locations on Vanikoro
Island (Temotu Province) (Fig. 2, Table 3). Finally
in November 2020, a delimitation survey confirmed
the presence of CRB-G (n=4) on the remote Ontong
Java Atoll (also known as Outer Malaita Islands;
Malaita Province). CRB damage was first observed in
October that year (Fig. 2, Table 3, Online Resource
2). CRB damage was found in the southeast region
of the Atoll, around Luaniua, whereas no evidence
of CRB damage was found to the northwest. The sur-
vey officer noted that coconut planting materials were
imported to this region from Guadalcanal earlier in
2020 and were the presumed source of the CRB infes-
tation (Online Resource 3).

Timeline of CRB-S invasion in Solomon Islands

CRB was first reported from the Shortland Islands
(Western Province) in 2015. Samples collected from
Fauro and Alu islands (n=6) in 2016 were identi-
fied as CRB-S; one adult CRB-S was collected from
Ghizo in the New Georgia group (Fig. 3, Table 4,
Online Resource 2). During 2016, live CRB-S bee-
tles were imported from the Shortland Islands to
the MAL laboratory in Honiara (Guadalcanal), for
research purposes as part of the CRB response (Mar-
shall et al. 2016).

As noted above in Sect. "Timeline of CRB-G inva-
sion in Solomon Islands", the presence of CRB was
reported in 2017 on northern Malaita Island (Malaita
Province) (SIBC 2017b), but the haplotype was not
known at that time.

The delimitation survey of Nggela Island (Cen-
tral Province) also reported CRB presence and asso-
ciated damage in 2018, but the haplotype was not
determined (see Sect. "Timeline of CRB-G invasion
in Solomon Islands" above). During 2018, follow-up
visits to the Shortland Islands (Western Province),
collected CRB-S (n=43) from 10 sites altogether,
including both islands visited previously during 2016.

More CRB-S were collected from Ghizo (Western
Province; n=5 in June and n=2 in November). The
spread of CRB-S was confirmed during 2019. In July,
the delimitation survey recorded CRB damage and
collected one adult CRB-S from one out of 26 sites on
Santa Isabel Island (Isabel Province; Fig. 3, Table 4,
Online Resource 2). CRB-S (n=9) were collected
from several sites in the Russell Islands (Central
Province; Fig. 3, Table 4) during October 2019. The
delimitation survey conducted from late October to
early November 2019 collected CRB-S (n=21) from
sites on Malaita and Maramasike Islands (Malaita
Province; Fig. 3, Table 4). In Guadalcanal Province,
CRB-S was confirmed from the Honiara trap network
and the oil palm plantations at GPPOL in September
2019 (see Sect. "CRB spread on Guadalcanal").

Early in 2020, the delimitation survey of West
Guadalcanal collected one CRB-S from Tanga-
rare out of eight sites surveyed (Fig. 3, Table 4). In
September 2020, the first CRB-S (n=7) were col-
lected from the north-western tip of Choiseul Island
(Choiseul Province), during the delimitation survey
(Fig. 3, Table 4). The survey officer noted that CRB
damage was more severe near logging sites in the
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survey area (Online Resource 3). The first record of
CRB-S (n=4) in Temotu province was from Santa
Cruz Island in October 2020 (Fig. 3, Table 4). Also
in October, CRB-S (n=4) was found at four sites on
Nggela Island (Central Province), including three
originally surveyed in 2018 where damage was
observed, and beetles collected without haplotype
determination (Fig. 3, Online Resource 3).

CRB spread on Guadalcanal

From the center of Honiara in Guadalcanal Province,
CRB spread first to the massive oil palm plantations
of GPPOL, then as far as Aola in the east; to Lambi,
Tiaro and Tangarare in the west and up to Duidui in
the south (Figs. 4 and 5, see Online Resource 3 for

detailed survey results). The initial delimitation sur-
vey carried out by MAL in Jan 2015 showed that
heavy damage was limited to an area of 3X2 km in
the suburbs of Panatina and Vura with light dam-
age surrounding this area and reports of fresh dam-
age as far as Tenaru (10 km to the east) and with
suspected CRB damage as far as Visale in the west
(Online Resource 4). In 2016, minor CRB damage at
the Ngalimbiu oil palm plantation on the Guadalcanal
plains were observed, but by 2017 damage was severe
with high numbers of beetles reported throughout the
GPPOL plantations (SIBC 2016a; 2017¢; SPC 2017).
At the same time a survey showed that CRB was
widespread and highly damaging throughout Honiara
and had spread along the northwest coast (Vaqalo
et al. 2017). By 2018, damage was very heavy in the
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Fig. 4 Timeline of Oryctes rhinoceros (CRB-G haplotype)
detection from field surveys across Guadalcanal Province. The
central map covers the whole province with a boxed summary
of results from Honiara and surrounds expanded in the lower
map. The maps show confirmed year of detection (in different
colors) and presence or absence of Oryctes nudivirus (OrNV)

(4: present, o: absent) for each site. Each point represents
the site of sample collection plotted using GPS coordinates
whereas the size of the dot or cross is proportionate to the
number of samples collected or the number of OrNV positive
CRB from that site
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Fig. 5 Timeline of Oryctes rhinoceros (CRB-S haplotype)
detection from field surveys across Guadalcanal Province. The
central map covers the whole province with a boxed summary
of results from Honiara and surrounds expanded in the lower
map. The maps show confirmed year of detection (in different
colors) and presence or absence of Oryctes nudivirus (OrNV)

central zone from Honiara to the GPPOL plantations
and evidence of CRB was obvious along the north-
west coast of Guadalcanal from Tetere, GPPOL, to
Verenasso, more than 80 km (Online Resource 5).
Intense damage has continued with many dead palms
in the core outbreak area, despite clean up and con-
trol attempts. Beetle populations now extend at least
from Aola in the east, to Lamuas on the west coast of
Guadalcanal with some reports of damage from the
southern (Weather) coast (Figs. 4 and 5).

Throughout the study (2015-2020), 182 CRB
samples were collected from exploratory visits and
delimitation surveys. CRB-G was dominant through-
out the collection period (2015 to 2020) with 85% of
the specimens (155 insects) determined as CRB-G
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(+: present, o: absent) for each site. Each point represents
the site of sample collection plotted using GPS coordinates
whereas the size of the dot or cross is proportionate to the
number of samples collected or the number of OrNV positive
CRB from that site

vs. 15% (27 samples) as CRB-S (Table 2). Note
that only CRB-G samples were collected from Gua-
dalcanal field surveys from 2015 to 2018 (Online
Resource 2 but see haplotype detections from bioas-
says reported below). When compared across differ-
ent regions within the Guadalcanal province, CRB-G
remains the dominant haplotype (>80% of samples)
from the Honiara trap network, the GPPOL planta-
tions and the West Guadalcanal delimitation survey
(Online Resource 6). The most recent collection from
the Honiara trap network was taken from late June
to early July 2020. Again, CRB-G was dominant
with 90% of the samples whereas 10% were CRB-
S. When compared geographically, CRB-G is more
widespread across Guadalcanal Province than CRB-S
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(Figs. 4 and 5). CRB-G has been collected from 35
sites altogether whereas CRB-S was collected from
only 16 sites.

In response to the CRB invasion, bioassays were
initiated in Honiara for laboratory screening of OrNV
isolates against CRB (SIBC 2018a). In the first year
(2016) locally collected CRB-G and CRB-S imported
from the Shortland Islands were used for bioassays,
but from 2017 onwards, only locally collected CRB
from Guadalcanal were used for bioassays (Online
Resource 7). As part of these bioassays, all beetles
were tested to determine haplotype. All beetles used
for bioassays in 2017 were CRB-G. The first CRB-S
haplotype originating from a local site collection and
used in these bioassays was detected as a single insect
in April 2018 with a further nine CRB-S collected
between August and October 2018. From January
to July 2019, CRB-S was found at low levels (11%)
among 186 CRB used for bioassays from three col-
lections in the surrounds of Honiara (Online Resource
7). CRB-S were not collected from the Honiara pher-
omone trap network until September 2019.

Overview and timeline of OrNV prevalence in field
collected CRB samples

Although OrNV was imported for use in laboratory
bioassays from 2016 onwards (SIBC 2018a), OrNV
was not detected from field collected CRB sam-
ples until 2019. In June 2019, OrNV was detected
in CRB-G samples (6 out of 10; Online Resource 2)
collected from the GPPOL plantations (Guadalcanal
province). In September 2019, CRB-G and CRB-S
samples from the Honiara trap network (Guadalca-
nal province) tested positive for OrNV (Fig. 4 and 5,
Online Resource 2). Later in 2019, OrNV was also
detected in CRB-S beetles collected from GPPOL
(Online Resource 2). During the same year, OrNV
was detected in two CRB-G beetles collected from
Malaita Island (Malaita Province) (Fig. 2, Online
Resource 2). OrNV was not detected in CRB sam-
ples (n=6 CRB-G and 1 CRB-S) collected from West
Guadalcanal (Guadalcanal province) in January 2020
(Figs. 4 and 5, Online Resource 2). In Guadalca-
nal province, 32.3.% (50 from 155) and 48.1.0% (13
from 25) of field collected CRB-G and CRB-S were
OrNV positive, respectively. Of the 77 gut samples
that were analysed for virus symptoms using histol-
ogy, 71 of these samples produced OrNV PCR results

that matched the histology results (Online Resource
2). Five samples were negative by OrNV PCR but
showed virus symptoms by histology; these samples
were positive for virus when the 1:100 dilution of
extracted DNA was used. One sample was weakly
positive for OrNV using PCR but no virus symp-
toms were observed for the histology slide. OrNV has
not been detected from field collected CRB samples
from Central, Makira-Ullawa, Rennell and Bellona,
Western, Isabel or Temotu Provinces (Fig. 2, Online
Resource 2).

Discussion

We identified two invasions of CRB into Solomon
Islands, one starting in Honiara, Guadalcanal, and the
other in the Shortland Islands, Western Province. The
invasive CRB populations belong to two haplotypes,
CRB-G and CRB-S. COI sequencing showed that
these invasive populations align with clade I* (CRB-
G) and clade II (CRB-S), using reference samples
described by Marshall et al. 2017. Clade I* (CRB-
G) is the haplotype that has invaded Guam, Hawaii
and PNG mainland. CRB-G was first confirmed from
Honiara in 2015 and has since spread widely in Gua-
dalcanal, Malaita and Central provinces. CRB-S was
first confirmed from Shortland Islands (Western Prov-
ince) and is dominant in the Northwestern region of
the country (e.g., Shortland Islands, Ghizo, Choiseul).
The two haplotypes appear to have spread following
patterns of air and sea movement between the point
of origin (CRB-G from Honiara and CRB-S from the
Shortland Islands) and other islands/provinces. Hap-
lotype analysis conforms with local observations of
the pattern of spread within Solomon Islands.

CRB-G

In 2015, the distribution of CRB-G haplotype was
limited to a relatively small area in Honiara. But
it has now invaded across much of the productive
coast of Guadalcanal and rapidly established on
other surrounding islands (Malaita, Ngella) result-
ing in high levels of damage. This mirrors CRB-G
invasion events elsewhere in the Pacific Island coun-
tries and territories (e.g., Guam, Hawaii, Papua New
Guinea) (Ero et al. 2016; Marshall et al. 2017; Reil
et al. 2018). Sequencing of the COI gene revealed
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that CRB-G specimens sampled from across Solo-
mon Islands were identical and corresponded to the
invasive haplotype (clade 1) as described previously
(Marshall et al. 2017). While first reported in 2015,
CRB-G is believed to have entered Solomon Islands
two or more generations earlier, possibly during the
‘11" Festival of Pacific Arts’ in 2012, which was held
in Honiara, Solomon Islands (personal communica-
tion, Bob Macfarlane). The early stages of the out-
break could have been missed as damage similar to
CRB is also caused by a native scarab beetle, Scap-
anes australis, although this usually attacks younger
palms (Bedford 1980; Stapley 1973).

We suggest that CRB-G spread gradually from the
initial invasion site along the coconut lined northwest
coast of Guadalcanal by natural spread, and perhaps
assisted by human transport of goods and machin-
ery by road or along the coast by small boats. The
beetle was first reported from Panatina, 5 km from
central Honiara, in 2015 (Tsatsia et al. 2018; Vaqalo
et al. 2017). By June 2017, CRB extended along a
100 km front along the northern Guadalcanal coast-
line (Vaqalo et al. 2017). Considering the extensive
CRB damage observed on the Okea block of GPPOL
during Jan 2018, it is likely that the pest had arrived
more than one year previously, perhaps sometime in
2016 (SPC 2017). CRB-G was reported from west
Guadalcanal (Tiaro and Tangarare) in February 2020
and is likely to have been assisted by small boat travel
to these remote villages.

Inadvertent transport on small boats probably
led to the outbreaks on Malaita, Russell Islands and
Ngella (SIBC 2018b). There are regular crossings
from Honiara and boats often carry materials, such as
chicken manure and plant materials, which are attrac-
tive to the beetles. Distances are greater to outer prov-
inces such as Temotu, and the remote Ontong Java
Atoll, so it is likely that larger ships or even aircraft
were unwittingly involved in transportation. CRB
adults are large, long-lived beetles, attracted to light,
fruits and decaying organic matter (Bedford 1980).
Rapid spread on a contiguous landmass is not surpris-
ing as CRB movement of 1-3 km per month has been
reported (Gorick 1980; Jacob 1996; Young 1974).
Flight across short sections of ocean is possible but
for widely separated islands human mediated trans-
port is more likely.
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CRB-S

The invasion front from CRB-S haplotype appears
to have started in the Shortland Islands, most likely
spreading from Papua New Guinea (PNG). CRB has
been present in the outer island provinces of PNG
since 1940s (Bedford 1976) and in the Autonomous
Region of Bougainville since 1980s (Moxon & Hela
1989). Subsequently, on Bougainville Islands we
found CRB-S (clade II) and a new variant of CRB-S
(clade II) with a single SNP difference (GenBank
accessions: 0L546395-0L546457). Invasion of
CRB-S into Solomon Islands is not entirely surpris-
ing as the Shortland Islands are adjacent to the Bou-
gainville Islands.

COI sequences for 139 CRB-S samples from
across Solomon Islands corresponded to the clade II
haplotype with the majority (131/139) being identical
to the PNG reference sequences found in New Brit-
ain, New Ireland, and New Guinea Island (Marshall
et al. 2017). The remaining eight CRB matched to the
new CRB-S clade II variant. It is likely that the initial
invasive CRB population in Western Province was
present before the start of this study.

On Guadalcanal, one CRB-S beetle was found
among field collected beetles that were used for bio-
assays in 2018 with subsequent detections of CRB-S
from the Honiara pheromone traps later in 2019. This
agrees with Etebari et al. 2021 who reported CRB-S
from Guadalcanal in 2019. CRB-S were likely
imported through commercial shipping services to
Honiara and then subsequently spread to Malaita
and Isabel provinces, although accidental escape
cannot be ruled out because live CRB-S beetles
were imported from Western Province for research
purposes in 2016. The establishment of CRB-S in
Honiara has provided the opportunity for interbreed-
ing between haplotypes and development of mixed
populations.

Haplotypes and interbreeding

In Solomon Islands, we have only found two haplo-
types from 396 samples (257 clade I* and 139 clade
II) except for the single minor variant within clade II
for 8 specimens. This indicates that there have only
been two invasive episodes which is consistent with
local knowledge of origins and the pattern of spread.
Surprisingly, Etebari et al. (2021) reported two CRB
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clade III samples collected from Guadalcanal (Gen-
bank MN809505 SOL GC hap 4) with sequences
identical to the Marshall et al. (2017) reference
sequences found in Samoa, Fiji, India and Diego Gar-
cia. Despite extensive sampling on Guadalcanal, no
individuals with haplotypes corresponding to CRB
clade III were found in this study. Neither did we find
specimens of the 3 additional novel haplotypes of
CRB from Solomon Islands proposed by Etebari et al.
(2021). The majority of Solomon Islands samples
from the Etebari et al. (2021) study matched the refer-
ence haplotypes CRB-G clade I* (59/61) and CRB-S
clade II (14/20) from Marshall et al. (2017).

The arrival of CRB-S on Guadalcanal and subse-
quent spread in the central Solomon Islands (Guadal-
canal, Ngella, Russell Islands, Malaita, and Isabel)
has led to mixed populations (CRB-G/CRB-S). We
cannot determine if these haplotypes arrived simulta-
neously or independently on these islands, but mixed
populations raise the possibility of interbreeding.
However, as we have shown, CRB exists mostly in
monophyletic groups in discrete populations, either
CRB-G or CRB-S, through Solomon Islands, with no
opportunity for interbreeding. In mixed populations,
offspring may carry nuclear traits from either parent.
Currently the mixed populations recorded are domi-
nated by the CRB-G haplotype marker. Despite its
maternal mode of inheritance, mitochondrial mark-
ers (e.g., COI) are effective in detecting invasions
(Rubinoff & Holland 2005). The mitochondrial based
CRB haplotype marker was developed by Marshall
et al. (2017) because it showed strong correlation to
resistance to the historic OrNV strain used for biolog-
ical control of CRB. The nuclear genes responsible
for virus resistance are not yet known.

OrNV

All field collected CRB specimens from Solomon
Islands were OrNV-free until the virus was first
isolated from CRB-G in June 2019 and CRB-S in
September 2019 in the vicinity of Honiara (Guadal-
canal). In the subsequent surveys, CRB-G samples
from Malaita in 2019 were also positive for the virus,
indicating that the virus had spread between islands.
Notably, all CRB-S and CRB-G samples from
seven provinces including Central, Choiseul, Isabel,
Makira-Ulawa, Rennell-Bellona, Temotu and West-
ern provinces were OrNV free.

OrNV was imported for research purposes into
Guadalcanal from 2016 onwards (SIBC 2018a).
The virus circulating in the Honiara population was
sequenced by Etebari et al. (2020) but was not com-
pared with virus strains tested against CRB-G during
bioassay screening (Marshall et al. 2016) so escape
of OrNV cannot be ruled out. While virus has been
detected in CRB-G specimens, this has occurred only
where there are mixed haplotype populations. Fur-
thermore, the extent of virus infection in the mixed
populations is lower than would be expected in pure
susceptible populations. Both factors suggest inter-
breeding of CRB-G and CRB-S on Solomon Islands
and require further study. In this study, OrNV posi-
tive CRB-G were collected from Guadalcanal and
Malaita. Previously all CRB-G collected from out-
break populations in Guam, PNG and the initial
samples from Honiara, have been OrNV free. It is
possible that the OrNV positive CRB-G from this
study were offspring of maternal CRB-G and pater-
nal CRB-S as they were only found in mixed popu-
lations. No virus was found in solely (monophyletic)
CRB-G (clade I*) populations. High virus infec-
tion rates (more than 80%) reported by Etebari et al.
(2021) may be due to virus transmission between bee-
tles during the trapping process (Moslim et al. 2011)
and are inconsistent with this study, which is based on
more than 100 independent beetle collections.

Pest management implications

Two CRB haplotypes continue to spread within Sol-
omon Islands from two centres of origin: CRB-G
(clade 1%) from Honiara and CRB-S (clade II)
from Shortland Islands. Both invasive CRB popu-
lations are largely virus-free and highly damag-
ing to palms. The extent and the intensity of CRB
incursions, however, vary based on provinces and
between locations within each province. By 2020,
outbreak areas ranged from the extensive, highly
damaging populations on Guadalcanal, Malaita
and Nggella to the small outbreak areas on Isabel,
Choiseul and Makira-Ulawa with low trap catch
numbers and damage limited to a few palms. It is
likely that the latter sites represent new outbreak
areas with the potential for population growth.
CRB is thought to have established in Honiara at
least 2—3 years before January 2015, allowing time
for large populations to develop. Response plans,
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therefore, should be tailored to reflect the outbreak
levels as well as the presence of CRB-G or CRB-S.
To manage small, isolated outbreaks, it is important
to locate and destroy CRB breeding sites through
surveillance and sanitation activities (including
destroying organic waste and dead palm trunks).
Management of CRB-G will be difficult without
introduction of a self-replicating biological control
agent, therefore, local government and international
partners should prioritize research on testing native
and exotic entomopathogens against CRB-G (Pau-
del et al. 2021a). Until a viable biological control
agent is found, it is important to contain the beetle
and stop further spread through surveillance, sanita-
tion, and enforcing strict local quarantines. Efforts
should be intensified to prevent transport of the bee-
tle to currently uninfested islands with an awareness
campaign to warn locals and stakeholders in poten-
tial points of entry and to ensure quick detection of
new CRB incursions. Successful control of CRB-S
in the past has been achieved using OrNV (Huger
2005; Jackson 2009). Therefore, in areas where only
CRB-S is present (e.g., northwestern region), OrNV
strains used historically against CRB-S should be
tested and released to reduce CRB spread and dam-
age. For CRB-G and mixed (CRB-S/CRB-G) popu-
lations a range of strains of OrNV should be tested.
The presence of an OrNV strain circulating in the
mixed Honiara and Malaita populations suggests
some susceptibility to the virus, but to date trans-
mission and spread have been slow. The challenge
remains to find a more effective strain of OrNV,
especially against the invasive CRB populations in
Solomon Islands, and incorporate it into an inte-
grated pest management (IPM) programme for con-
trol of the pest.
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