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Abstract

Incursions of the Coconut rhinoceros beetle (CRB), Oryctes rhinoceros, have been detected in several
countries of the south west Pacific in recent years, resulting in an expansion of the pest’s geographic
range. It has been suggested that this resurgence is related to an O. rhinoceros mitochondrial lineage
(previously referred to as the CRB-G “biotype™) that is reported to show reduced susceptibility to the
well-established classical biocontrol agent, Oryctes rhinoceros nudivirus (OrNV). We investigated O.
rhinoceros population genetics and the OrNV status of adult specimens collected in the Philippines and
seven different South Pacific island countries (Fiji, New Caledonia, Papua New Guinea (PNG), Samoa,
Solomon Islands, Tonga, and Vanuatu). Based on the presence of single nucleotide polymorphisms
(snps) in the mitochondrial Cytochrome C Oxidase subunit | (Coxl) gene, we found three major
mitochondrial lineages (CRB-G, a PNG lineage (CRB-PNG) and the South Pacific lineage (CRB-S))
across the region. Haplotype diversity varied considerably between and within countries. The O.
rhinoceros population in most countries was monotypic and all individuals tested belonged to a single
mitochondrial lineage (Fiji, CRB-S; Tonga, CRB-S; Vanuatu, CRB-PNG; PNG (Kimbe), CRB-PNG;
New Caledonia CRB-G; Philippines, CRB-G). However, in Samoa we detected CRB-S and CRB-PNG
and in Solomon Islands we detected all three haplotype groups. Genotyping-by-Sequencing (GBS)
methods were used to genotype 10,000 snps from 230 insects across the Pacific and showed genetic
differentiation in the O. rhinoceros nuclear genome among different geographical populations. The
GBS data also provided evidence for gene flow and admixture between different haplotypes in Solomon
Islands. Therefore, contrary to earlier reports, CRB-G is not solely responsible for damage to the
coconut palms reported since the pest was first recorded in Solomon Islands in 2015. We also PCR-
screened a fragment of OrNV from 260 insects and detected an extremely high prevalence of viral
infection in all three haplotypes in the region. We conclude that the haplotype groups CRB-G, CRB-S,
and PNG, do not represent biotypes, subspecies, or cryptic species, but simply represent different
invasions of O. rhinoceros across the Pacific. This has important implications for management,
especially biological control, of Coconut rhinoceros beetle in the region.
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1. Introduction

Coconut rhinoceros beetle (CRB), Oryctes rhinoceros (L.) (Coleoptera: Scarabaeidae) is a
serious threat to livelihoods in the Pacific islands, where coconut (Cocos nucifera), “the tree
of life”, is an essential food, fibre and timber resource that also provides coastal protection for
five million vulnerable people. Oryctes rhinoceros was unintentionally introduced to Samoa
from its native Southeast Asia in 1909 and it has since spread to many parts of the region,
causing devastating losses of coconut palms (Zelazny, 1977b). In 2015 the pest was recorded
in Solomon Islands for the first time (Marshall et al., 2017) where it threatens the country's
SBD$140 million coconut industry and the livelihoods of 40,000 rural households (Tsatsia et
al., 2018).

The introduction of Oryctes rhinoceros nudivirus (OrNV) from Malaysia into Samoa in the
1960s (Marschal, 1970), and then elsewhere in the region, resulted in suppression of O.
rhinoceros populations and reduced damage to palms (Bedford 2013; Huger 2005). The
biological control O. rhinoceros by OrNV is widely considered to be a landmark example of
classical biological control and it represents one of the few examples of classical biological
control involving an entomopathogen (Caltagirone et al., 1981). As such, the system is of
considerable ecological and applied significance. New incursions of O. rhinoceros into
countries and territories that were previously free of the pest have been reported in recent years,
beginning in Guam (2007) and followed by Hawaii (2013), Solomon Islands (2015) and most
recently Vanuatu and New Caledonia (2019). It has been suggested that this resurgence and
spread of the pest is related to an OrNV-tolerant haplotype, “CRB-G”, which is identified by
single nucleotide polymorphisms (snps) in the Cytochrome C Oxidase subunit I (Coxl)
mitochondrial gene (Marshall et al., 2017). This haplotype group has previously been identified
throughout much of the beetle’s native and invasive ranges, including Indonesia, the

Philippines, Taiwan, Palau, Guam and Solomon Islands (Marshall et al. 2017; Reil et al. 2016).

Currently, there is no genetic evidence explaining why the CRB-G haplotype might be less
susceptible to OrNV than the CRB-S haplotype that first established in the region. Although,
the possibility of O. rhinoceros tolerance/ resistance to the virus and/ or the presence of low
virulence isolates of virus in different regions has been proposed (Zelazny and Alfiler 1991,
Zelazny et al. 1992), there is no compelling evidence to support this (Huger 2005). OrNV
causes chronic infection rather than rapid mortality in its adult hosts, reducing feeding, flight
activity, oviposition and mating (Zelazny, 1977a, b). Such chronic effects do not necessarily

cause immediate declines in adult populations and studies have shown virus introductions into
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new islands can decrease adult populations by as little as 10-20% of the original beetle
population density (Zelazny and Alfiler 1991). The impact of OrNV can, however, be

considerable, especially when it is integrated into a wider management approach.

The CRB-S and CRB-G haplotype groups only co-occur in a small number of places, and
they have been referred to as biotypes. However, data to support the contention that they are
biologically and/or ecologically distinct is lacking and it has not previously been established
whether or not O. rhinoceros from the different haplotype groups interbreed freely with each
other when they co-occur in sympatry. This study set out to characterize the genetic variability
of O. rhinoceros populations sampled across the Pacific Islands and to estimate the incidence
of OrNV infection in the sampled insects. By combining a genotyping-by-sequencing approach
with Coxl sequencing we were able to investigate gene flow across the different haplotype

groups using multiple nuclear snp markers.
2. Materials and Methods
2.1 Insect Collection

Adult O. rhinoceros were collected in traps baited with aggregation pheromone
(Oryctalure, P046-Lure, ChemTica Internacional, S. A., Heredia, Costa Rica) lures.
Collections were made in Fiji (Viti Levu and Vanua Levu), New Caledonia (Nouméa), Papua
New Guinea (Kimbe, New Britain), Samoa (Upolu and Savai’i), Solomon Islands
(Guadalcanal, Russel Islands, Gizo, Kolombangara and Santa Cruz Islands), Tonga
(Tongatapu), and Vanuatu (Efate) in the south west Pacific and in the Philippines (Los Banos)
between January and October, 2019. Upon removal from traps, individual beetles were
preserved in 95% ethanol in separate containers and shipped to the University of Queensland,

Brisbane, Australia for further analysis.

2.2 DNA extraction and mitochondrial CoxI gene analysis

To characterise the different mitochondrial DNA haplotypes in the O. rhinoceros samples
from across the region, we sequenced the Coxl gene in 260 individuals. DNA was extracted
from a leg of adult O. rhinoceros using a DIY spin column protocol using 96-well silica filter
plates from Epoch life sciences (Missouri City, TX, USA) (Ridley et al. 2016). A small
fragment of the Coxl gene was amplified in these individuals with the primers LCO1490 and

HCO02198 (Folmer et al. 1994). PCRs were carried out as 25 pl reactions containing 0.03 units
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of MyTaq™ (Bioline), 1 x buffer and 0.2 uM of forward and reverse primers and 2 pl of
template DNA. The PCR conditions were as follows: 95°C for 3 min, 40 cycles consisting of
denaturation at 95°C for 15s, annealing at 55°C for 30s and 72°C for 15s. PCR products were
cleaned using one unit each of Exonuclease | and Antarctic Phosphatase (New England
Biolabs, Massachusetts, USA), with sequencing reactions performed using an ABI3730
Genetic Analyzer (Applied Biosystems) at Macrogen Inc. Seoul, South Korea. PCR products
were sequenced bi-directionally after confirmation by 1% agarose gel electrophoresis. After
primer trimming and alignment, these two Coxl regions overlapped by 621 bp and this segment
was used for further phylogenetic analysis using CLC genomic workbench version 12. We
used the Jukes-Cantor algorithm to measure nucleotide distance under the UPGMA model and
ran multiple gene alignment for overlapped regions among the samples from different
countries. The haplotype network was generated based on 621 bp of the Coxl gene region from
a total of 260 individuals by POpART 1.7.2 (Leigh and Bryant 2015).

Genotyping-by-Sequencing analysis

To assess gene flow across the nuclear genome of these populations we generated genome-
wide snp data using a genotyping-by-sequencing method. We followed the protocol and
adaptor regime described by (Hereward et al. 2020), which is based on the methods of (Elshire
et al. 2011), (Poland et al. 2012) (Peterson et al. 2012), with barcodes based on (Caporaso et
al. 2012). Briefly, samples were normalised to 200ng and double-digested with Mspl and Pstl,
we ligated 96 unique forward barcodes, and three different plates of reverse barcodes so that
every sample had a unique forward and reverse barcode combination. Each plate of 96 samples
was then pooled and size selected on a Blue Pippin (Sage Science) to 300-400bp. Each of these
pools was PCR amplified to complete the adaptors and add indices. We then normalised and
pooled these three PCR products for a total of 288 individuals per sequencing lane, and

sequenced the libraries with PE150 Illumina sequencing at Novogene (Beijing, China).

The sequence data were demultiplexed, assembled, and snps called using STACKS
(Catchen et al 2013). We then filtered the vcf using vcftools, with the data first being filtered
to a minor allele count of three (one heterozygote and one homozygote), which allows the
conservative removal of singleton snps that are likely to be errors, without discarding rare
alleles (Linck & Battey 2019). We set a minimum depth of 5, and kept only biallelic snps. We
filtered the data for missing data in three steps. First, any marker missing more than 50% data

was discarded (i.e. 50% of individuals were not genotyped at that marker), to remove the
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markers most affected by missing data. Second, any individual that had missing data at more
than 50% of the markers was discarded, to remove the individuals that had poor quality
genotyping. Finally, any marker missing more than 5% data was discarded to produce a filtered
dataset with relatively little missing data (~3%). We plotted a PCA (Principal Component
Analysis) graph using adegenet package in R (Jombart 2008), and then ran structure (Pritchard
et al. 2000). Structure is an individual-based clustering algorithm that assigns individuals to
each of K population clusters using Hardy-Weinberg equilibrium and linkage information in
genetic markers. We kept only one snp per locus, so the total number of snps was reduced to
9,6009.

Incidence of OrNV infection in adult O. rhinoceros.

To determine the incidence of OrNV in O. rhinoceros specimens collected in the field from
across the Pacific, the gut tissue was carefully dissected from adult beetles and total DNA from
individual specimens was extracted as described previously. The presence of OrNV in gut
tissue was confirmed by PCR amplification of a 945 bp product using the OrV15 primers that
target the OrNV-gp083 gene (Richards et al. 1999). The PCR product was visualized by gel

electrophoresis and validated by Sanger sequencing.

Results

Mitochondrial CoxI analysis

Twelve different haplotypes, each belonging to one of three major mitochondrial lineages
(CRB-S, CRB-G and CRB-PNG) were identified in field-collected O. rhinoceros (Fig. 1).
These sequences have been submitted to NCBI under GenBank accession numbers
MN809502-MN809525.

Haplotype diversity varied considerably between regions, and between and within
countries. In Tonga, the population was completely monotypic and all individuals tested
belonged to a single mitochondrial lineage (CRB-S; Fig. 1). The population in Fiji contained
four different haplotypes, all of which also belonged to the CRB-S lineage (Fig. 1). In samples
from Samoa, three distinct haplotypes were identified; two of these were more frequent in the
population and both belonged to the CRB-S lineage. A third haplotype, which differed from
the other haplotypes in Samoa by 4 to 6 base pairs (Figs.1 and 2; Table 1), belonged to the
CRB-PNG lineage. The haplotype network generated for the Coxl gene suggests that O.
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rhinoceros from Tonga and Fiji, and most of those collected from Samoa, are almost identical

with low mitochondrial genetic variation between these individuals (Fig. 2 and Table 1).
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Figure 1. Phylogeny of O. rhinoceros based on partial Coxl gene sequence (621bp). 12 different haplotypes
of O. rhinoceros, in three major haplotype clades (CRB-PNG, CRB-S and CRB-G) were identified.
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All O. rhinoceros individuals collected from PNG (Kimbe, New Britain) belonged to the
CRB-PNG haplotype lineage and insects conforming to this haplotype lineage were also
identified in samples from Vanuatu, and Solomon Islands (Malo, Santa Cruz Islands; Gizo;
Guadalcanal and Russell Islands) (Figs. 1 and 2; Table 1). Insects with a high degree of
similarity to this haplotype group were identified from Solomon Islands (Guadalcanal) and
Samoa (Figs. 1 and 2). This haplotype group showed maximum polymorphism (5-8 nucleotide
differences) compared to other haplotypes collected from the south Pacific islands and the
Philippines (Table 1).

Four haplotypes conforming to the haplotype group previously described as CRB-G were
detected in insects collected in Solomon Islands (Guadalcanal, Russel Islands and
Kolombangara), New Caledonia, and in the Philippines (Figs. 1 and 2; Table 1). This group of
insects showed more similarity to the CRB-S lineage than to the CRB-PNG lineage based on
the number of SNPs in their Coxl gene (Table 1).

® PNG Solomon Islands @ Fiji ® Philippines
Vanuatu ® Samoa ® Tonga @ New Caledonia

Q 10 samples

CRB-PNG

Figure 2. O. rhinoceros CoxI haplotype network. The network is based on 621 bp of the CoxI gene region from
a total of 260 individuals collected from Pacific Islands (created in PopART (Leigh and Bryant 2015)). The circles
represent haplotypes and their diameters are proportional to relative abundance across all samples in the study
(black circles along branches represent single nucleotide differences). The different colours show the distribution
of the different haplotypes between the different countries.
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Table 1. Pairwise comparison of CoxI gene sequence for 12 identified CRB haplotypes in the Pacific. Upper comparisons represent the number of single nucleotide
differences between haplotypes and lower comparisons are the percentage of similarity between haplotypes.

Mitochondrial Lineages Haplotype #1  Haplotype #2  Haplotype #3  Haplotype #4 Haplotype #5 Haplotype #6 Haplotype #7 Haplotype #8 Haplotype #9 Haplotype #10 Haplotype #11 Haplotype #12
CRB-PNG Haplotype #1 1 1 7 5 6 6 6 7 8 6 8
CRB-PNG Haplotype #2 99.84 2 6 4 5 5 5 6 7 7
CRB-PNG Haplotype #3 99.84 99.68 6 4 5 5 5 6 7 5 7
CRB-S Haplotype #4 98.87 99.03 99.03 2 3 3 3 4 5 5 3
CRB-S Haplotype #5 99.19 99.36 99.36 99.68 1 1 1 2 3 3 3
CRB-S Haplotype #6 99.03 99.19 99.19 99.52 99.84 2 2 3 4 4 4
CRB-S Haplotype #7 99.03 99.19 99.19 99.52 99.84 99.68 2 3 4 4 4
CRB-S Haplotype #8 99.03 99.19 99.19 99.52 99.84 99.68 99.68 3 4 4 4
CRB-G Haplotype #9 98.87 99.03 99.03 99.36 99.68 99.52 99.52 99.52 1 1 1
CRB-G Haplotype #10 98.71 98.87 98.87 99.19 99.52 99.36 99.36 99.36 99.84 2 2
CRB-G Haplotype #11 99.03 99.19 99.19 99.19 99.52 99.36 99.36 99.36 99.84 99.68 2
CRB-G Haplotype #12 98.71 98.87 98.87 99.52 99.52 99.36 99.36 99.36 99.84 99.68 99.68

Haplotype #1: Solomon Islands (Malo; Santa Cruz, Gizo, Guadalcanal and Russell Island), PNG (New Britain) and Vanuatu
Haplotype #2: Samoa

Haplotype #3: Solomon Islands (Guadalcanal)

Haplotype #4: Samoa

Haplotype #5: Fiji, Tonga, Samoa and Solomon Islands (Guadalcanal)

Haplotype #6: Fiji

Haplotype #7: Fiji

Haplotype #8: Fiji

Haplotype #9: Solomon Islands (Guadalcanal, Kolombangara; Russell Island), Philippines and New Caledonia
Haplotype #10: Solomon Islands (Guadalcanal)

Haplotype #11: Solomon Islands (Guadalcanal)

Haplotype #12: Philippines
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Genotyping-by-Sequencing analysis

Data based on nuclear DNA analysis shows the O. rhinoceros population in Solomon
Islands is admixed, with both the CRB-G and CRB-PNG haplotypes showing clear evidence
of gene flow in the PCA plot and in the structure analysis (Fig. 3). Specimens from Tonga,
Fiji and Samoa clustered very close to each other in the PCA, with samples from Tonga and
Fiji clustering particularly close together (Fig. 3A). The beetles from all three of these countries
belong to the CRB-S mitochondrial haplotype group (Fig 3B), and the genetic differentiation
detected between them has likely occurred since they initially invaded the region. The beetles
collected from PNG clustered close together in the PCA (Fig. 3A) and are distinct from those
collected in Solomon Islands, despite the admixture between the CRB-PNG and CRB-G
mitochondrial lineages there (Fig. 3B). The STRUCTURE analysis with K=4 had the best
support based on the delta K method, and this placed PNG and Solomon Islands together (likely
due to the recent admixture), but separated Fiji, Tonga and Samoa into different clusters (Fig
3C). We only collected two individuals from the CRB-S mitochondrial lineage from
Guadalcanal in this study and we were unable to include them in our GBS analysis at the time

of investigation.
Incidence of OrNV infection in adult O. rhinoceros.

OrNV infection was detected in adult O. rhinoceros in all countries and infection rates were
extremely high (63-95% where > 10 individual insects were tested) in all mitochondrial
lineages (Table 2). We detected several OrNV infected beetles from each of the different
haplotypes collected in Solomon Islands. Detection of OrNV infection in the small number of
specimens collected from more remote area like the Santa Cruz Islands demonstrates that
OrNV is widely distributed in O. rhinoceros populations in Solomon Islands, but it does not
provide reliable information on the prevalence of the pathogen in those outlaying region.
Nonetheless, testing 96 wild caught O. rhinoceros adults collected in Guadalcanal and Russel
Islands indicated that >80% of beetles were infected with OrNV and similarly high infection
rates (>90%) were recorded in O. rhinoceros collected from New Caledonia and Vanuatu
(Table 2).

Discussion

Understanding gene flow and genetic variation in O. rhinoceros populations can help
explain active evolutionary processes occurring within the species and contribute to improved

management strategies. Previously, Reil et al. (2016) examined the Coxl and carbamoyl-
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phosphate synthetase, aspartate transcarbamylase, dihydroorotase (Cad gene) nuclear genes in
O. rhinoceros collected from their native range in Asia and the invaded islands of Palau, Oahu,
Guam and American Samoa in the Pacific, but lack of meaningful variation in the Coxl and
Cad genes prevented them from generating clear evidence for O. rhinoceros movement. More
recently, Marshall et al. (2017) suggested that two major mitochondrial CoxI haplotype groups
correspond to two invasion fronts of O. rhinoceros across the Pacific and that one of them, the
CRB-G haplotype group, was associated with increased tolerance to resistance to OrNV. These
haplotype groups have been referred to as “biotypes”, but it is not clear if any biological

features of the insect are tied to these two mitochondrial lineages.
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Figure 3. PCA plots of the GBS data coloured by country of origin (A), and by CoxI haplotype lineage (B). A
STRUCTURE plot (C) shows the assignment of individuals to each of four genetic clusters, each bar represents
one individual and the colour indicates the posterior probability of assignment to each cluster.
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Table 2. Incidence of OrNV infection in Adult O. rhinoceros

O. rhinoceros mitochondrial lineage

O. rhinoceros origin CRB-S CRB-PNG CRB-G Overall infection
Country Location No. tested No. OrNV +ve (%) No.tested No. OrNV +ve (%) No.tested No. OrNV +ve (%) rate (%)
Fiji Viti Levu 21 21 (100) - - - - 100
Vanua Levu 17 15 (88) - - - - 88
Solomon Islands Guadalcanal, Dorma 2 0 (0) 12 9 (75) 26 16 (64) 63
Guadalcanal, Mbalasuna - 17 17 (100) 21 21 (100) 100
Russel Islands - - - - 18 16 (89) 89
Gizo - - 1 0(0) - - 0
Kolombangara - - - - 1 0 (0) 0
Santa Cruz Islands 4 2 (50) - - 50
Tonga Nuku'alofa 20 19 (95) - - - - 95
Samoa Upolu 10 7 (70) 1 1 (100) - - 73
Savai'i 18 18 (100) - - - - 100
New Caledonia Noumea - - - - 10 10 (100) 100
Vanuatu Efate - - 5 4 (80) - - 80
Papua New Guinea New Britain, Kimbe - - 15 11 (73) - - 73
Philippines Los Bafios - - - - 9 7(78) 78
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In this study we combined multiple nuclear markers with the mitochondrial CoxI data and
OrNV screening to provide clarity on the genetic structure of the O. rhinoceros population
across the south Pacific and on the relationships between the different haplotype groups and
OrNV infection. The O. rhinoceros population in most countries was monotypic, with all
individuals tested belonging to a single mitochondrial lineage; in Fiji and Tonga insects were
from the CRB-S haplotype group, in PNG and Vanuatu they were from the CRB-PNG group
and in New Caledonia they were from the CRB-G group (Fig. 1). However, in Samoa insects
from both the CRB-S and CRB-PNG haplotype groups were detected and in Solomon Islands
all three haplotype groups were represented in samples (Fig. 1). While the incidence of OrNV
infection in samples varied, high levels of infection were recorded in all O. rhinoceros
haplotypes wherever they were found (Table 2).

In Solomon Islands, admixture and gene flow between CRB-PNG and CRB-G was
detected when both mitochondrial lineages were present in the same geographical location.
Our also data shows that the CRB-PNG haplotype is more distantly related to the CRB-G
haplotype than is the CRB-S haplotype, suggesting that CRB-S and CRB-G haplotypes are also
likely to become admixed when they are brought into sympatry. Such a pattern has been
observed in Palau where both the CRB-S and the CRB-G haplotypes are established (Kitalong
et al., 2018; Reil et al., 2018). These different haplotype groups therefore do not represent
cryptic species, subspecies, or biotypes; more simply, they represent separate invasion fronts

of O. rhinoceros across the Pacific.

The current Coxl based haplotype diagnostics likely do not reflect any significant
biological differences between insects and they are only diagnostic for movement of beetles of
a given haplotype lineage into a region. The lack of meaningful mitochondrial diversity in O.
rhinoceros populations from Tonga, Samoa and Fiji probably reflects a shared invasion history
in these countries. In places such as Solomon Islands, where multiple haplotype groups are
present and there is obvious introgression between them (Fig. 3), the utility of CoxI based
haplotype diagnostics in even this respect is limited as insects can only be traced back through
the maternal line. In areas of introgression, they cannot be used to draw meaningful conclusions
about the movement of insects or their likely susceptibility to OrNV. For example, male insects
from the CRB-G mitochondrial lineage that mate with female insects from a different
haplotype would produce offspring undetectable as CRB-G using CoxI haplotype diagnostics,

but they would carry paternal nuclear genes, including those mediating interations with viruses
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and other pathogens. Similarly, females from the CRB-G mitochondrial lineage that mate with
males from another haplotype would produce offspring detectable as CRB-G but the genetic

material in their nuclear genome would be from both parents.

Misinterpretation of the current pest situation and the critical genetic relationships between
populations can mislead our primary understanding of O. rhinoceros biology, waste diagnostic
resources, and prevent the development of appropriate control strategies. It has been suggested
that O. rhinoceros belonging to the CRB-G lineage cause more damage to host palms than
insects from the other lineages (Marshall et al., 2018), but definitive evidence is lacking.
Furthermore, the O. rhinoceros that have recently invaded Vanuatu belong to the CRB-PNG
mitochondrial lineage and they are positive for OrNV, while those that have invaded New
Caledonia belong to the CRB-G mitochondrial lineage and they are also positive for OrNV.
This indicates that genetic and phenotypic characteristics that have been associated with CRB-
G are not unique to this haplotype. Invasions of islands by O. rhinoceros are likely to be human
mediated (Reil et al., 2016) and the CRB-PNG group is as able as the CRB-G group take
advantage of this to expand its range, and both lineages are susceptible to OrNV. As in the
Solomon Islands, individuals responsible for these new invasions could be the progeny of
parents from different mitochondrial lineages (CRB-PNG and CRB-G) but they are only
identifiable based on their maternal mitochondrial lineage.

Resistance to OrNV in the CRB-G mitochondrial lineage has been suggested because of
an absence of OrNV infection in wild caught insects from this haplotype group and the results
from laboratory bioassays investigating the susceptibility of adult O. rhinoceros from the
Guam population of this lineage to OrNV (Marshall et. al., 2017). Contrary to our findings,
OrNV infection was not detected in O. rhinoceros from the CRB-G mitochondrial lineage
collected in Solomon Islands or the Philippines, but it was detected in insects from this lineage
collected from Palau (Marshall et al. 2017), where the CRB-G and CRB-S lineages occur in
sympatry. Interestingly, Kitalong et al., (2018) found very high rates of OrNV infection both
haplotypes in Palau (83% in CRB-G and 92% in CRB-S), supporting our findings of a high
incidence of OrNV infection in all haplotypes in the Pacific Islands and the Philippines (Table
2). In laboratory bioassays, oral treatment of CRB-G adults with a range of OrNV isolates
failed to induce significantly greater mortality than in untreated control insects but injection of
these isolates into the adult haemocoel did cause increased mortality (Marshall et al., 2017).

Although OrNV infection can be fatal to all developmental stages O. rhinceros except eggs, in
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adults the disease is chronic, reducing feeding, flight, oviposition and male mating activity
(Zelazny 1977ab) and it does not typically present with any obvious external symptoms
(Burand, 1998). Such effects are typical of nudivirus infections as the viruses usually replicate
in reproductive tissues and cause sterility in the host (e.g. Unckless 2011). Thus, measuring
adult mortality alone is not an appropriate method to assess the pathogenicity or virulence of
OrNV in its host and results of such studies are only meaningful when control insects known

to be susceptible to the pathogen are included in simultaneous assays.

Low nudivirus mortality rates in infected insects may not be related to host resistance to
the pathogen but rather due to changes in the virus (Hill and Unckless, 2011). We recently
determined the full length of the OrNV genomic sequence from an infected O. rhinoceros adult
(CRB-G mitochondrial lineage) collected in the Solomon Islands (Etebari et al. 2020a). The
complete circular genome of the virus has 138 amino acid modifications in 53 coding regions
when compared with the originally described full genome sequence of the Ma07 strain from
Malaysia (NC_011588). Although this demonstrates considerable change in the pathogen,
further sequence analyses of more OrNV isolates and investigation of their effects on host
insects from multiple populations is needed to determine if such mutations compromise the

efficacy of OrNV as a biocontrol agent.

The origin of the OrNV that we found infecting O. rhinoceros in Solomon Islands is not
known. Analysis of OrNV genomic structural and transcriptional variation in samples collected
across the Pacific and the Philippines showed that OrNV strains from Solomon Islands and the
Philippines are closely related, while those from PNG and Fiji formed a distinct adjacent clade
(Etebari et al., 2020b). The high level of similarity between the OrNV in Solomon Islands and
the Philippines and lack of evidence that OrNV from the Philippines has been introduced,
suggests that the OrNV now infecting O. rhinoceros in Solomon Islands arrived with an

incursion of infected O. rhinoceros that originated in Southeast Asia.

In conclusion, the different haplotypes of coconut rhinoceros beetle reported in the south
west Pacific do not represent biotypes, subspecies, or cryptic species. Rather, they represent
the different invasion histories of the pest. This renders Coxl inappropriate as a diagnostic
marker for other traits, especially in countries, such as Solomon Islands, where the lineages
associated with different invasion fronts have come back into sympatry and are admixed.
Although we found OrNV infecting all mitochondrial lineages of O. rhinoceros across the

Pacific, our knowledge of the host-pathogen interaction remains limited. Molecular analysis of
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different haplotypes of O. rhinoceros in response to OrNV is necessary to identify the
mechanism of potential resistance to OrNV. Further work is also required to establish the
evolutionary history of OrNV in these regions in combination with a better understanding of
the population genetics of O. rhinoceros across the Pacific.
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