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Abstract

Fibropapillomatosis (FP) is a marine turtle disease recognised by benign tumours on the

skin, eyes, shell, oral cavity and/or viscera. Despite being a globally distributed disease that

affects an endangered species, research on FP and its likely causative agent chelonid

alphaherpesvirus 5 (ChHV5) in Australia is limited. Here we present improved molecular

assays developed for detection of ChHV5, in combination with a robust molecular and phy-

logenetic analysis of ChHV5 variants. This approach utilised a multi-gene assay to detect

ChHV5 in all FP tumors sampled from 62 marine turtles found at six foraging grounds along

the Great Barrier Reef. Six distinct variants of ChHV5 were identified and the distribution of

these variants was associated with host foraging ground. Conversely, no association

between host genetic origin and ChHV5 viral variant was found. Together this evidence sup-

ports the hypothesis that marine turtles undergo horizontal transmission of ChHV5 at forag-

ing grounds and are unlikely to be contracting the disease at rookeries, either during mating

or vertically from parent to offspring.

Introduction

Fibropapillomatosis (FP) is a marine turtle disease, characterised by the growth of benign

tumours on the skin, eyes, shell, oral cavity and/or viscera. This disease has been reported in

every species of marine turtle but predominantly affects the endangered green turtle (Chelonia
mydas) [1]. Although benign, FP tumours are physically debilitating as their positioning can

impair vision, feeding and locomotion [2–4], leaving the affected turtle with increased vulnera-

bility to predation, starvation and boat-strike. Turtles with FP are typically chronically stressed

[5] and immunosuppressed [5, 6] and are therefore susceptible to secondary infections and

opportunistic pathogens. FP has a global distribution, with prevalence rates varying spatially

and temporally [1]. Such variance in disease prevalence creates a unique challenge for
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environmental managers; a more solid understanding of this disease is critical for the develop-

ment of informed management plans.

Although the causative agent of FP is yet to be confirmed, studies have consistently reported

a link between FP tumours and the presence of a herpesvirus [7–9]. As this virus could not be

cultured in vitro until recently [10], there has been an increase in studies utilizing molecular

methods to better understand this herpesvirus [11–23]. These studies have added to the body

of evidence linking a turtle-specific herpesvirus, known as chelonid alphaherpesvirus 5

(ChHV5), and FP. As such, ChHV5 is now generally accepted as the likely causative agent of

this disease.

Genetic variation of ChHV5 is an emerging field, wherein four distinct clades of ChHV5

have been described globally (eastern Pacific, western Atlantic and eastern Caribbean, Midwest

Pacific, and Atlantic [24]. Samples collected from turtles from a particular region tend to clus-

ter into the associated phylogeographic group. For example, samples from Brazil cluster into

the Atlantic [23] and samples from Ecuador into Pacific [25]. Variation in ChHV5 has also

been described at more local levels, with four variants in Florida [26] and six variants in Brazil

[23]. A geographic influence on the distribution of these variants has been reported in both

Brazil [23], Florida [26], Hawaii [27] and most recently, Australia [28]. Characteristically, tur-

tles at a particular foraging ground are infected with the same viral variant, which is distinct

from variants found at other foraging locations within a particular region [23, 24, 26–29].

Marine turtles have a complex life-history, spanning multiple habitats, which makes it diffi-

cult to pinpoint the stage and location that ChHV5 transmission occurs. Hatchlings emerge

from rookeries in tropical and subtropical regions where they then undertake a pelagic exis-

tence. Several years later, they recruit into inshore foraging grounds as juveniles [30]. The tur-

tles at these foraging grounds originate from multiple regional rookeries [31–33] and have

strong site fidelity to both the foraging ground they inhabit and the rookery from which they

originated. Turtles will attempt to return to their rookery to breed and nest at the onset of sex-

ual maturity [34]. Due to this natal philopatry, turtles originating from rookeries in a particular

region are genetically distinct stocks. Transmission of ChHV5 may occur at the rookery, the

foraging ground, or in transit between these habitats. Assessing distribution patterns of

the virus may provide an indication as to which of these locations, if any, is the site of

transmission.

If ChHV5 transmission is vertical, occurring at rookeries from parent to offspring, a homo-

geneous distribution of genetic variance of ChHV5 at each rookery would be expected [26]. In

such a situation, a link between viral variant and turtle origin (genetic stock) would also be

expected, regardless of sampling location. Conversely, if ChHV5 transmission is occurring

horizontally at foraging grounds, a homogeneous distribution of genetic variance of ChHV5 at

each foraging ground (and heterogeneous distribution over multiple foraging grounds) would

be observed [26]. In this case, a link between viral variant and host origin would be less likely.

As FP predominantly affects juvenile/immature green turtles, horizontal transmission between

adult females at rookeries is less likely [1]. Moreover, the heterogeneity in viral variant distri-

bution observed in previous studies, coupled with high FP prevalence in juvenile/immature

turtles [1], has led to the hypothesis that ChHV5 transmission occurs upon recruitment into

inshore foraging grounds after the pelagic phase in the marine turtle life-cycle [1, 24, 26].

Whilst this hypothesis is widely accepted, a molecular link between viral variant and host ori-

gin has never been investigated using molecular methods.

Although a global understanding of FP and ChHV5 is emerging, Australia is an understud-

ied region. The Great Barrier Reef (GBR) supports some of the largest green turtle rookeries

and foraging populations in the world [35, 36] and relies heavily on the presence of green tur-

tles for ecotourism [37, 38]. Turtles with FP have been observed at multiple locations on the
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GBR since the 1970’s [39] yet, to date, only two molecular studies on ChHV5 have generated

and analyzed sequence data from samples collected in Australia [16, 28]. A geographic influ-

ence on viral variant distribution along the north Queensland coast was recently reported [28],

but a link between viral variant and host origin was not assessed. Moreover, the presence and

distribution of ChHV5 along the entire coast of the GBR has not been investigated and a solid

understanding of FP and ChHV5 on the GBR is yet to be established. As a result, marine turtle

management plans are unable to detail an effective means of managing this threat.

In order to inform management decisions and improve conservation outcomes for

C. mydas and other vulnerable turtle species, this study aims to improve our understanding of

ChHV5 along the GBR through the following objectives: Firstly, this study will improve the

resolution of the current phylogeny of ChHV5 in Australia by generating a more robust

sequence data set than has previously been used, including a larger sample size and increased

geographical locations. Secondly, the relationship between host genetic stock and viral variant

will be assessed in order to clarify the mechanisms of viral transmission.

Materials and methods

Sample origin

A total of 59 green turtles, two loggerhead (Caretta caretta) turtle and one green/hawksbill

(Eretmochelys imbricata) hybrid turtle were sampled across five locations along the GBR. The

majority of samples used in this study were collected opportunistically from turtles with FP

tumours, captured using the rodeo capture technique [40] at various foraging grounds along

the GBR (Fig 1). The remaining tumour samples were collected during necropsy and others

were donated (see S1 Table). The final dataset consisted of turtles from waters near Brisbane

(n = 7), Gladstone (n = 4), Airlie Beach (n = 1), Bowen (n = 27), Townsville (n = 22), and

Cairns (n = 1). These turtles were predominantly juveniles, with an age class breakdown for

the green turtles of 53 juveniles, five sub-adults and one adult. Both loggerheads were imma-

ture [41]. The green/hawksbill hybrid (QA47488) was believed to be immature, based on

ranges for both hawksbill [42] and green turtles [43].

All live turtles were sampled under permits from James Cook University Animal Ethics

Committee (A1501 and A1971), Department of Environment and Science (WISP06619309

and WISP13754613) and Great Barrier Reef Marine Park Authority (G10/33220.1 and

G36593.1).

Sample collection

All live turtles were flipper-tagged with a unique alpha-numeric inscribed titanium tag (Stock-

brands Company, Pty. Ltd., Perth, Western Australia), and had their curved carapace length

(CCL ± 2 mm) measured using a flexible tape measure. Tumour samples were collected with a

paired skin sample from the trailing edge of the front flipper of each turtle. Tissue samples

were collected using fresh, sterile, disposable scalpel blades and stored in cryovials containing

90% ethanol. Samples were stored at 4˚C prior to DNA extraction.

DNA extraction, primer design and Polymerase Chain Reaction (PCR)

DNA was extracted using the Promega Wizard1 SV Genomic DNA Purification System

according to the manufacturer’s instructions with the exception of an additional 10μL of pro-

teinase K used per reaction. Final DNA concentration was obtained by spectrophotometric

analysis (Implen Nanophotometer), using the ratios of absorption at 260nm versus 280nm to

determine DNA purity.
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Fig 1. Samples (n = 62) were collected from six locations along the Queensland coast of Australia; Brisbane (n = 7), Gladstone

(n = 4), Airlie Beach (n = 1), Bowen (n = 27), Townsville (n = 22), and Cairns (n = 1). Five of these sites are located within the Great

Barrier Reef (GBR) Marine Park, whilst Brisbane is located just south of the GBR boundary (indicated by hatched area).

https://doi.org/10.1371/journal.pone.0227268.g001
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Primers were designed to target the full-length sequence of three genes within the ChHV5

genome; 1) glycoprotein B (gB), 2) sialyltransferase (F-sial) and 3) DNA polymerase (DNA-

pol). The DNApol gene has been used extensively to determine the presence or absence of

ChHV5 [12, 13, 15, 17, 20, 21, 23, 24, 26, 29, 44] due to the highly conserved nature of the gene

[45, 46]. Conversely, the gB gene codes for glycoproteins which are located on the surface of

the virion and therefore in contact with the host immune system, likely increasing selection

pressure. This antigenic nature of gB has led to sequence variability, making it an ideal candi-

date gene for phylogenetic studies [46–48]. Moreover, [28] demonstrated that this gene is

effective in determining ChHV5 phylogeny in Australia. The F-sial gene is atypical of herpesvi-

ruses and poorly understood, but has been suggested to play a role in ChHV5 pathogenesis

[49].

We also designed and optimised a set of four overlapping primers pairs for gB. Although

each of these overlapping primer pairs could be used individually to detect and sequence frag-

ments of ChHV5, it was considered as one assay for the purpose of this study (referred to

herein as gB FullOverlap 1–4). All primer sets were designed to include the start and stop

codons within the resulting amplicon; primers targeting these regions were placed outside of

the target genes so that the resulting sequences could be trimmed to the open reading frame

(ORF). The gB primer pairs outside the ORF were designed using an alignment of two ChHV5

gB sequences available from GenBank (National Center for Biotechnology Information; NCBI,

Bethesda, Maryland), while primers pairs within the ORF were designed from an alignment of

17 ChHV5 gB sequences. The F-Sial and DNApol primer sets were similarly designed from an

alignment of two ChHV5 F-Sial sequences and two ChHV5 DNApol sequences respectively.

All primers were designed using AlleleID version 7.7 (Premier Biosoft International, Palo

Alto, California) and optimised in conventional PCR using a gradient of 50–60˚C (Table 1).

PCRs for the F-Sial-1104 and gB FullOverlap 1–4 primer sets were carried out in 20μL reac-

tions consisting of 10μL GoTaq1 Green Hot Start Master Mix (Promega), 0.8μM of each

primer, ~80ng of template DNA and nuclease-free water to 20μL. PCRs for the gB-Full-2873

and DNApol-3670 primer sets had the same component volumes but utilised GoTaq1 Long

Table 1. Primer sequences used to target ChHV5 genes of interest (glycoprotein B; gB, sialyltransferase; F-sial and DNA polymerase; DNApol) and a green turtle

(C. mydas) mtDNA gene (D-loop). F = forward, R = reverse.

Primers Sequence (50 ! 30) Amplicon Length (bp) Target gene Reference

gB-2873 F: AGTGTCCCTTGGTAGTTG 2873 Complete gB This study

R: GCAATAACGAAATCATAAAGTGTA

gB-Part1-752 F: AGGAGAATCTTTGGTGGC 752 Partial gB This study

R: AAGTCGTAAGGATAAGGAGATTT

gB-Part2 780 F: AATGGGTGTGGGAAAGAG 780 Partial gB This study

R: CCGAGTTAATGTGTTGCC

gB-Part3 855 F: CGCTGCGGGTAGTGAATT 855 Partial gB This study

R: CAACGATCCCATTGAGCA

gB-Part4 786 F: AACTGGTCAACGATCTGAA 786 Partial gB This study

R: GGCTCGAATGCAATAACG

F-Sial-1104 F: AAAAGATGTACTTGGTATTTGTGT 1104 Complete F-Sial This study

R: GCTAATGACGTTACGACTTTT

DNApol-3670 F: AAAACTCGCAAAGAAAAGTATC 3670 Complete DNApol This study

R: ATAAGCGGTTTGTCATCAG

ChM-Dloop-960 F: AACTATAACCTTCCTAGA 960 mtDNA d-loop control region [50]

R: TGTAAGTATCCTATTGATT

https://doi.org/10.1371/journal.pone.0227268.t001
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PCR Master Mix (Promega) due to the target amplicon length. The thermocycling conditions

for all primer sets are outlined in Table 2.

In order to identify the genetic origin of the host turtle, all tumour samples collected from

green turtles were also used in a PCR to amplify a 960bp fragment of the mtDNA d-loop con-

trol region using the ChM-Dloop-960 primers and associated conventional PCR protocol

described in [50].

PCR products were visualised on a 1.2% (w/v) agarose gel and sent to Macrogen (Macrogen

Inc., Seoul, Korea) for purification and bi-directional sequencing.

The gB Overlap 1–4, F-sial-1104 and ChM-Dloop-960 raw sequences were imported into

Geneious v7.1.5 [51] and assembled for each individual using reference sequences: F-UL27 of

HQ878327, F-Sial of HQ878327 and the CmP47.1 haplotype (KF311753.1) respectively. These

sequences were then edited where appropriate and trimmed to the ORF. The resulting consen-

sus sequence was then extracted and confirmed to be the correct target using the database of

the Basic Local Alignment Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi). In

order to avoid sequencing error, any sequence which appeared to be unique to sequences both

in the published literature and within our dataset were re-amplified and re-sequenced to a

total of three replicates.

Each ChM-Dloop-960 sequence generated here was also compared with known green turtle

haplotypes [32, 50, 52] in order to determine the haplotypes of the individual turtles used in

this study. Green turtle haplotype frequencies at rookeries around the world form the basis for

estimates of which genetic stock a particular haplotype belongs to [32, 50, 52]. In this study,

the haplotype of individual turtles was used to provide an indication of the genetic origin of

the host turtle. Once identified, the assigned haplotype was then included in the sequence

description for both the gB and F-sial sequences.

Phylogenetic analysis

For gB, a total of 79 sequences including 58 which were generated in this study, were aligned

using ClustalW [53] in Geneious v7.1.5 [51]. Only full-length sequences were used, so the final

dataset consisted of 2565 positions. This dataset was then imported into Molecular Evolution-

ary Genetics Analysis Version X (MEGAX; [54]) for evolutionary analysis. Following a model

test, the evolutionary history was inferred by using the Maximum Likelihood method based on

the Kimura 2-parameter model [55]. Initial trees for the heuristic search were obtained auto-

matically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances

estimated using the Maximum Composite Likelihood (MCL) approach, and then selecting the

topology with superior log likelihood value. The rate variation among sites was modelled with

a gamma distribution. The tree was drawn to scale, with branch lengths measured in the

Table 2. PCR thermocycling protocols for the newly described primers used in this study.

Primer Set

gB FullOverlap 1–4 F-Sial-1104 gB-2873 DNApol-3670

Step Cycles Temperature Time Temperature Time Temperature Time Temperature Time

Initial denaturation 1 95˚C 2 min 95˚C 2 min 94˚C 2 min 94˚C 2 min

Denaturation 35 95˚C 10 s 95˚C 10 s 94˚C 30 s 94˚C 30 s

Annealing 60˚C 15 s 59˚C 15 s 60˚C 30 s 60˚C 30 s

Extension 72˚C 30 s 72˚C 30 s 72˚C 3 min 72˚C 4 min

Final Extension 1 72˚C. 5 min 72˚C. 5 min 72˚C. 10 min 72˚C 10 min

https://doi.org/10.1371/journal.pone.0227268.t002

Chelonid alphaherpesvirus 5 at green turtle (Chelonia mydas) foraging grounds in Queensland, Australia

PLOS ONE | https://doi.org/10.1371/journal.pone.0227268 January 9, 2020 6 / 22

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://doi.org/10.1371/journal.pone.0227268.t002
https://doi.org/10.1371/journal.pone.0227268


number of substitutions per site. The analysis involved 79 nucleotide sequences. There were a

total of 2565 positions in the final dataset, and all sites were used.

Upon characterisation of the Australian ChHV5 variants, a single sequence which repre-

sented each variant was extracted. These representative sequences were aligned with the 21

available reference sequences used for the previous tree using ClustalW [53] in Geneious

v7.1.5 [51], resulting in a final dataset of 29 distinct nucleotide sequences and 2565 positions.

A simplified phylogenetic tree was constructed to show the position of these variants relative

to the available reference sequences. This tree was constructed as above.

For F-sial, 58 sequences generated from this study and ten reference sequences were aligned

using ClustalW [53] in Geneious v7.1.5 [51]. The analysis was therefore comprised of a total of

68 nucleotide sequences. Only full-length sequences were used, so the final dataset consisted of

963 positions. This dataset was then imported into MEGAX [54]. Following a model test, the

evolutionary history was inferred by using the Maximum Likelihood method based on the

Jukes-Cantor model [56].

Statistical analysis

A Chi-square test was conducted to assess whether there was a relationship between viral vari-

ant and host origin. We also assessed whether there was a relationship between viral variant

and sampling location. However, due to small sample numbers in some categories, the

assumptions of the chi-square test were not met and as such we report values from the Fisher’s

exact test.

Results

All green turtle samples amplified in the Dloop-960 assay whilst the loggerhead and hybrid

(green turtle/hawksbill) samples did not. This assay is specifically designed to target green tur-

tle mtDNA, indicating that the hybrid turtle was likely maternally hawksbill. Analysis of

sequence data generated from 59 samples from individual turtles that reacted in this assay

revealed that most (74.6%) belong to the CmP47.1 haplotype (Table 3). This is the most com-

mon haplotype found on the GBR, typically found in rookeries in the Coral Sea, southern GBR

and New Caledonia [32, 52]. The remaining 13.6% of individuals were found to belong to

CmP80.1 which is also found in the same regions as CmP47.1. Other turtles were found to be

haplotypes typically found to originate from the northern GBR (nGBR) region (CmP98.1,

1.7%) and New Caledonia (CmP85.1, 3.4%; CmP44.2, 1.7%). CmP44.1, a haplotype found in

both the nGBR and New Caledonia regions, was found in one individual (1.7%). A haplotype

known to originate in the Borneo/Sulu Sea region was found in one individual (CmP57.1,

1.7%) whilst another was found to be CmP34.1 (1.7%), a haplotype of as yet unknown origins.

The geographic distribution of these haplotypes among study sites varied, with multiple haplo-

types identified at each study site where more than one turtle was sampled (Table 3). This dis-

tribution and haplotype frequency is consistent with previous reports [50, 52]. These results

were included in the sequence descriptions of the relevant turtles for all other sequences gener-

ated in this study.

All samples of DNA extracted from FP tumour samples amplified in at least one of the

assays, confirming the presence of ChHV5 in all 62 samples (Table 4). None of the paired skin

samples amplified in any ChHV5 assay, with the exception of that from turtle QA42923. Of

the 62 tumour samples tested, 58 samples reacted in the gB Overlapping 1–4 assay, the FSial-

1104 assay and DNApol-3670 assay (Table 4). ChHV5 DNA was detected in 93.5% of samples

in each assay, and in 100% of samples overall.
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Phylogenetic analysis

Glycoprotein B (gB). From the nucleotide and phylogenetic analysis of the 58 sequences

from this study and 21 available sequences from the NCBI database we show that Australian

ChHV5 grouped into four main clusters: a Queensland cluster, north Queensland cluster,

Bowen cluster and Brisbane cluster (Fig 2). Both the Queensland and north Queensland clus-

ters have been previously reported [28] whilst the Bowen and Brisbane clusters are newly iden-

tified in this study. These results highlight a strong geographic link to viral variant distribution

along the Queensland coast, and statistical analysis confirmed that the relationship is statisti-

cally significant (X2 = 25.016, df = 15, p = 0.011).

The results of this study have also allowed us to better characterize the variants of ChHV5

present in Australia into six clear variants, with subdivisions based on nucleotide differences

from the characterised variants. These variants have been named numerically in a hierarchical

form, based on whether the variants are first, second or third order clades; second order clades

were named to one decimal point (e.g. Australian Variant 2.3) and third order clades were

named to three decimal places (e.g. Australian Variant 2.3.1).

Table 3. Summary of haplotype distribution in green turtles in the present study, including the capture location and regions of origin as determined by sequence

analysis of the products of the ChM-Dloop-960 assay.

Haplotype n Percentage Region/s of Origin Observed locations in this study

CmP47.1 44 74.6 Coral Sea Townsville

Southern GBR Bowen

New Caledonia Airlie Beach

Gladstone

Brisbane

CmP80.1 8 13.6 Coral Sea Townsville

Southern GBR Bowen

New Caledonia Brisbane

CmP98.1 1 1.7 Northern GBR Cairns

CmP85.1 2 3.4 New Caledonia Bowen

Gladstone

CmP44.2 1 1.7 New Caledonia Townsville

CmP44.1 1 1.7 Northern GBR Bowen

New Caledonia

CmP57.1 1 1.7 Borneo Townsville

Sulu Sea

CmP34.1 1 1.7 Unknown (Orphan haplotype) Townsville

https://doi.org/10.1371/journal.pone.0227268.t003

Table 4. Number of positive detections of three ChHV5 target genes in FP tumour samples using Polymerase Chain Reaction (PCR).

Target Genes

Location n DNA Polymerase Glycoprotein B Sialyltransferase

Cairns 1 1 1 1

Townsville 22 21 20 20

Bowen 27 25 27 26

Airlie Beach 1 1 1 1

Gladstone 4 3 2 3

Brisbane 7 7 7 7

Total 62 58 58 58

https://doi.org/10.1371/journal.pone.0227268.t004

Chelonid alphaherpesvirus 5 at green turtle (Chelonia mydas) foraging grounds in Queensland, Australia

PLOS ONE | https://doi.org/10.1371/journal.pone.0227268 January 9, 2020 8 / 22

https://doi.org/10.1371/journal.pone.0227268.t003
https://doi.org/10.1371/journal.pone.0227268.t004
https://doi.org/10.1371/journal.pone.0227268


Fig 2. Phylogenetic tree using the Maximum Likelihood method generated from the aligned 2565bp ChHV5

glycoprotein B (gB) gene. The analysis involved 79 nucleotide sequences. Bootstrap values are indicated as a number

on each branch and were calculated from 1000 replicates. Individual samples are identified with source location,

haplotype, scientific name, tag number, and sample collection year. Sequences retrieved from the GenBank database

originating from the Pacific and Altantic are named in the same way, with the accession number in the place of the tag

number, and no haplotype information included as it was unknown.

https://doi.org/10.1371/journal.pone.0227268.g002
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Australian Variant 1.1 (Accession number: MK579192) is the most common variant of

ChHV5 in Australia, found in turtles along the expanse of the Queensland coast. This variant

was found at almost all study sites in the present study, which is consistent with previous

descriptions [28]. Here, 53.4% of all turtles whose tumour samples reacted in the gB Overlap

1–4 assay (n = 31) were found to be infected with this variant (Fig 2). This variant is distinct

and conserved, with all 31 samples clustering in this clade sharing 100% identity. A single

sequence representing Australian Variant 1.1 was generated for further analysis.

Australian Variant 2.1 (Accession number: MK579193) is found only in turtles from the

North Queensland region (sites Townsville and Bowen) and is therefore also consistent with

previous descriptions [28]. In this study, we report 12 turtles infected with this variant of

ChHV5. All Variant 2.1 sequences share 100% similarity, indicating that this variant is also

highly conserved. A single sequence representing Australian Variant 2.1 was generated for fur-

ther analysis.

Australian Variant 2.2 (Accession number: MK579194) is found only in Brisbane as yet,

and shares 100% similarity with the Australian green turtle reference sequence (AY390402)

(Fig 2). This variant differs from the loggerhead reference sequence (AY390403) by only one

nucleotide. However, this is a non-synonymous substitution which alters the amino acid

sequence of the resulting protein. Both of these reference sequences (AY390402 and

AY390403) were generated from tumour samples from turtles in Moreton Bay (Brisbane),

which is consistent with our results. A single sequence representing Australian Variant 2.2

(excluding AY390403) was generated for further analysis.

Australian Variant 2.3 (Accession number: MK579195) is found exclusively in turtles from

Bowen (n = 7) and is highly conserved; all sequences in this sub-clade share 100% similarity

(Fig 2). A single sequence representing Australian Variant 2.3 was generated for further analy-

sis. Two distinct sequences (Variant 2.3.1 and Variant 2.3.2; accession numbers MK579198

and MK579199 respectively) comprise a subgroup which diverged from Variant 2.3. These

sequences share a high similarity with Variant 2.3 (99.8%) yet are unique; Variant 2.3.1 and

Variant 2.3.2 differ from Variant 2.3 by 0.2%, but also from each other by 0.2%. Moreover,

some of these nucleotide substitutions are non-synonymous, resulting in one amino acid

change in Variant 2.3.1 and four amino acid changes in Variant 2.3.2.

Australian Variant 2.4 (Accession number: MK579196) is found in turtles from both

Townsville and Brisbane. However, this variant was previously reported as the northern Aus-

tralian variant, having been found in turtles from Townsville, Cairns and Western Australia

[28]. Within this group, two of the sequences (Townsville QA47488 and Brisbane NT2) were

identical while the one obtained from Townsville (09–231) differed by one nucleotide. This

change, however, was synonymous and therefore the consensus sequence of this variant which

was generated for further analysis is an accurate representative of this variant. Interestingly,

this variant has a six base pair (bp) deletion that it shares with strains reported from Hawaii

and was the most similar to Hawaiian sequences in the alignment. However, this similarity is

not reflected in Fig 2, which suggests this variant is most closely related to Variant 2.1.

Australian Variant 3.0 (Accession number: MK579197) is a clear outlier, distinct from all

other samples analyzed in this study. Only one turtle from Townsville (QA7433) was infected

with this viral variant, which has not been reported prior to this study. Of the Australian vari-

ants, this variant shares the highest similarity with Australian Variant 2.1 (99.8% identity) with

all nucleotide substitutions being synonymous.

The frequency distribution of the ChHV5 variants among study sites in this study (Table 5)

indicates that there is a strong link between viral variant and foraging ground, but that viral

distribution within a foraging ground is not strictly homogenous.
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We compared the representative sequences of these variants with a Hawaiian reference

sequence (HQ878327) as it is both a well described [49] and the most geographically close to

the GBR that is currently available. Whilst all Australian variants shared a high similarity with

HQ878327 (Table 6), Variant 2.4 was the most similar as it shared 99.8% identity. It is interest-

ing to note that this shared identity included a six bp which was not observed in any other Aus-

tralian variants. This deletion appears to be uniquely Hawaiian, as it has not yet been observed

in any other location. This deletion also accounted for a consistently observed difference

between the Australian variants and HQ878327; all Australian variants, compared to the

Hawaiian sequences, had six additional nucleotides resulting in two supplementary amino

acids in the protein sequence.

These sequences were used to create a condensed phylogenetic tree highlighting the host

haplotype origin composition of these variants (Fig 3). No apparent close relationship with tur-

tle origin was found, as most ChHV5 variants were found in turtles from mixed origins. Only

two variants were found to be from one origin only: Variant 2.2 and Variant 3.0 were both

only found in samples originating from CS/sGBR/nNGR. However, both of these variants are

comprised of small sample numbers (n = 2 and n = 1 respectively). Similarly, the sublineages

(Variant 2.3.1 and Variant 2.3.2) were each comprised of only 1 individual, limiting conclu-

sions as to host origins. All variants comprised of 3 or more individuals (Table 6) were isolated

from individuals of mixed origins.

The results of the statistical analysis further supported that there is no association between

the viral variant and the host origin (X2 = 33.771, df = 20, p = 0.290).

Sialyltransferase (F-sial). From the nucleotide and phylogenetic analysis of the 58

sequences from this study, two available full-length sequences from the NCBI database and

Table 5. Distribution of chelonid alphaherpesvirus 5 (ChHV5) variants among marine turtles with fibropapillomatosis from six inshore areas in Queensland,

Australia.

Variant

Location 1.1 2.1 2.2 2.3 2.3.1 2.3.2 2.4 3.0

Cairns - - - - 1 - - -

Townsville 11 6 - - - - 2 1

Bowen 14 6 - 7 - - - -

Airlie Beach 1 - - - - - - -

Gladstone 1 - - - - 1 - -

Brisbane 4 - 2 - - - 1 -

Total 31 12 2 7 1 1 3 1

https://doi.org/10.1371/journal.pone.0227268.t005

Table 6. Summary of variants observed in this study, including number of turtles infected with a particular chelonid alphaherpesvirus 5 (ChHV5) variant (n) and

the defining characteristics of these variants. All differences and identity percentages are calculated relative to the full-length glycoprotein B reference sequence available

from Hawaii (HQ878327).

Variant n Nucleotide Substitutions Identity (%) Non-synonymous substitutions

Variant 1.1 31 9 99.6 2

Variant 2.1 12 11 99.6 2

Variant 2.2 2 12 99.5 2

Variant 2.3 7 13 99.5 2

Variant 2.3.1 1 17 99.3 3

Variant 2.3.2 1 19 99.3 5

Variant 2.4 3 2.6 99.8 1

Variant 3.0 1 13 99.5 2

https://doi.org/10.1371/journal.pone.0227268.t006
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eight published sequences [57], we show that the F-sial gene from Australian ChHV5 is highly

conserved. Of the 58 sequences in this study, 52 were distinctly different from the Hawaiian

reference sequences yet shared 100% similarity with each other. One sequence from Towns-

ville (09–231) was found to be identical to the Hawaiian sequences whilst two other sequences

only differed from the Hawaiian sequence by one nucleotide. Despite these minor substitu-

tions, all sequences in the alignment shared 98.7% identical sites and this is reflected in the

resulting phylogenetic tree (Fig 4). However, the highly conserved nature of these sequences

indicate that this gene plays an important role in ChHV5 function.

Distinct clustering of these sequences into four main groups was observed (Fig 4). However,

unlike the gB sequences generated in this study, the F-Sial sequences did not allow for viral

variant characterization due to the significant similarity between these sequences. As such,

these groups are named arbitrarily as Group A, B, C and D.

Group A (Accession number: MK579200) consisted of two samples which were both

obtained from tumours on green turtles in Bowen and is most similar to samples collected

from Florida. Group B (Accession number: MK579201) was comprised by the majority of

samples (91.3%) in this study from a mixture of all study sites. All samples in this group share

100% identity. Group C (Accession number: MK579202) is comprised of two samples, one

Fig 3. Condensed phylogenetic tree showing the positions of the distinct Australian Variants relative to published sequences. This tree was

constructed using the Maximum Likelihood method generated from the aligned 2565bp ChHV5 glycoprotein B (gB) gene. The analysis involved 29

nucleotide sequences. Bootstrap values are indicated as a number on each branch and were calculated from 1000 replicates. Sequences retrieved from

the GenBank database are indicated with source location, scientific name, accession number, and sample collection year. Host haplotype was used to

determine the origin composition of each Australian variant in this study, expressed here as a proportion with colour reflecting host origin region;

Orange = Coral Sea (CS)/southern Great Barrier Reef (sGBR)/New Caledonia (NC), Pink = NC, Red = Unknown, Purple = north-east Borneo/Sulu Sea,

Green = northern Great Barrier Reef (nGBR)/NC and Yellow = nGBR.

https://doi.org/10.1371/journal.pone.0227268.g003
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Fig 4. Phylogenetic tree using the Maximum Likelihood method generated from the aligned 963bp ChHV5

Sialyltransferase (F-sial) gene. The analysis involved 68 nucleotide sequences. Bootstrap values are indicated as a number

on each branch and were calculated from 1000 replicates. Sequences retrieved from the GenBank database are indicated

with the accession number, the source turtle’s scientific name, and sample collection location and year.

https://doi.org/10.1371/journal.pone.0227268.g004
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from a loggerhead and one from a green/hawksbill hybrid, and is most closely related to sam-

ples collected from Hawaii. Group D (Accession number: MK579203) is almost exclusively

comprised of samples collected from Hawaii, with the exception of one turtle from Townsville

(09–231) which is identical to these Hawaiian sequences.

Although the significant similarity between the F-sial sequences prevented them from clus-

tering in the same pattern as the gB sequences, there were some commonalities between the

two phylogenetic trees. For example, the gB sequence of Australian Variant 2.4 shares a six bp

deletion with sequences obtained from Hawaii. The same samples that comprise Variant 2.4 in

Fig 2 cluster most closely with Hawaiian sequences in Fig 4; comprising both Group C and

Group D.

As with the gB sequences, we compared the sequences of these variants with a Hawaiian ref-

erence sequence (HQ878327). Whilst all Australian sequences shared a high similarity with

HQ878327 (Table 7), the sequence in Group D was the most similar as it shared 100% identity.

Of the 58 sequences produced in this study, 55 had a distinct amino acid change (relative to

the Hawaiian reference sequences) at position 201. This indicates that this substitution is a

characteristic of Australian viral variants.

Discussion

This study describes improved molecular assays developed for detection of ChHV5 and subse-

quent phylogenetic analysis. This, combined with a comprehensive sample size of individual

turtles with FP tumours from a large spread of Australian sites allowed for characterisation of

Australian ChHV5 variants. This formed a platform for a thorough investigation of a link

between host genetic origin and ChHV5 variant, which corroborated the probability of hori-

zontal transmission of the virus at foraging sites.

Improved conventional PCR assays

Previous molecular studies of ChHV5 have targeted multiple genes and because detection rate

is not 100% for any assay, it has been suggested that a combination of assays should be used to

increase sensitivity of detection [58]. The molecular assays developed here target the F-sial,

DNA polymerase and gB genes with a higher rate of detection on an individual assay basis

than previously reported and can be used to amplify and sequence complete genes with Sanger

sequencing, making them suitable for both ChHV5 detection and phylogenetic studies.

While none of the assays described in this study were 100% effective in detecting ChHV5

presence alone, ChHV5 presence was confirmed in all 62 individual wild-captured marine tur-

tles with FP tumours by a combination of the 3 assays. This variability in detection is consis-

tent with results reported in previous studies targeting ChHV5 [15, 23, 28, 58]. Comparable

rates of ChHV5 detection in FP tumour samples in other studies utilizing primary conven-

tional PCR assays ranged from 0–100% using sample sizes of between 18–37 individual turtles

[15–17, 58–60]. Here, the rate of ChHV5 detection in each of the three assays in this study is in

Table 7. Nucleotide sequence analysis of sequences obtained from FP tumour samples collected from marine turtles (n). All differences and identity percentages are

calculated relative to the full-length reference sequence available from Hawaii (HQ878327).

Cluster n Nucleotide Substitutions Identity (%) Non-synonymous substitutions

Group A 2 4 99.7 2

Group B 53 3 99.7 1

Group C 2 2 99.8 0

Group D 1 0 100 0

https://doi.org/10.1371/journal.pone.0227268.t007
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the higher range and the number of individual turtles with FP tumours sampled is compara-

tively larger than other studies. It is difficult to know whether this wide variation in detection

rates is due to the assay or is a feature of each population sampled. However, this variability

highlights the need for a standardised ChHV5 assay, which will allow for more accurate com-

parisons of detection rates and resulting sequences of this globally distributed virus.

Although ChHV5 is frequently detected in FP tumour samples, the variable rate of ChHV5

detection in FP tumour samples is yet to be explained. It is possible that FP development is

more complex than ChHV5 presence alone [1], and there is potential for multifactorial influ-

ences on disease manifestation; these may include environmental co-factors and/or presence

of other infectious agents working alone or in synergy with ChHV5 [61].

Viral variant characterisation

The increased sample size and geographic spread, represented by six sampling locations span-

ning a distance of 1380km along the Queensland coast, enabled the identification and descrip-

tion of five main clusters of viral sequence relative to sampling location: Queensland, north

Queensland, north Australian, Bowen and Brisbane. The Brisbane and Bowen clusters have

not been previously reported, although the Brisbane sequences obtained in this study cluster

with published sequences from Brisbane (AY390402 and AY390403). The Queensland, north

Queensland and north Australian clusters of ChHV5 viral variants are previously reported

[28], and our results are consistent with what is known about these clusters. The Queensland

cluster includes the most common viral variant observed in both studies, which is found at

many locations along the Queensland coast, whilst the north Queensland cluster contains vari-

ants that are only found in north Queensland (Townsville and Bowen). The north Australian

cluster, distinct from the north Queensland Cluster, was previously reported to be comprised

of viral variants obtained from FP tumours on turtles from Townsville, Cairns and Western

Australia [28]. In the present study, two samples from Townsville and one sample collected in

Brisbane were found to also contain this variant of ChHV5. These results are consistent with

the idea that this variant is predominantly found in locations from northern Australia, but can

also be found in locations great distances away [28]. However, limited sample sizes of this par-

ticular cluster in both studies prevent a conclusive understanding of the distribution of this

variant.

These results suggest that there is a close relationship between ChHV5 variant and foraging

ground, further supporting the theory that turtles are infected at foraging grounds, rather than

rookery [2, 23, 24, 26, 28]. However, these results also indicate that viral variant distribution is

not strictly homogenous at each foraging ground. For example, turtles from Bowen were

found to be infected with one of three viral variants. This is consistent with ChHV5 variant

distribution in foraging grounds in Florida, where multiple variants were detected within site

but the frequency of each variant differed between sites [26]. Here, we also report one variant

that is common amongst almost all study sites and observed most frequently within the study.

Such a trend has also been reported in Florida (Variant A) [26] and Brazil (Variant 4) [23] and

may reflect turtle migration patterns. Whilst turtles typically remain in a foraging ground fol-

lowing recruitment, small-scale movements and seasonal shifts in foraging areas have been

recorded on the Queensland coast [62]. These movements could allow for exposure to other

viral variants, and may explain why ChHV5 is not strictly homogenous at each location.

Prior to this study, Australian variants were referred to as “clusters” based on geographic

location [28], while other studies utilised letters to denote different variants [23, 26]. Lettering

systems preclude classification of sublineages, and are often unable to indicate similarity while

numerical systems recognize similarity between variants and sublineages. Here, variant
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nomenclature was determined based on clade position in the gB phylogenetic tree, in a similar

fashion to the hierarchical system used for avian influenza virus [63–65]. This classification

system allowed for clear identification of Australian ChHV5 variants and sublineages; for

example, Variant 2.1 and Variant 2.2 are closely related and Variant 2.3.1 is a sublineage of

Variant 2.3. However, a reclassification of all known ChHV5 variants was unable to be under-

taken in this study due significant variation in published gene selection and sequence length.

Past variants have been determined using a partial, or complete, sequences from a range of

genes. A systematic reclassification of ChHV5 using one complete gene, similar to that under-

taken for Newcastle disease virus [66], would remove any ambiguities in the current phylogeny

of this virus. We recommend ChHV5 gB as it is useful in both broad and small-scale phylo-

genic analyses. A numerical numbering system was not applied to F-sial as the highly con-

served nature of the gene prevented fine-scale variant characterization, but this may change as

research in this field progresses.

The F-sial gene is atypical of herpesviruses and poorly understood, but has been suggested

to play a role in ChHV5 pathogenesis [49]. In this study, the F-sial gene was found to be highly

conserved, with 89.6% of sequences obtained sharing 100% identity. Although this high level

of similarity between sequences did not allow for fine-scale separation of variants, it indicates

that this gene is highly conserved. Thus, these results are consistent with the [49] theory that

F-Sial may have an important role in pathogenesis.

Host origin and viral variant

Green turtle haplotype frequencies at rookeries are utilized by bioinformatic tools to estimate

which genetic stock a particular haplotype belongs to [32, 50, 52]. Turtles frequenting a given

foraging site usually represent genetic stock from multiple rookeries, although there is a trend

for southern GBR haplotypes to occur at higher frequency in the more southern foraging sites

and vice versa for the northern GBR stock [50, 52]. If ChHV5 were transmitted vertically from

parent to offspring, then a viral variant distribution along the coast could be a reflection of tur-

tle genetic stock distribution and phylogenetic clustering of ChHV5 would be expected to be

based on host haplotype rather than sampling location.

This study used molecular methods to assess the relationship between turtle origin and

viral variant, yet no close association could be identified. These results lend weight to the the-

ory of horizontal transmission of this virus at foraging sites, rather than vertical transmission

at rookeries. Fig 2 shows that the phylogenetic clustering in this study was strongly linked to

sampling location, whilst Fig 3 demonstrates that each variant found in this study was isolated

from turtles with a mixture of origins. However, definitive conclusions are limited as many

haplotypes have been linked to multiple source regions. Most turtles in this study (76.3%) were

found to belong to the CmP47.1 haplotype. This is the most common haplotype found on the

GBR and has been observed in rookeries in the southern GBR, Coral Sea and New Caledonia.

At present, researchers are unable to decipher which one of these three regions an individual

turtle may have originated from using molecular methods. Therefore, it not yet possible to

know whether all of the CmP47.1 turtles originated exclusively from the southern GBR, Coral

Sea or New Caledonia, or a mixture of these regions. It has been suggested that increasing the

length of mtDNA targets may allow for further differentiation of known haplotypes and more

reliable identification of the region of origin for particular haplotypes [50]. The use of full

mitochondrial genomic sequence, microsatellite markers, or genotype by sequencing to deter-

mine turtle haplotypes should be investigated in future studies. Despite the current limitations

in establishing turtle origin by haplotype alone, the results of this study demonstrate that there

is no close link between haplotype and viral variant.
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Limitations

Research on FP and ChHV5 as a causative agent is challenging as it relies on opportunistic

sampling of turtles with FP tumours and thus, sample sizes are often limited. While this study

has used the largest number of individual FP affected turtles to date, for some locations the

sample size is still small. The limited sample availability for particular locations, coupled with

some variants only being identified in a small number of turtles, prevented the assumptions of

the chi-square test from being met in the statistical analysis. To address this, we reported the

values from the Fisher’s exact test. However, it is clear that sampling more extensively along

the GBR would greatly improve our ability to analyse and understand this disease.

This study was also somewhat limited by some inconsistency between bioinformatic pro-

grams. Australian Variant 2.4 shares a six-base deletion with published Hawaiian sequences

and nucleotide analysis highlights that this variant is most closely related to these Hawaiian

sequences. However, this was not accounted for in the resulting phylogenetic tree (Fig 2),

despite selecting for the use of all sites in the alignment. A range of phylogenetic trees were

constructed, including Neighbour-Joining, Minimum Evolution, Maximum Likelihood and

Bayesian trees. Yet none of these trees reflected the similarity between these sequences, despite

this deletion being repeatedly observed. This highlights limitations in some algorithms used by

these programs, wherein deletions are treated as gaps and are ignored by the analysis. Such

deletions may be biologically important, and a means of ensuring their inclusion in phyloge-

netic analysis should be targeted. However, while its position in the gB phylogenetic tree is

slightly inaccurate, nucleotide analysis of Australian Variant 2.4 confirms that it is a unique

and distinct group of sequences.

Future directions

As a whole, there are still many gaps in our understanding in the biology ChHV5 and is rela-

tionship to FP. Future research on ChHV5 should aim to better understand the functional

consequences of the variation observed in ChHV5 sequences. Investigations linking viral vari-

ant to disease presentation or severity would be interesting, yet challenging due to the complex

nature of the disease and possible differing timelines; turtles might be captured in the early or

late stage of disease development and therefore observations might be due to disease progres-

sion rather than viral variant. However, identification of a genetic link to ChHV5 pathogenic-

ity and/or FP presentation may be possible. This disease presents differently around the world;

turtles with buccal tumours are common in Hawaii yet buccal tumours have rarely been

observed in Australian turtles [39]. This cause for this may be due to genetic variation of

ChHV5 and should be investigated in future studies. Additionally, the results presented here,

coupled with those of previous studies [49], suggest that F-Sial may play a strong role in

ChHV5 pathogenicity and as such, it is worthy candidate for further investigation.

Conclusions

While discomfort and risk to survival for individual turtles affected by FP is widely accepted,

the effects of this disease on populations is less clear. Spatial and temporal variation in disease

prevalence is consistently reported [1], yet a mechanism behind such variation has not been

determined. The unpredictable nature of FP prevalence has so far precluded effective manage-

ment plans, and researchers must endeavor to understand this disease and its associated etio-

logical agent(s) in order to effectively conserve this vulnerable species. Here, we present a

molecular epidemiological study which supports the theory that ChHV5 transmission occurs

at marine turtle foraging grounds, with no close relationship to host origin. These results
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enable informed management decisions regarding marine turtles, as they highlight that man-

aging FP along the Queensland coast, including the GBR, requires focus on foraging grounds.
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