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Abstract
Cutaneous lesions were observed in a wild population of freshwater turtles during routine disease surveillance at Alligator 
Creek, Townsville, Australia. Previous attempts to identify the causative agent of these lesions were unsuccessful; however, 
existing evidence suggests viral etiology. To further investigate these events, blood samples and lesion, oral and cloacal 
swabs collected from 128 freshwater turtles at two locations (Alligator Creek and Ross River) were screened for herpesvi-
rus, adenovirus, poxvirus and papillomavirus by polymerase chain reaction. We detected three novel herpesviruses (chelid 
herpesvirus 1–3) as well as three adenoviruses (saw-shelled turtle adenovirus 1–3). Phylogenetic analyses showed that the 
herpesviruses formed a distinct clade with the tumour-associated chelonid alphaherpesvirus 5 (Scutavirus chelonidalpha5) 
within the subfamily Alphaherpesvirinae. The adenoviruses clustered with members of the genus Testadenovirus. Although 
the novel herpesviruses and adenoviruses could not be linked to the occurrence of cutaneous lesions, further characterisation 
will help provide better insights into their clinical, epidemiological and conservation significance.
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Introduction

Australia is home to many freshwater turtles of the Family 
Chelidae and contains at least 20 endemic species (Davies 
and Stewart 2013). Most Australian freshwater turtles, 
including the saw-shelled (Myuchelys latisternum) and 
Krefft’s (Emydura macquarii krefftii) turtles, belong to the 
suborder Pleurodira, and are evolutionarily and genetically 
distinct from turtles in the suborder Cryptodira (Cann and 
Sadlier 2017; Chiari et al. 2012). Australian freshwater 
turtles comprise two morphological forms, the short-
necked and the long-necked turtles, which are both widely 
distributed across the country (Seddon et al. 1997; Scheyer 

2009; Petrov et al. 2018). They are highly aquatic species 
and mainly leave the water to lay eggs, bask, or migrate 
between water bodies in search of mates or food (Brown and 
Brooks 1993; Buhlmann et al. 2008). Freshwater turtles are 
long-lived and well adapted to multiple foraging strategies, 
including scavenging, opportunism, herbivory and 
omnivory (Petrov et al. 2018). Thus, they play a vital role 
in maintaining ecological diversity and serve as important 
environmental health indicators (Lovich et al. 2018).

Many extant Australian freshwater turtles are listed as 
vulnerable, endangered, or critically endangered by conser-
vation agencies (Van Dyke et al. 2019). The survival of these 
turtles is constantly threatened by different factors, includ-
ing human activities, natural disasters and disease outbreaks 
(Van Dyke et al. 2019). Viral infections can potentially 
threaten the extinction of freshwater turtle species in local 
catchments, as exemplified in the Bellinger River snapping 
turtle (Myuchelys georgesi) population in 2015 (Cann et al. 
2015; Spencer et al. 2018; Zhang et al. 2018; Van Dyke 
et al. 2019). Similarly, a novel turtle fraservirus 1 (TFV1) 
and the soft-shelled turtle systemic septicaemia spherical 
virus (STSSSV) have been reported to cause severe mortal-
ity events in freshwater turtle populations in USA and China 
respectively (Chen et al. 2017; Lyu et al. 2019; Waltzek et al. 
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2022). Therefore, it has become pertinent to monitor the 
health of threatened populations for the timely detection and 
possible prevention of novel or emerging viral diseases.

Herpesviruses (HVs) and adenoviruses (AdVs) are 
important pathogens of chelonians that have been implicated 
in various clinical diseases with both pathogens and non-
infectious (stress or immunosuppression) factors considered 
as contributing in most cases (Adamovicz et al. 2018; Archer 
et al. 2017; Farkas and Gál 2009; Okoh et al. 2021; Sim 
et al. 2016; Yonkers et al. 2015). HVs have been identified 
in clinically healthy chelonians due to their ability to remain 
latent in susceptible hosts (Aplasca et al. 2019; Lindemann 
et al. 2018; Marschang et al. 2015; Nieto-Claudin et al. 
2022; Vincent et al. 2023; Woźniakowski and Samorek-
Salamonowicz 2015). However, HVs can cause severe 
diseases when reactivated in some hosts or when the virus 
cross-infects a closely related species (Okoh et al. 2021). 
HVs have been associated with necrotizing and necrotic 
stomatitis, glossitis, rhinitis in tortoises (Hunt 2006; Okoh 
et al. 2021); proliferative and/or ulcerative lesions of the 
skin and shell in freshwater turtles (Okoh et al. 2021; Široký 
et al. 2018); and fibropapillomatosis and grey-patch disease 
in sea turtles (Cárdenas et al. 2019; Jacobson et al. 1986; 
Robben et al. 2023; Stacy et al. 2008). AdVs that have been 
found to infect chelonians include members of the genera 
Siadenovirus, Atadenovirus and Testadenovirus (Rivera 
et al. 2009; Doszpoly et al. 2013; Garcia-Morante et al. 
2016; Salzmann et al. 2021). While siadenovirus (Sulawesi 
tortoise adenovirus 1) and atadenovirus (spur-thighed 
tortoise adenovirus 1) have been associated with anorexia, 
lethargy, ulcerations and erosions of the oral mucosa, 
stomatitis, esophagitis and mortality in tortoise (Rivera et al. 
2009; Garcia-Morante et al. 2016), testadenoviruses have 
been frequently detected in clinically healthy chelonians 
(Doszpoly et al. 2013; Salzmann et al. 2021; Nieto-Claudin 
et al. 2022).

During a routine health assessment and monitoring of 
wild freshwater turtles at Alligator Creek, North Queens-
land in 2016, cutaneous lesions were observed on a large 
proportion of the turtles examined (Wirth et al. 2020). An 
investigation was conducted to identify and characterise the 

causative agents from lesion samples (Wirth et al. 2020). 
Although a specific causative agent was not identified, 
the pathological features of the cutaneous lesions (Fig. 1) 
appear to be consistent with previously described lesions 
in turtles and other reptilian species associated with viral 
agents (detected as primary or copathogens) including her-
pesviruses (Rebell et al. 1975; Fischer et al. 2006; Cowan 
et al. 2015; Shilton et al. 2016), adenovirus (Perkins et al. 
2001), papillomaviruses (Jacobson et al. 1982), ranaviruses 
(Stöhr et al. 2013; Wirth et al. 2019), reovirus (Uĝurtas et al. 
2008) and poxviruses (Jacobson et al. 1979; Huchzermeyer 
et al. 1991; Penrith et al. 1991; Buenviaje et al. 1998). The 
present study further assessed the health of freshwater turtle 
populations at Alligator Creek to determine the occurrence 
and the association with some of these suspected viral patho-
gens (herpes-, adeno-, pox- and papillomaviruses) with the 
cutaneous lesions. Here, we employed strategies that could 
improve detection, and these included the collection and 
testing of different sample types and modification of exist-
ing protocols as well as the design of new protocols.

Materials and methods

Primary sampling location

Freshwater turtle sampling was conducted in Alligator 
Creek 25 km south of the city of Townsville, Queensland, 
Australia (latitude: − 19° 25′ 26.00″ S; longitude: 146° 56′ 
44.02″ E). The creek flows from Mount Elliott in Cape 
Bowling Green National Park to Cleveland Bay within 
the region of Cape Cleveland (Queensland). The lands 
along Alligator Creek outside the National Park have a 
population of approximately 1353 people with a range of 
agricultural and industrial activities (Australian Bureau of 
Statistics 2016). The sampling pond at the border of the 
national park is inhabited by two species of freshwater tur-
tle, Emydura macquarii krefftii and Myuchelys latisternum 
as well as other freshwater animal species including fish, 
crustaceans and crocodiles. Samples were also collected 
from the Ross River in Townsville, Queensland, Australia 

Fig. 1  Skin lesions (red arrows) 
on the neck and limbs of fresh-
water turtles (Krefft’s river and 
Saw-shelled turtles) at Alligator 
Creek
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(latitude: − 19° 24′ 13.19″ S; longitude: 146° 44′ 1.19″ E). 
The river is 49 km long and flows from the Hervey Range 
below Pepper Pot Mountain through Townsville City and 
empties in the Coral Sea (http:// www. bonzle. com/c/ a?a= 
p&p= 20853 5& cmd= sp).

To assess the association between the lesions and the 
potential pathogens identified in this study, we carried out 
a case–control investigation (Thrusfield 2007) where the 
population of turtles in Alligator Creek was designated the 
case group. Ross River is located within 20 km of Alliga-
tor Creek on a different watershed. The two waterways 
contain the same species of turtles and have been moni-
tored annually for over a decade by the JCU Turtle Health 
Team without ever noticing lesions on the skin of turtles 
from Ross River similar to the ones recorded in Alligator 
Creek. The Ross River turtles were therefore designated 
the control group, and this allowed us to statistically test 
the association between pathogens and lesions using odds 
ratio (Thrusfield 2007).

Sample collection and DNA extraction

Turtles were captured by hand while snorkelling and vari-
ous samples were collected from 28 Krefft’s river turtles 
(Emydura macquarii krefftii) and 29 saw-shelled turtles 
(Myuchelys latisternum). Additional samples were obtained 
from freshwater turtles (67 Krefft’s and 4 saw-shelled tur-
tles) captured by baited traps in Ross River, Townsville. 
For purposes of identification and disease monitoring, the 
captured turtles were marked by attaching a single titanium 
tag (National Wing Tags, Jiffy 893) to the web of one of the 
hind feet.

Following the collection of morphometric data 
(Supplementary File 1, Table S1), turtles were physically 
examined, and swabs of the oral and cloacal mucosa were 
collected. Lesion scrapings and swabs were collected 
successively from cleaned skin lesions using sterile scalpel 
blades and dry swabs respectively. Lastly, blood samples 
(0.7–1 mL) were collected from the jugular vein (with 1 mL 
syringes and 27 G needles) into clean microfuge tubes. All 
of the samples were transported to the laboratory on ice and 
stored at − 80 °C until required for testing. The blood samples 
were allowed to clot at room temperature in the field and then 
centrifuged at 1000 g for 10 min in the laboratory. The resulting 
sera and clots were then transferred into clean tubes and stored 
at − 80 °C. The oral and cloacal swabs, as well as the blood 
(sera and clots) samples, were initially pooled according to 
sample type, species and location for an initial cost-effective 
screen (Tables 1a, 1b and 1c; Supplementary File 2, Table S2). 
Finally, total nucleic acids were extracted from individual 
and pooled samples using the DNeasy Blood and Tissue Kit 
(Qiagen, Germany) as recommended by the manufacturer.

Molecular testing for viruses

Lesion and pooled sample testing for viruses

The lesion and pooled samples were initially tested for 
herpesviruses (HVs) using a touchdown PCR with a set of 
consensus primers (AlphaFWD1 and AlphaREV2; Table 1) 
targeting a 265–277 base pairs (bp) segment of the DNA pol-
ymerase gene of the subfamily Alphaherpesvirinae (Okoh 
et al. 2023). A 20 µL reaction mixture containing 2 µL of 
extracted DNA, 2 µM of each primer, 200 µM dNTPs, 5% 
DMSO, 45 mM tetramethylammonium chloride (TMAC), 
1 × PCR buffer and 0.5 U HotStarTaq DNA polymerase 
(Qiagen) was initially denatured at 95 °C for 5 min and then 
cycled 15 times with 1 min of denaturation at 94 °C, 1 min 
of annealing at 63 °C with a decrement of 1 °C per cycle 
(− 1 °C/cycle) and 2 min of extension at 72 °C. This was 
then followed by 35 cycles of 94 °C for 1 min, 48 °C for 
1 min and 72 °C for 2 min. After cycling, a final strand 
extension at 72 °C for 10 min was performed and the reac-
tion mixture was held at 4 °C. Bovine HV-1 and Gallid HV-2 
were used as positive controls. The PCR products were puri-
fied using the QIAquick Gel Extraction Kit (Qiagen).

The lesion and pooled samples were also tested for 
HVs using a nested PCR, which targets a short segment 
(215–315 bp) of the DNA polymerase gene (VanDevanter 
et al. 1996) (Supplementary File 2, Table S3). Human HV-2 
was used as the positive control in this experiment. The PCR 
products of selected samples were cloned into  pGEM®-T 
Easy Vector (Promega) and transformed in JM109 High 
Efficiency Competent Cells (Promega). The transformed 
plasmids were then purified with a  Monarch® Plasmid Mini-
prep kit (NEB) as instructed by the manufacturer.

For the detection of adenoviruses (AdVs), the nested PCR 
protocol previously described by Wellehan et al. (2004) and 
modified by Anthony et al. (2013) was used in this study. 
Briefly, the first-round reaction mixture (20 µL total reac-
tion volume) contained 2 µL of extracted DNA, 1 µM of 
each external primer (pol/F/outer and pol/R/outer), 400 µM 
dNTPs, 2.5 mM  MgCl2, 2.5 U of HotStarTaq DNA Polymer-
ase (Qiagen), Q-solution and PCR buffer (Qiagen). Ampli-
fication of the mixture was then carried out with an initial 
denaturation at 95 °C for 15 min, followed by 14 cycles at 
94 °C for 30 s, 63 °C for 35 s (− 1 °C/cycle) and 72 °C for 
60 s. Another 35 cycles at 94 °C for 30 s, 45 °C for 60 s and 
72 °C for 60 s were performed with a final strand extension 
at 72 °C for 5 min. For the second-round amplification, 4 
µL of the PCR product from the primary reaction was used 
with the internal primer pair (pol/F/inner and pol/R/inner) 
and amplified under the same conditions used for the first-
round reaction.

Lesion samples were also tested for the presence of pap-
illomavirus and poxvirus using previously described PCR 

http://www.bonzle.com/c/a?a=p&p=208535&cmd=sp
http://www.bonzle.com/c/a?a=p&p=208535&cmd=sp
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protocols (Manire et al. 2008; Li et al. 2010; Mashkour et al. 
2018) (Supplementary File 2, Table S3).

PCR products and clones were sent for Sanger sequencing 
(Macrogen, South Korea), and only the products that returned 
relevant sequence information were considered specific.

Consensus real‑time PCR assay for herpesvirus 
testing of individual samples

Based on the initial HV testing of pooled samples, a new 
set of consensus primers (CheHV-F1 and CheHV-R1) and 
TaqMan probe (CheHV-P; Table 1) were designed (http:// 
www. oligo archi tect. com) from the alignment (Geneious 
11.1.5) of three novel sequences obtained by Sanger sequenc-
ing of the specific PCR products. The assay was designed in 
a region where it would be specific for the three novel HVs 

but would not detect other closely related herpesviruses such 
as chelonid alphaherpesvirus 5 (ChHV5; Scutavirus chelo-
nidalpha5). However, we cannot rule out that it would detect 
other unknown closely related herpesviruses.

The assay was then used to amplify a 124 bp region of the 
three novel HVs in individual oral and cloacal swabs, and 
lesion samples. The optimised TaqMan probe-based PCR 
reaction was carried out in a 20 µL reaction mixture contain-
ing 2 µL of DNA extracts, 0.9 µM of each primer, 0.2 µM of 
probe and 1 × QuantiTect Probe PCR Master Mix (Qiagen). 
The mixture was initially denatured at 95 °C for 15 min fol-
lowed by 45 cycles of denaturation at 94 °C for 15 s, and a 
combined step of annealing and extension at 60 °C for 60 s. 
PCR products were sequenced at Macrogen (South Korea), 
and the resulting nucleotide sequences were aligned and 
then assigned to the original (novel) sequences based on the 

Table 1  a. Pooled and individual (lesion) samples from Krefft’s turtles

Location collected Sample type Pool identifier Number of individual samples Number of samples per pool

Alligator Creek Oral swab 1 - 28
Cloacal swab 2 - 25
Lesion swab - 2 -
Lesion scrapings - 2 -
Serum 3 - 9
Serum 4 - 8
Clot 5 - 9
Clot 6 - 8

Ross River Oral swab 7 - 35
Cloacal swab 8 - 35
Serum 9 - 12
Clot 10 - 12

b. Pooled and individual (lesion) samples 
from saw-shelled turtles

- - - -

Location collected Sample type Pool identifier Number of individual samples Number of samples per pool
Alligator Creek Oral swab 11 - 31

Cloacal swab 12 - 32
Lesion swab - 3 -
Lesion scrapings - 3 -
Serum 13 - 9
Serum 14 - 8
Clot 15 - 9
Clot 16 - 8

c. Pooled samples from Krefft’s (Emydura 
macquarii krefftii) and saw-shelled 
(Myuchelys latisternum) turtles

- - - -

Location collected Sample type Pool identifier Number of each species per pool Number of samples per pool
Ross River Oral swab 17 Krefft’s: 33

Saw-shelled: 4
37

Cloacal swab 18 Krefft’s: 31
Saw-shelled: 4

35

http://www.oligoarchitect.com
http://www.oligoarchitect.com
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percentage identity score of at least 95% (https:// blast. ncbi. 
nlm. nih. gov/ Blast. cgi).

Phylogenetic analysis

De novo assembly of the generated sequences was conducted 
in Geneious 11.1.5 (https:// www. genei ous. com) and contigs 
were compared with known sequences in GenBank (National 
Center for Biotechnology Information, Bethesda, Md.) using 
BLASTN. Multiple sequence alignment of the translated 
contigs and representative amino acid sequences available 
in GenBank was performed using MUSCLE (3.8.425) with 
the default settings. Bayesian phylogenetic analysis of the 
amino acid alignment was done with MrBayes plugin v3.2.6 
in Geneious (Huelsenbeck and Ronquist 2001). The analysis 
was performed using a fixed poisson rate matrix, gamma-
distributed rate variation, 4 heated chains, subsampling fre-
quency of 200, unconstrained branch lengths and discarding 
the first 25% of 1,100,000 chains as burn-in (Ossiboff et al. 
2015). Phylogenetic analysis was also performed in Molecu-
lar Evolutionary Genetics Analysis (MEGA) software using 
the maximum likelihood (ML) method and the best model of 
amino acid substitution with 1000 bootstrap replications (Le 
and Gascuel 2008; Kumar et al. 2018; Tamura et al. 2021).

Next‑generation sequencing

Total DNA of representative HV-positive samples was selected 
for library preparation and next-generation sequencing (NGS) 
using Illumina NovaSeq-6000 platform at Macrogen (South 
Korea). Sequencing reads were trimmed to remove low-quality 
reads and de novo assembled using the default parameters on 
CLC Genomics Workbench 22.0.2 (Qiagen). The resulting 
contigs were compared against the non-redundant protein data-
bases using DIAMOND BLASTX (version 2.0.9). Contigs cor-
responding to HVs were extracted and subjected to BLASTN 
analysis to identify false positive hits and frameshifts (due to 
insertions or deletions). Contig extension was done using Con-
tigExtender (Deng and Delwart 2021). Reads were then mapped 
to the resulting sequences in Geneious 11.1.5, and the sequence 
coding regions were identified (annotation) by BLASTX search-
ing of nr database. Phylogenetic analyses (maximum likelihood) 
were performed on the identified HV sequences.

Statistical analysis

The disease odds ratio (ψd) (Thrusfield 2007) was used to 
determine the association between HV infections and the 
presence of cutaneous lesions in turtles.

Results

Molecular detection of novel viruses

Between August 2020 and May 2021, a total of 311 
samples were collected from 128 freshwater turtles 
in Alligator Creek and Ross River, Townsville. These 
samples were either tested individually or in pools 
(Table 2). As shown in Table 3a, one pool of cloacal swabs 
and 16 individual oral and cloacal swabs from Krefft’s 
turtles in Ross River tested positive for two novel HVs 
by PCR (Supplementary File 2: Table S4). Six individual 
oral swabs from a negative pooled sample (initially tested 
by consensus PCR) tested positive for these novel HVs 
by real-time PCR (Table  3a), indicating an increased 
sensitivity. None of the Krefft’s turtle samples from 
Alligator Creek tested positive for any of the HVs. A 
pool of cloacal swabs from Krefft’s turtles obtained from 
Ross River was positive for a novel AdV by consensus 
PCR (Table 3a; Supplementary File 2: Table S4). All of 
the individual lesion samples from Krefft’s turtles tested 
negative for papillomavirus and poxvirus.

Of the pooled samples from saw-shelled turtles in Alli-
gator Creek, the cloacal swab pool was positive for another 
novel HV (Table 3b; Supplementary File 2: Table S4), and 
upon further testing of individual swabs from this pool, 
3 out of 29 were positive (Table 3b). Three individual 
oral swabs (3/29) from a pool sample that initially tested 
negative by consensus PCR were positive for this novel 
HV by real-time PCR (Table 3b). Two pools of oral and 
cloacal swabs from saw-shelled turtles were found to be 
positive for three novel AdVs (Table 3b; Supplementary 
File 2: Table S4). One lesion (1/3) swab tested positive for 
HV, and none of the lesion samples was positive for AdV, 
papillomavirus and poxvirus (Table 3b).

As shown in Table 3c, one pool containing oral swabs 
from both Krefft’s and saw-shelled turtles in Ross River 
tested positive for one of the novel HVs described in 
Table 3a. Individual sample testing showed that seven out 
of the 33 oral swabs of Krefft’s turtles were positive, and 
two out of the four saw-shelled oral swabs tested posi-
tive for the novel HVs (Table 3c). Eleven Krefft’s tur-
tles (11/34) and all of the saw-shelled cloacal swabs (4/4) 
tested by real-time PCR were positive for the novel HVs, 
even though the initial pooled sample source was negative. 
None of these samples tested positive for AdV.

Overall, three pools, one lesion, 18 oral and 28 cloacal 
swabs from 39 of the 128 (30%) screened turtles were 
positive for the novel HVs. Positive results were obtained 
from 28 of the 95 (29%) Krefft’s turtles, and 11 of the 33 
(33%) saw-shelled turtles captured (Table 4). In Alligator 
Creek, seven of the 29 saw-shelled turtles were positive 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.geneious.com
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for HVs, while none of the Krefft’s turtles tested positive. 
From Ross River, all of the saw-shelled turtles (4/4) and 
28 out of the 67 Krefft’s tested positive for HVs. Cutane-
ous lesions were only seen on 20 turtles (7 Krefft’s and 
13 saw-shelled turtles) captured from Alligator Creek. Of 
these 20 saw-shelled turtles, six (30%) tested positive for 
HVs. Only one of the 37 turtles (21 Krefft’s and 16 saw-
shelled turtles) without cutaneous lesions tested positive 
for HV (Table 4). Three pooled samples from saw-shelled 
turtles (one each of oral and cloacal swabs) and Krefft’s 
turtles (one cloacal swab) were positive for AdVs, and 
no testing was done to detect AdV in individual samples.

Statistical analysis

The disease odds ratio (ψd) applied to this data indicate that 
there was no association between the occurrence of HVs and 
cutaneous lesions of freshwater turtles in Alligator Creek 
(0.7929; 95% CI: 0.1845 to 3.4066).

Sanger sequencing and phylogenetic analysis

The initial sequencing of the PCR product from the three 
pooled samples that tested positive for HVs produced rel-
evant sequences of appropriate size (215 bp). These pools 
included one cloacal swab from Alligator Creek (Table 3b) 
and two swabs (oral and cloacal; Tables 3a and 3b) from 
Ross River. A modified second-round nested PCR using 
primers DFA and IYG (VanDevanter et al. 1996) returned 
longer DNA polymerase fragments (413–458 bp) for two of 
these pools (oral and cloacal swabs from Ross River). These 
DNA polymerase fragments showed 81–90% similarity to 
each other following sequence alignments. The outputs of 
BLASTN analyses for the generated sequences are shown in 
Supplementary File 2, Table S4. The Bayesian phylogenetic 
analysis based on the amino acid sequences of DNA poly-
merase revealed three novel HVs, which are placed within 
the subfamily Alphaherpesvirinae and clustered most closely 
to ChHV5 (YP_009207091) with a Bayesian posterior 

Table 2  Primers used in this study

Oligo name Sense Sequence (5′ to 3′) Position on 
reference sequence

Accession number of 
reference sequence

Target virus Source

AlphaFWD1 Plus AGCATHATY CAG GCBCAY AAY 
CTSTGY TTY A

15,732–15,762 NC_028891 Herpesvirus (Okoh et al. 2023)

AlphaREV2 Minus TTRATBGCVRVCTG YTG YTT RTC 15,994–15,972
DFA Plus GAY TTY GCNAGYYTNTAYCC 15,711–15,730 (VanDevanter et al. 1996)
ILK Plus TCC TGG ACA AGC 

AGCARNYSGCNMTNAA
15,967–15,994

KG1 Minus GTC TTG CTC ACC 
AGNTCNACNCCYTT 

16,453–16,428

TGV Plus TGT AAC TCG GTG 
TAYGGNTTYACNGGNGT

16,002–16,030

IYG Minus CAC AGA GTC CGT RTCNCCRTADAT 16,238–16,215
CheHV-F1 Plus TGG GCA GGG ATA TGC TTT 307–324 OP076950 This study
CheHV-R1 Minus TTC ATG GAG TAG GGC TGC 433–416
CheHV-P1 Plus [6FAM]ACA TTC ACG CCG TCT GGT 

CC[BHQ1]
340–359

pol/F/outer Plus TIMGNGGIGGIMGNTGY TAY CC 5984–5963 NC_009989 Adenovirus (Wellehan et al. 2004)
pol/R/outer Minus GTDGCRAAISHICCRTABARIGMRTT 5429–5454
pol/F/inner Plus GTITWY GAY ATHTGYGGHATG 

TAY GC
5928–5903

pol/R/inner Minus CCAICCBCDRTT RTG IARIGTRA 5608–5630
Low-GC_PanpoxFWD Plus ACA CCA AAA ACT CAT ATA ACT TCT 70,398–70,421 NC_008291 Poxvirus (Li et al. 2010)
Low-GC_PanpoxREV Minus CCT ATT TTA CTC CTT AGT AAA TGA T 70,627–70,603
High-GC_PanpoxFWD Plus CAT CCC CAA GGA GAC CAA CGAG 120,218–120,239 NC_008030
High-GC_PanpoxREV Minus TCC TCG TCG CCG TCG AAG TC 120,844–120,825
AR-E1F2 Plus ATGGTNCAG TGG GCNTATGA 1672–1691 AY904723 Papillomavirus (Manire et al. 2008)
AR-E1R9 Minus CAT TWG 

TDGTDAYMAGSAKRGGVGGGCA 
2296–2269

Cm-Pap-109-F Plus GCC GAT GAT GTC CAC TTA T 1207–1225 EU493091.1 (Mashkour et al. 2018)
Chm-Pap-109-R Minus GCT GAA TCC ACA GAG GTA G 1315–1297
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Table 3  a. PCR results for herpesvirus, adenovirus, papillomavirus and poxvirus of samples from Krefft’s turtles collected from Alligator Creek 
and Ross River

Location 
collected

Sample type Pool identifier aHerpesvirus 
pooled

bHerpesvirus 
individual 
(positive/tested)

aAdenovirus 
pooled

aPapillomavirus 
individual

aPoxvirus 
individual

Alligator Creek Oral swab 1 NEG 0/28 NEG - -
Cloacal swab 2 NEG 0/28 NEG - -
Lesion swab - - 0/2 NEG 0/2 0/2
Lesion scrapings - - 0/2 NEG 0/2 0/2
Serum 3 NEG 0/9 NEG - -
Serum 4 NEG 0/8 NEG - -
Clot 5 NEG 0/9 NEG - -
Clot 6 NEG 0/8 NEG - -

Ross River Oral swab 7 NEG 6/34 NEG - -
Cloacal swab 8 POS 10/35 POS - -
Serum 9 NEG 0/12 NEG - -
Clot 10 NEG 0/12 NEG - -

b. PCR results 
of samples 
from saw-
shelled turtles 
collected from 
Alligator Creek 
and tested for 
herpesvirus, 
adenovirus, 
papillomavirus 
and poxvirus

- - - - - - -

Location 
collected

Sample type Pool identifier aHerpesvirus 
pooled

bHerpesvirus 
individual 
(positive/
tested)

aAdenovirus 
pooled

aPapillomavirus 
individual

aPoxvirus 
individual

Alligator Creek Oral swab 11 NEG 3/29 POS - -
Cloacal swab 12 POS 3/29 POS - -
Lesion swab - - 1/3 NEG 0/3 0/3
Lesion scrapings - - 0/3 NEG 0/3 0/3
Serum 13 NEG 0/9 NEG - -
Serum 14 NEG 0/8 NEG - -
Clot 15 NEG 0/9 NEG - -
Clot 16 NEG 0/8 NEG - -

c. PCR results 
of samples 
from Krefft’s 
(Emydura 
macquarii 
krefftii) and 
saw-shelled 
(Myuchelys 
latisternum) 
turtles 
collected from 
Ross River 
and tested for 
herpesvirus, 
adenovirus, 
papillomavirus 
and poxvirus

- - - - - - -
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probability of 0.67 (Fig. 2a). These viruses were tentatively 
named chelid herpesvirus 1 (ChelHV-1), chelid herpesvi-
rus 2 (ChelHV-2) and chelid herpesvirus 3 (ChelHV-3) and 
have been accessioned in GenBank (OP076949-OP076951). 
Following real-time PCR testing of individual samples and 
subsequent sequencing by the Sanger method, relevant 
sequencing data were obtained for 30 of 44 submitted PCR 
products from 38 turtles. Of these, ChelHV-2 was detected 
in the oral and cloacal swabs of 22 turtles (2 saw-shelled and 
20 Krefft’s) while ChelHV-3 was detected in the lesion, oral 
and cloacal swabs samples of six saw-shelled turtles. Inad-
equate sequencing data returned for some samples (14 sub-
mitted PCR products) made it difficult to assign sequences 
to ChelHV-1.

For AdV positive pools (two saw-shelled oral and cloa-
cal swabs from Alligator Creek and one Krefft’s cloacal 
swab from Ross River), sequencing of the DNA polymerase 
PCR amplicons yielded 259 to 314 bp products (after edit-
ing sequences). A modified second-round nested PCR of 
the positive pooled saw-shelled cloacal swab from Alligator 
Creek using both inner forward and outer reverse primers 
(Supplementary File 2, Table S4), produced another product 
(459 bp) that was 100% similar to the sequence obtained for 
pooled Krefft’s turtle cloacal swab from Ross River. Sequence 

alignments of all products showed three distinct polymerase 
sequences with 67–79% similarity to each other. The outputs 
of BLASTN analyses for the generated sequences are shown 
in Supplementary File 2, Table S4. Three novel AdVs that 
clustered with representative members of the genus Testad-
enovirus were identified following an ML phylogenetic analy-
sis based on the amino acid sequence of DNA polymerase 
gene (Fig. 2b). We have tentatively named these viruses as 
saw-shelled turtle adenovirus 1 (SsTAdV-1), saw-shelled tur-
tle adenovirus 2 (SsTAdV-2) and saw-shelled turtle adenovi-
rus 3 (SsTAdV-3). These novel sequences have been depos-
ited in GenBank under the accession numbers OL791322, 
OP076952 and OP076953 respectively.

Next‑generation sequencing of chelid herpesviruses

Next-generation sequencing produced 73,549,106, 
71,205,296 and 68,252,498 reads for three libraries con-
structed from samples with CT values of 30.47, 29.65 and 
37.58 respectively. All of the sequencing data are avail-
able at the NCBI SRA under BioProject PRJNA916530. 
The trimmed reads were de novo assembled to produce 
1,555,961, 1,566,516 and 1,850,721 contigs respectively. 
A total of 46 contigs (maximum length of 3300 bp) were 

Table 3  (continued)

Location 
collected

Sample type Pool identifier aHerpesvirus 
pooled

bHerpesvirus 
individual 
(positive/tested)

aAdenovirus 
pooled

aPapillomavirus 
individual

aPoxvirus 
individual

Location 
collected

Sample type Pool identifier aHerpesvirus 
pooled

bHerpesvirus 
individual 
(positive/
tested)

aAdenovirus 
pooled

aPapillomavirus 
individual

aPoxvirus 
individual

Ross River Oral swab 17 POS 7/33 Krefft’s NEG - -
2/4 saw-shelled

Cloacal swab 18 NEG 11/31 Krefft’s NEG - -
4/4 saw-shelled

POS positive, NEG negative
a Tested with consensus PCR assay
b Tested with real-time PCR assay

Table 4  Detection of 
herpesvirus in two populations 
of freshwater turtles

* A turtle was regarded as positive for “lesions” regardless of whether they had multiple or only one lesion

Positive/number tested

Species Alligator creek Ross River Total

Lesion* No lesion Lesion No lesion

Krefft’s 0/7 0/21 0/0 28/67 28/95
Saw-shelled 6/13 1/16 0/0 4/4 11/33
Total 6/20 1/37 0/0 32/71 39/128
Disease odds ratio (ψd) 0.7929 (95% CI: 0.1845 to 3.4066)
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assigned to the family Herpesviridae following blast analy-
sis (DIAMOND BLASTX-2.0.9). These contigs were fur-
ther subjected to BLASTN analysis to remove false posi-
tive hits and identify frameshifts. Consequently, only four 
contigs from two libraries of ChelHV-2 and ChelHV-3 were 
considered adequate for read mapping and annotation. The 
sequences matched different genome fragments (46–54% 
identity; coverage depth of 1–3x) of ChHV5 (AAR28061.1, 
YP_010795529.1, YP_010795561.1 and YP_010795506.1), 
and included the partial sequences of glycoprotein B (gB; 

675 bp; OR030823), capsid protein (454 bp; OR030824), 
helicase-primase primase subunit (602 bp; OR030825) and 
uracil DNA glycosylase (UDG; 249 bp; OR030826) genes 
(Supplementary File 2, Table S5). There were no sequences 
matching the polymerase gene; hence, we could not compare 
these sequences with the novel sequences of ChelHVs ear-
lier identified in this study. However, phylogenetic analyses 
based on the amino acid sequences of UDG and gB further 
confirmed the novelty and relatedness of the ChelHVs to 
ChHV5 (Supplementary File 2, Fig. S1).

Fig. 2  a.  Midpoint-rooted Bayesian phylogenetic tree of predicted 
amino acid sequences of herpesviral DNA-dependent DNA polymer-
ases. Bayesian posterior probabilities are shown next to branches. 
The analysis involved 64 protein sequences ranging from 58 to 1250 
amino acid residues in length. Alphaherpesviruses, betaherpesviruses 
and gammaherpesviruses are highlighted in blue, pink and green 
branches respectively. The novel chelid herpesviruses (ChelHV1-3) 
are shown in red. GenBank accession numbers are shown in paren-
theses after the virus name. The scale bar indicates the number of 
amino acid substitutions per site. b. Midpoint-rooted maximum likeli-

hood tree (using LG + G model) of predicted amino acid sequences 
of adenoviral DNA-dependent DNA polymerases. The percentage of 
trees in which the associated taxa clustered together is shown next to 
the branches (1000 bootstrap replications). The analysis involved 29 
protein sequences (86–1341 amino acid residues in length). The novel 
adenoviruses are shown in red. GenBank accession numbers are 
shown in parentheses after the virus name. The tree is drawn to scale, 
with branch lengths measured in the number of substitutions per site. 
Evolutionary analyses were conducted in MEGA11
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Discussion

The identification of novel viruses (HVs and AdVs) in 
wild Australian freshwater turtles is critical to under-
standing potential threats as well as monitoring disease 
emergence. In this study, three novel herpesviruses were 
detected in healthy turtles as well as turtles with cuta-
neous lesions (apart from the cutaneous lesions seen, no 
overt clinical signs were observed) using universal PCR 
assays. Several attempts to identify herpesviruses in Aus-
tralian freshwater turtles by previous researchers have 
been unsuccessful (Cowan et al. 2015; Wirth et al. 2020). 
For instance, Cowan et al. (2015) obtained positive PCR 
amplicons for HV using a universal PCR assay and dem-
onstrated eosinophilic intranuclear inclusion bodies in 
the skin lesion tissues of captive Australian Krefft’s river 
turtles. However, they were not able to generate useful 

sequence data using Sanger sequencing technology. To the 
best of our knowledge, the finding in our study represents 
the first identification and partial characterisation of HV 
in any species of Australian freshwater turtles.

Interestingly, the novel ChelHVs form a distinct lineage 
with the tumour-associated ChHV5 that has been detected in 
the fibropapillomatous lesions of sea turtles (Mashkour et al. 
2021; Page-Karjian et al. 2021; Zamana et al. 2021). The 
ChelHVs also form a clade with other chelonian herpesviruses 
(Fig. 2a), some of which have been associated with cutaneous 
lesions. For instance, Emydoidea herpesvirus 2 and Terrapene 
herpesvirus 2, which share 85% sequence homology with each 
other, have been associated with squamous cell carcinoma 
(in a Blanding’s turtle) and fibropapillomas (in eastern box 
turtles) respectively (Andersson et al. 2021; Yonkers et al. 
2015). Closely related viral species are most likely to share 
pathogenic and epidemiologic traits (Gorbalenya and Lauber 

Fig. 2  (continued)
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2017; Geoghegan and Holmes 2018), thus implicating the 
ChelHVs as potential factors contributing to the pathogenesis 
of the cutaneous lesions seen in this study. However, PCR 
testing indicates that the novel ChelHVs were not associated 
with the cutaneous lesions, suggesting that the ChelHVs are 
likely host-adapted pathogens and may not be linked to the 
disease presentation. Previous studies have discovered HVs in 
clinically healthy turtles, which further indicates that HVs can 
cause subclinical or latent infection in adaptive hosts (Aplasca 
et al. 2019; Ossiboff et al. 2015; Winter et al. 2020). Given 
that infection of host-adapted HVs in closely related or naïve 
host species can cause severe disease, it is therefore necessary 
to further investigate the health implications of these novel 
ChelHVs in freshwater turtles.

All of the reptilian HVs genetically characterised to 
date are grouped into the subfamily Alphaherpesvirinae 
(Gatherer et al. 2021; Okoh et al. 2021). The ChelHVs also 
clustered within this subfamily and formed a distinct clade 
with ChHV5. The marked lineage variation of ChelHVs 
from other freshwater turtle HVs is not clearly understood. 
We can postulate that viruses are known to coevolve with 
their hosts and most of the previously identified freshwa-
ter turtle HVs have been from Cryptodiran turtles, which 
are genetically and evolutionary different from the Austral-
ian species (Pleurodira), and this may have influenced the 
lineage variation. However, conclusions on the clustering 
pattern of ChelHVs cannot be drawn in this study as the 
phylogenetic analysis was based on the partial DNA poly-
merase sequences of ChelHVs and other reptilian HVs. The 
availability of full-length sequences would allow for a more 
adequate or elaborate analysis, which in turn would provide 
a better insight into the evolutionary history and topology 
of reptilian HVs.

To further characterise and provide better insights into the 
molecular and evolutionary genomics of the novel viruses 
identified in this study, we attempted to sequence the com-
plete or partial genome of ChelHV1-3 directly from clinical 
samples. Unfortunately, we obtained very low HV genome 
coverage (1–3x), recovering only four gene fragments for 
ChelHV-2 and 3. Sequencing non-isolated viruses is often 
problematic especially if the viruses are present in low 
amounts (Houldcroft et al. 2017; Maurier et al. 2019). These 
challenges can be overcome by either performing ultra-deep 
sequencing or primer walking the genome; however, these 
approaches are cost and time-intensive (Houldcroft et al. 
2017; Maurier et al. 2019) and beyond the scope of this study.

Herpesviruses can cause severe diseases when they infect 
naïve, young, or immuno-compromised reptile populations 
(Sehrawat et al. 2018; Okoh et al. 2021). Therefore, a good 
understanding of the epidemiology of HVs may aid in the 
prevention and control of disease outbreaks in wild and cap-
tive populations. We could not clearly differentiate the indi-
vidual species of ChelHVs based on their host and location 

preferences; however, preliminary results suggest that the 
ChelHV-3 is host-specific and predominantly infects saw-
shelled turtles. ChelHV-1 and 2 were mostly detected in 
turtles sampled from the Ross River (Supplementary File 
1, Table S4). Overall, a prevalence of 30% was recorded for 
ChelHVs in the two wild populations of freshwater turtles. 
Slightly higher prevalence rates were observed for saw-
shelled (33%) than the Krefft’s turtles (29%). The preva-
lence rates of HVs observed for saw-shelled and Krefft’s 
turtles in this study were similar to the 31.3% reported for 
terrapene herpesvirus 1 in free-ranging eastern box turtles 
in the USA (Kane et al. 2017), but lower than the 40% and 
51.5% prevalence reported in captive eastern box turtles and 
free-ranging bog turtles respectively (Ossiboff et al. 2015; 
Sim et al. 2015). Future investigations should focus on char-
acterising the epidemiology of HVs in Australian freshwater 
turtles to provide a better understanding of the importance of 
these viruses to the overall health of their hosts.

Adenoviruses have been detected in many species of 
reptiles and most commonly infect various species of 
lizards (Marschang 2011). These viruses are distributed 
worldwide, and infections are characterised by anorexia, 
which can lead to lethargy and wasting (Ariel 2011; 
Marschang 2011; Ascher et  al. 2013). Other reported 
clinical signs include diarrhoea, rhinorrhoea, neurological 
complications, stomatitis, dermatitis and sudden death 
(Heldstab and Bestetti 1984; Perkins et al. 2001; Ariel 
2011; Marschang 2011; Doneley et  al. 2014; Bak 
et  al. 2018). In chelonians, AdVs are associated with 
severe systemic disease, biliverdinuria, wasting, severe 
bleeding and mortality (Marschang 2011; Rivera et al. 
2009; Schumacher et al. 2012); though, some infections 
are asymptomatic (Franzen-Klein et  al. 2020; Nieto-
Claudin et al. 2022; Vincent et al. 2023). Generally, the 
pathogenicity of AdVs and their ability to cause primary 
disease is yet to be elucidated as many clinical cases of 
adenoviral infections in chelonians have been associated 
with several cofactors such as coinfection, stress and 
immunosuppression (Adamovicz et  al. 2018; Behncke 
et  al. 2013; Farkas and Gál 2009; Garcia-Morante 
et al. 2016; Gibbons and Steffes 2013; Kim et al. 2002; 
Marschang 2011; Rivera et al. 2009; Wilkinson 2004). In 
this current study, three novel AdV species (SsTAdV1-3) 
were detected in two populations of freshwater turtles. 
Some turtles in these populations had cutaneous lesions 
characterised by irregular, contracted, white-tan foci on the 
dorsal surface of tails, legs and necks. The data obtained 
in this study does not support SsTAdVs as the causative 
agent of the cutaneous lesions. This finding is typical of 
members in the genus Testadenovirus, which have so far 
not been associated with clinical diseases (Doszpoly et al. 
2013; Salzmann et al. 2021). However, the occurrence of 
novel AdVs in this population of freshwater turtles should 
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not be ignored since AdVs can potentially cause diseases 
of conservation concerns (Marschang 2011; Marschang 
et al. 2020). Therefore, there is a need to sustain disease 
surveillance in this population of freshwater turtles 
and further characterise the newly discovered viruses 
(SsTAdV1-3) to ascertain their pathogenicity.

Papillomavirus and poxvirus were not detected in any 
of the lesion samples tested in this study. Previous studies 
have identified these viruses as the causative agents of 
various cutaneous lesions in reptiles (Jacobson et al. 1979, 
1982; Huchzermeyer et al. 1991; Penrith et al. 1991). Also, 
coinfection of these viruses with other pathogens such as 
HVs may cloud the causative relationship and exacerbate 
disease presentation (Hughes et al. 2020; Mashkour et al. 
2021). Our observation in this study conforms to the find-
ings of Wirth et al. (2020), thus lending support to the 
exclusion of papillomavirus as a possible cause of the 
cutaneous lesions. However, it is possible that the limited 
sensitivity often associated with degenerate PCR protocols 
may have resulted in the missed diagnosis of the virus in 
both studies. This assumption may be true for the pox-
virus. We further tested for papillomavirus with another 
assay (Mashkour et al. 2018) and still obtained negative 
results; though the specificity of this assay to any freshwa-
ter turtle papillomavirus (that may be associated with the 
lesions) was not known. Therefore, the health status of this 
population of freshwater turtles should be continuously 
assessed for the presence of potential pathogenic viruses 
as new and improved assays are developed.

Conclusions

The discovery of novel viruses in wildlife species is essential in 
providing insights and identifying potential factors of conserva-
tion concerns. Herpesviruses and adenoviruses are clinically 
important pathogens of wildlife species, though the ecology of 
disease in some species including reptiles remains uncertain. 
In this study, we identified and characterised six novel HVs and 
AdVs in two species of Australian freshwater turtles. Routine 
surveillance and further characterisation of these novel viruses 
may help to provide better insights into their epidemiological 
and conservation significance.
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