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Abstract

Emerging infectious diseases (EIDs) have been reported as causes of morbidity and
mortality in free-living animal populations, including turtles and tortoises, and they
have even resulted in species extinctions, with human activities contributing to the
spread of many of these diseases. In the Galapagos, giant tortoises are endangered
due to habitat change, invasive species, and other human impacts; however, the impact
of EIDs on Galapagos tortoise conservation remains understudied. To fill this gap,
we conducted health assessments of five tortoise species from the islands of Santa
Cruz, Isabela and Espafiola. We performed health evaluations of 454 animals and
PCR testing for pathogens known to be relevant in other tortoise species. We iden-
tified two novel sequences of adenoviruses and four of herpesviruses. Based on align-
ments of the DNA polymerase gene and maximum likelihood phylogenetic analyses, we
found both novel adenoviruses to be most closely related to red footed tortoise aden-
ovirus 2, by nucleotide sequence and red footed tortoise adenovirus 1, based on amino
acid sequence. Three of the herpesvirus sequences translated into the same deduced
amino acid sequence; therefore, they may be considered the same viral species, closely
related to terrapene herpesvirus 2. The fourth herpesvirus sequence was highly diver-
gent from any sequence previously detected and is related to an eagle owl herpesvirus
based on nucleotide sequence and to loggerhead oro-cutaneous herpesvirus based on
amino acids. These novel viruses may be pathogenic for giant tortoises under specific
conditions (e.g., stress). Continued screening is crucial to determine if these viruses
play a role in tortoise fitness, morbidity and survival. This information allows us to pro-
vide recommendations to the Galapagos National Park Directorate and other institu-
tions to improve the management of these unique species both in Galapagos and glob-

ally, and for tortoise reintroduction plans throughout the archipelago.
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1 | INTRODUCTION

Turtles and tortoises compose a taxonomic group that includes more
than 300 species that live on land, in freshwater systems, and in oceans;
however, this large group of vertebrates is among the most threatened
according to the IUCN Red List criteria (Rhodin et al., 2018; Stanford
etal.,, 2020). The combined effects of habitat loss and degradation, con-
sumption and use of the animals and their eggs, invasive species and cli-
mate change are bringing many of the world’s tortoises and turtles to
the brink of extinction, and Galapagos tortoises are no exception. Two
Galapagos tortoise species became extinct in the last two centuries due
to human predation, and all of the twelve extant species are considered
threatened with extinction (IUCN, 2020). New challenges for Galapa-
gos tortoise conservation include the dispersion of antimicrobial resis-
tance genes into the environment driven by human activities (Nieto-
Claudin et al., 2021a) and the impacts of plastics and pesticides, which
are largely under-recognised based on our initial studies. Emerging
infectious diseases (EIDs) also have been reported as causes of morbid-
ity and mortality of free-living animal populations including tortoises;
however, disease and pathogens are not usually listed as potential or
current threats to reptile populations, as they remain poorly under-
stood (Daszak et al., 2000; Gibbons & Steffes, 2013). Recent studies
highlight the importance of expanding EID studies in turtles and tor-
toises to prevent mortality events of already compromised and declin-
ing populations of high conservation concern (Doszpoly et al., 2013;
Kane et al., 2017; Kolesnik et al., 2017). In the Galapagos Archipelago,
giant tortoises play key roles for maintaining healthy ecosystems (e.g.,
seed dispersal, habitat modifications) while also significantly contribut-
ing to the local economy based on eco-tourism activities, as these
giants are considered one of the main attractions for visitors and
researchers (Benitez-Capistros et al., 2019; Blake et al., 2012). Since
the late 1970s, the reintroduction of Galapagos tortoises in captive-
breeding and restoration programs have resulted in hundreds of tor-
toises moved across the archipelago (Gibbs et al., 2014), with the
potential to disseminate and/or introduce pathogens to naive popula-
tions, as has occurred in other animal species and countries with rabies
and bovine brucellosis (Févre et al., 2006; Massei et al., 2010). Despite
their importance, infectious agents that might be present in free-living
giant tortoises and their potential impacts on tortoise and reptile con-
servation remain understudied.

Research on reptile virology and microbiology has undergone rapid
expansion over the past few decades. Interest in reptile-specific
pathogens has focused on both their importance to reptile medicine
and conservation, as well as on increasing knowledge of microbe sys-
tematics and evolution (Agius et al., 2019). Several infectious dis-
eases continue to be prevalent in captive and free-living cheloni-
ans, including the well-documented mycoplasmosis and herpesvirus-
related diseases, whereas other pathogens are currently emerging
in tortoises (i.e., adenovirus, ranavirus) (Gibbons & Steffes, 2013;
Marschang, 2011). Concurrent infections with these pathogens have
been described and may lead to more severe systemic disease and mor-
tality in turtles experiencing these co-infections (Kolesnik et al., 2017;
Simet al., 2016).
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Herpesvirus (HV) infections have been reported in many differ-
ent species of tortoises (Testudinidae), including captive and free-
living populations (Kane et al., 2017; Origgi, 2012; Sim et al., 2015;
Yonkers et al., 2015). Clinical signs commonly associated with HV infec-
tions range from subclinical to severe, including rhinitis, conjunctivitis,
stomatitis and glossitis, which frequently develop into a diphtheroid-
necrotising process with diphtheroid membranes covering parts of
the oral cavity and extending down into the trachea and oesophagus
(Marschang, 2019). Oedema of the neck is acommon sign. Affected ani-
mals are generally anorexic and lethargic. Animals that survive acute
HV infection may develop central nervous system disorders includ-
ing paralysis or incoordination (Marschang, 2019). Adenoviruses have
only relatively recently been detected in several species of cheloni-
ans, showing a high mortality rate in some species such as Sulawesi
tortoises (Rivera et al., 2009). Pathological findings in infected tor-
toises may include stomatitis, esophagitis, hepatic necrosis and lipido-
sis, myeloid necrosis in bone marrow, necrotising enterocolitis, pneu-
monia and encephalitis (Gibbons & Steffes, 2013; Marschang, 2011).
Tortoise mycoplasmosis is one of the most extensively characterised
infectious diseases of chelonians and has been associated with pop-
ulation declines in free-living tortoises (Jacobson et al., 2014). Clini-
cal signs include lethargy, palpebral oedema, conjunctivitis and nasal
and ocular discharges, causing significant upper respiratory tract dis-
ease in turtle and tortoises (Palmer et al., 2016). Ranaviruses have been
increasingly shown to be important pathogens of ectothermic animals
(Chinchar, 2002), regularly isolated from reptiles since the late 1990s,
mostly in chelonian species. Ranavirus is associated with lethargy,
anorexia, nasal and ocular discharge, conjunctivitis, severe subcuta-
neous cervical oedema, ulcerative stomatitis, ‘red-neck disease’ and
death. Analysis suggests that reptilian ranavirus is originally transmit-
ted from amphibians to reptiles; however, it has been demonstrated
that it can also be transmitted between tortoise species (Marschang,
2011; Marschang et al., 2008).

For the current study, we designed a broad health assessment of
giant tortoises across islands and species to test for four pathogens
of conservation concern in tortoises; that is, herpesvirus, adenovirus,
ranavirus and mycoplasmosis. Our goal was to describe the pres-
ence and prevalence of these potential pathogens within giant tor-
toise populations, their potential pathogenicity and if their presence
might compromise tortoise conservation and well-being. This research
advances knowledge of infectious agents in free-living Galapagos tor-

toises across species and islands.

2 | MATERIALS AND METHODS

2.1 | Study sites

We conducted the study on three islands of the Galapagos Archipelago,
covering five different species of giant tortoises. Santa Cruz, located
in the centre of the archipelago and inhabited by humans (S00.66551,
W090.357241), contains two species of critically endangered giant

tortoises, with the most predominant (Chelonoidis porteri) inhabiting
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the central and southwestern area, and the other (Chelonoidis donfaus-
toi) restricted to the northeastern area of the island. The estimated
population for C. porteri based on IUCN data from 2010 is 3400 indi-
viduals (Cayot et al., 2017), but no census has been conducted in the
last decade. Through our work, we estimate a population that currently
exceeds 6000 individuals (Blake, Cabrera, Nieto-Claudin, Deem unpub-
lished data). The population of C. donfaustoi is estimated to be 550 indi-
viduals based on the latest census in 2018 (Tapia, 2018) and is believed
to be one of the smallest population sizes for any Galapagos tortoise
species.

Espafola Island is located in the south-east of the archipelago
(S01.371006, W089.670863). This arid and small island is not inhab-
ited by humans and contains one species of giant tortoise (Chelonoidis
hoodensis) considered critically endangered by the IUCN (Cayot et al.,
2017). After five decades of an intense captive-breeding program to
restore its population, C. hoodensis is considered stable, and the last
reproductive individuals maintained in captivity were released into the
wild in June 2020 (Tapia, 2021a).

Isabela Island is the largest island, located on the eastern side of the
archipelago.

Because of the isolating environment of each of its five volcanoes,
a unique species of giant tortoise has evolved on each volcano. Che-
lonoidis vandenburghi is restricted to Alcedo Volcano and its slopes
(500.4409454°, W091.1068907°), and Chelonoidis becki is restricted
to Wolf Volcano (500.016080, W091.350429). A recent census con-
ducted in Alcedo estimates its population to be 12,000-15,000 indi-
viduals (Tapia, 2021b), whereas the population of giant tortoises from
Wolf is around 10,000-12,000 (Arteaga & Guayasamin, 2020). Alcedo
and Wolf volcanoes have never been inhabited by humans, although an
extensive goat eradication program to control for invasive species was
carried out between 2004 and 2007 as part of the International Project
Isabela (Lavoie et al., 2007). Since then, human activity on Alcedo and
Wolf volcanoes has been restricted to scientific activities, with few sci-
entists and rangers occasionally visiting every year.

2.2 | Sampling design and sample collection

Most samples were collected as part of a long-term health assess-
ment within the Galapagos Tortoise Movement Ecology Programme
(GTMEP) (Blake, Yackulic et al., 2015). From 2017-2020, we collected
samples from 208 free-living western Santa Cruz tortoises, 55 from
eastern Santa Cruz, 70 from Alcedo Volcano, and 45 from Espafola
Island. In collaboration with Galapagos Conservancy and the Galapa-
gos National Park Directorate, we also collected samples from 55 free-
living Wolf tortoises. A total of five hybrids from C. becki and 16 tor-
toises from Espariola Island (C. hoodensis) maintained in captivity at the
Fausto Llerena Breeding Center (Santa Cruz Island) were sampled and
included in the present work. Samples collected from western Santa
Cruz and Alcedo Volcano were also used in a broader study to assess
antimicrobial resistance and reference intervals. For these two species,
sample size was calculated based on the literature (Z = 1.96; p = .05)

(Lwanga & Lemeshow, 1991). We also considered the feasibility of col-
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lecting the desired number of samples from a remote and isolated vol-
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cano such as Alcedo. Because of the logistical challenges of collection,
for these tortoise species, sampling was opportunistic and took place in
a single trip of 3-7 days, so all the samples were collected over a very
short period of time and during the same season.

For each individual, we recorded morphometrics, weight and deter-
mined the sex in mature animals based on tail length and plastron con-
cavity, as well as a body condition index (BCl) as previously described in
Nieto-Claudin et al. (2021b) and Blake, Guézou et al. (2015). We iden-
tified tortoises by microchips previously placed by Galapagos National
Park Service rangers. If no microchip was detected, we placed a new
subcutaneous microchip (DATAMARS®) in the caudo-ventral area of
the left hind leg. We collected conjunctival, oral and cloacal swabs using
a sterile cotton swab (Puritan Sterile Products Company LLC, Maine,
USA) and placed each in 2 ml sterile cryovials with no media. We kept
all samples frozen at —30°C for up to 3 months until analyses.

We collected samples under the Galapagos National Park annual
research permits PC-36-17, PC-35-18, PC-16-19, PC-28-20 and the
International Animal Care and Use Committee from GREFA (Spain)
with registration number 17/001. Samples from Fausto Llerena Breed-
ing Centre were collected under the supervision of the Galapagos
National Park Directorate. We transported frozen samples under
exportation permits 153-2019-EXP-CM-FAU-DNB/MA, 192-2019-
EXP-CM-FAU-DNB/MA and 031-2020-EXP-CM-FAU-DNB/MA.

2.3 | DNA extraction and molecular analysis

We added 100 ul of sterile PBS to each swab and allowed them to thaw
for an hour at room temperature before carrying out the DNA extrac-
tion. We performed total DNA extraction directly from swab samples
following the manufacturer’s instructions (DNeasy Blood & Tissue Kit,
Qiagen, Valencia, CA, USA). All DNA extraction occurred at the Charles
Darwin Research Station (CDRS) in Galapagos, Ecuador.

For initial adenovirus screening, we used a nested PCR method with
consensus primers targeting a 330 bp region of the DNA-dependent
DNA polymerase gene of adenoviruses (Wellehan et al., 2004). We
tested all extracted DNA from cloacal swabs at the CDRS. PCR prod-
ucts were resolved in 1.5% agarose gels. We used Sanger sequenc-
ing for all putative positive results using both primers. We then
designed new degenerate primers (ADV_Chelonoidis-F: CTTCCAGGR-
CCTCCWCT; ADV_Chelonoidis-R: CGTCGACGGAGGTGATGA) from
compatible bands obtained from the conventional PCR for use in a
real-time PCR (qPCR) assay to test all samples. We used qPCR based
on SYBR® Green dye, which amplifies a 209 bp fragment of the poly-
merase gene. A 20 ul reaction mixture consisted of 4 ul extracted DNA,
0.8 ul forward primer (20 uM), 0.4 ul reverse primer (20 uM) and 10 ul
Kappa Master Mix (Sigma Aldrich, Spain). Reactions were amplified in a
thermal cycler with an initial denaturation at 95°C for 3 min, followed
by 40 cycles of amplification at 95°C for 15 s and 60°C for 30 s.

To test for herpesviruses in conjunctival and oral swabs from 454
tortoises, we used a consensus PCR assay utilising degenerate primers

targeting a 250 bp region of the polymerase gene (VanDevanter et al.,
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1996). To test for mycoplasma in conjunctival and oral swab samples of
C. porteri and C. vanderburghi tortoises (n = 278), we adapted a qPCR
protocol for use in a conventional PCR. This protocol targets the inter-
genic region between the 16S and 23S genes (Rebelo et al., 2011). Any
PCR products were resolved in 1.5% agarose gels.

After screening oral swabs from a randomly selected group (n = 90)
of C. porteri to test for Frog Virus 3 (FV3)-like ranaviruses, we used
custom-made primers that amplify a 250 bp region of the major cap-
sid protein gene (ranaV-F 5’-TTACATCCTCAACGCCTGGT-3’; ranaV-
R 5'-GAGATCGCTGGTGTTGCCTA-3’) in a SYBR Green-based gPCR
assay. These primers were designed by Primer3 and were tested in sil-
ico by the alignment with all FV3 and FV3-like ranavirus sequences
available on Genbank. Cycling conditions were 95°C for 3 s, 40 cycles
at 95°C for 15 s and 65°C for 30 s, followed by melt curve analysis.
In order to validate the test, a control of FV3 ranavirus was amplified
and sequenced. We tested mycoplasma for all western Santa Cruz and
Alcedo Volcano tortoises as part of the broader health study conducted
for these species. We selected a smaller number of samples to be tested
for ranavirus due to the inability to conduct qPCR in Galapagos and lim-
ited funds available; however, no mortality or morbidity events have
been reported in Galapagos frogs or reptiles that might be compatible
with ranavirus. For the remaining species that had been opportunisti-
cally sampled we prioritised testing for adenovirus and herpesvirus as
they had been previously detected in C. porteri and C. vandenburghi. In
western Santa Cruz, where tortoises were sampled during humid and
dry seasons, we used a Pearson’s chi-square test to assess the influence

of season in viral prevalence, as described by Kane et al. (2017).

2.4 | Sequencing and phylogenetic analyses

We subjected all PCR positive samples to Sanger sequencing. We
considered a sample truly positive if a clear sequence was obtained.
Nucleotide and deduced amino acid sequences were subjected to
BLAST searches. Adenovirus sequences were aligned with 18 other
adenovirus sequences found in GenBank. Herpesvirus sequences were
aligned with 23 other herpesvirus sequences. Because there were gaps
that made translation into amino acids problematic, we aligned the
deduced amino acid sequences and subjected them to a protein BLAST
search. In both groups, we calculated p-distances for nucleotide and
deduced amino acid sequences. We inferred phylogenetic trees from
nucleotide and deduced amino acid alignments using a maximum likeli-
hood algorithm with a bootstrap frequency of 1000 replications (Mega
7.0). To assess for differences of pathogen prevalence between tortoise
species, we used a Pearson’s chi-square test (p < .05) and observed the

adjusted standardised residuals.

3 | RESULTS

We obtained a total of 31 clean sequences 209 bp in length from ade-
novirus qPCR. Out of all sequences, we obtained two consistently dif-
ferent nucleotide sequence types (AdVntST-1 and AdVntST-2). These
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sequence data have been submitted to the EMBL databases under
accession numbers OU508386 and OU508387, respectively. The
two nucleotide sequences translated into two amino acid sequences
(AdVaaST-1 and AdVaaST-2). The identities between AdVntST-1 and
AdVntST-2 and between AdVaaST-1 and AdVaaST-2 were 95.6% and
91.2%, respectively. Based on alignments of the DNA polymerase gene
and through maximum likelihood phylogenetic analyses, we found both
novel adenoviruses to be most similar to red footed tortoise aden-
ovirus 2 by nucleotide sequence (identities of 79.5% and 77.0%, respec-
tively), and red footed tortoise adenovirus 1 based on amino acid
sequence (79.4%). AdVaaST-1 and AdVaaST-2 form a clade with a
bootstrap value of 0.96 (Figure 1), lending support to the placement
of these viruses as novel species; therefore, we hereafter refer to
them as Chelonoidis adenovirus 1 (CheAdV 1) and Chelonoidis adenovirus
2 (CheAdV2). Clustered by tortoise species, 23 out of 208 tortoises
(11.1%; 95% Cl 6.8-15.3) tested positive for adenovirus in western
Santa Cruz (C. porteri), 1 of 55 tortoises (1.8%; 95% C1 0.0-5.35) in east-
ern Santa Cruz (C. donfaustoi) and 7 of 78 (9%; 95% Cl 2.63-15.32) in
Alcedo (C. vandenburghi). No tortoises tested positive from Wolf Vol-
cano, Espanola Island and the captive breeding facilities. In Table 1, we
report the nucleotide and amino acid sequences obtained for the dif-
ferent tortoise species. Statistical differences were observed in ade-
novirus prevalence (chi-squared, p < .05), with C. porteri presenting a
higher prevalence (11.1%) than expected (7%) and no detection in C.
becki (0%). C. donfaustoi also presented a low prevalence (1.8%), but
statistics were not significant. In Santa Cruz, all tortoises that were pos-
itive for adenovirus presented CheAdV 1 except for one individual. The
one tortoise from western Santa Cruz that presented the CheAdV2
sequence was an adult female tortoise tagged in 2019 as part of the
long-term movement ecology research conducted by the GTMEP. In
contrast, 6 out of 7 adenovirus-positive tortoises from Alcedo Vol-
cano presented CheAdV2, and only one individual tested positive for
CheAdV1. One of the tortoises that had tested positive for CheAdV2
was an adult female that had been monitored with a GPS tag since
2010.

A total of twelve animals in this study tested positive for her-
pesviruses based on conventional PCR. Only one of the positives
was from a conjunctival swab, while the other eleven positive results
were from oral swabs. We obtained four 180 bp nucleotide sequences
of herpesviruses (HVntST-1, HVntST-2, HVntST-3 and HVntST-4).
These sequence data have been submitted to the EMBL databases
under accession numbers OU508388, OU508389, OU508390 and
0OU508391, respectively). These four nucleotide sequences translated
into two different amino acid sequences (HVaaST-1 and HVaaST-2).
Sequence similarity between the three first ntSTs ranged from 96.9%
to 99.4%, whereas the similarity between these three and HVntST-4
was lower with arange of 62.5-63.7%. HVntST-1to HVntST-3 all trans-
lated the same deduced amino acid sequence (HVaaST-1); therefore,
they could be considered the same viral species. HVaaST-1 was 64.2%
similar to the deduced amino acid sequence from nucleotide sequence
HVntST-4 (HVaaST-2). The highest score by BLAST of HVntST-1-2-
3 was with Emydid herpesvirus 1 and Terrapene herpesvirus 2, with
69.2-71.1% and 68.6-69.8% similarity, respectively. The highest score
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Yellow-bellied slider adenovirus/JQ828845
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Red eared slider adenovirus/JQ809465
Yellow-bellied slider adenovirus/JN632573
Yellow-bellied slider adenovirus/JQ801340
Red-eared slider adenovirus/MT900850
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Maximum likelihood phylogenetic trees with 1000 bootstrap replications of nucleotide (a) and deduced amino acid (b) of 20 and 21

adenoviral DNA-dependent DNA polymerase gene sequences, respectively. The names correspond to Genbank name plus the GenBank accession
number. The numbers near the branches represent the bootstrap frequency. All values under 70 have been omitted. Red dots denote the novel
sequences described for Galapagos giant tortoises in the present study (EMBL accession numbers OU508386 and OU508387, respectively).

obtained by BLAST of HVaaST-1 was with the Emydoidea blandingii her-
pesvirus 2 (81.1%). However, HVntST-4 was highly divergent from any
sequence previously detected, with a Bubo bubo herpesvirus as the
most similar sequence based on nucleotide sequence (66.9%), while
HVaaST-2 had anidentity of 66% with Loggerhead (Caretta caretta) oro-
cutaneous herpesvirus. HVntST-1 to HVntST-3 formed a clade that fell
as a sister group to Terrapene herpesvirus 2, with a bootstrap value of
0.86 (Figure 2a). HVntST-4 and the corresponding translated HVaaST-
2 did not group with the other three novel sequences nor with other
herpesviruses detected in tortoises (Figure 2). The genetic distance
seen between these and other characterised herpesviruses is consis-
tent with placement of these viruses as novel species, and therefore we
refer to them as Chelonoidis herpesvirus 1 (CheHV 1) and Chelonoidis her-
pesvirus 2 (CheHV2). CheHV1 was detected in Santa Cruz and Isabela
(Alcedo and Wolf Volcanoes) Islands, as well as in captive tortoises
maintained at the Don Fausto Llerena Breeding Center in Santa Cruz.
By contrast, CheHV2 was only found in a free-living adult male tortoise
from Wolf Volcano. Clustered by tortoise species, 6 out of 208 tor-
toises (2.88%; 95% Cl 0.61-5.16) were positive in western Santa Cruz
(C. porteri), 1 of 78 (1.3%; 95% Cl 0.0-3.78) in Alcedo (C. vanderburghi)
and 2 of 55 (3.6%; 95% C1 0.0-8.58) in Wolf (C. becki) (Table 1). Interest-
ingly, we had no herpesvirus positive tortoises from the eastern Santa
Cruz (n=55) or Espafiola Island (n = 45) populations. No significant dif-
ferences were observed in HV prevalence between free-living animals

of the five tortoise species. In Figure 3, we represent the prevalences

of free-living individuals for CheAdV1 and CheAdV2, and CheHV1 and
CheHV2 clustered by species.

Of the tortoises maintained in captivity at the GNP breeding cen-
tre, three out of five sharing the same enclosure tested positive for HV
(C. becki hybrids) (60%; 95% ClI 17.1-100.0), including one adult female
tortoise that presented with mucoid/diphtheric stomatitis, rhinitis,
glossitis, conjunctivitis, blepharedema, mucopurulent nasal discharge,
severe lethargy, cloacal ulcers, incoordination and torticollis on 29
August 2018. This animal was treated by the GNP veterinary ser-
vice for up to 3 weeks (ceftazidime 20 mg/kg every 72 h, meloxi-
cam 0.2 mg/kg, vitamin B and Fe) until it recovered. However, after
2 years, some physical damage still persists, including severe torticol-
lis. Whether these symptoms were associated with the presence of
CheHV1 remains unknown. No captive tortoises from Espafnola Island
tested positive for herpesvirus.

All free-living animals included in the current study were in appar-
ently good condition based on physical exam performed during the
sample collection (BCI based on weight and morphometrics and no
visual signs of disease, discharge, lethargy or emaciation). No animals
were recaptured or monitored over time other than those tagged with
GPS devices. We did not have any individual that presented coinfection
of both herpesvirus and adenovirus. All tortoises tested were negative
for FV3 ranavirus (n = 90) and mycoplasma (nh = 278) based on gPCR.

Inwestern Santa Cruz, where tortoises were sampled during dry and

humid seasons, more individuals tested positive for HV and AV during
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FIGURE 2 Maximum likelihood phylogenetic trees with 1000 bootstrap replications of nucleotide (a) and deduced amino acid (b) of 27 and 33
herpesviral DNA-dependent DNA polymerase gene sequences, respectively. The names correspond to Genbank name plus the GenBank accession
number. The numbers near the branches represent the bootstrap frequency. All values under 70 have been omitted. Red dots denote the
sequences described for Galapagos giant tortoises in the present study (EMBL accession numbers OU508388, OU508389, OU508390 and
0OU508391, respectively). Ictalurid herpesvirus 1 is included as an outgroup.

the humid season; however, statistics were not significant (AV p = .25
and HV p =.09).

4 | DISCUSSION

In the course of health assessments and exams on several species
of giant tortoises in the Galapagos Islands, we discovered two novel
viral sequences of herpesviruses and two of adenoviruses, which we
describe here. Interestingly, we found a range of prevalences among
species and locations, with western Santa Cruz (C. porteri) and Alcedo
tortoises (C. vandenburghi) being the only two species in which her-
pesvirus and adenovirus were both documented within the same pop-
ulation. The prevalence of adenovirus was higher in C. porteri (11.1%),
the population of tortoises most exposed to anthropogenic activities as
indicated by the presence of antimicrobial resistance genes and other
human impacts (Nieto-Claudin et al., 2021). Thirty-nine per cent of the
samples that had tested positive for CheAdV in C. porteri were found in
tortoises sampled within cattle farms, and another 39% of positive indi-
viduals were sampled within touristic farms or private properties in the
highlands of Santa Cruz, used for ecotourism. Only 22% of the tortoises
that had tested positive in Santa Cruz were sampled in protected areas
of the National Park. By contrast, in the eastern Santa Cruz tortoise

species, a species restricted to a small area of Santa Cruz and with much

less interaction with human activities, only one individual of 55 tested
was positive for CheAdV1 (1.8%) in an agricultural area, and no her-
pesvirus was detected. Considering that tortoises were translocated
by the Galapagos National Park Services between the East and West
tortoise populations of Santa Cruz in recent years, and prior to the des-
ignation of C. donfaustoi as a separate species in 2015, we cannot refute
the possibility that adenovirus infection of eastern Santa Cruz tortoises
may have been anthropogenically introduced in association with previ-
ous management practices.

In Alcedo Volcano, there was a relatively high prevalence of aden-
ovirus (9%) and a low prevalence of herpesvirus (1.3%). We found both
viruses within C. porteri and C. vandenburghi populations, which may
be due to how closely related these species are to one another. West-
ern Santa Cruz tortoises (C. porteri) are more related to Alcedo tor-
toise species (C. vandenburghi) than to the eastern Santa Cruz species
(C. donfaustoi), which is more closely related to San Cristébal tortoises
(C. chathamensis) (Poulakakis et al., 2020). Interestingly, the isolation
between the western Santa Cruz and the Alcedo species may have
resulted in the coevolution of tortoises and their viruses, as the most
frequent sequence found in C. porteri was CheAdV1 (only 1 out of 23
individuals tested positive for CheAdV2), whereas in C. vandenburghi 6
out of 7 positive tortoises carried CheAdV2.

While we did not detect adenovirus in Wolf Volcano species, we

did detect two different species of herpesvirus in this population, with
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FIGURE 3 Graphical representation of CheAdV1 and CheAdV2 and CheHV1 and CheHV2 for Galapagos giant tortoises clustered by species
and according to the three main phylogenetic species groups described by Poulakakis et al. (2020)

CheHV2 detected in one adult male. This information could be of high
conservation concern since Wolf tortoises coexist with the unique and
endemic pink land-iguana (Conolophus marthae), as well as with yellow
iguanas (Conolophus subcristatus). Based on phylogenetics, the species
most related to Wolf Volcano tortoises is C. darwini from Santiago
Island. Studying the presence and prevalence of herpesvirus in Santi-
ago could therefore provide more information about the potential evo-
lution of these viruses within Galapagos tortoise species. Moreover,
hybrids of the extinct Floreana and Pinta tortoises have been found in
Wolf, suggesting that this population was historically highly influenced
by human interventions, with pirates, whalers and researchers moving
tortoises between islands during the 19th and 20th centuries (Garrick
et al., 2012; Tapia, 2020). These movements also may have influenced
the presence of certain pathogens such as herpesviruses.

Viruses that have evolved with their host generally do not pose a
high risk of infection or morbidity unless the virus jumps host species
or mutates into a virulent form (Mandl et al., 2015). However, cata-
loging existing viruses is important, since a virus that might be endemic
in one species could be virulent in another (Rosenberg, 2015). Even
well-adapted pathogens may result in a slight cost in terms of immu-
nity, which might be exacerbated if external or additional factors coex-
ist (e.g. stress, malnutrition, aging, comorbidity). Captive-breeding pro-
grams and wildlife translocation, while successful to prevent extinc-
tions under some circumstances, may also facilitate the spread of

microorganisms and disease if animals are translocated without com-

prehensive risk analyses and proper veterinary advice (Deem, 2012;
Hunter et al,, 2019; Kock et al., 2010; Sainsbury & Vaughan-Higgins,
2012). In this sense, the tortoise restoration initiatives carried out
across the archipelago could pose the risk of pathogen translocation
if no diagnostics are performed. In Galapagos, where several species of
endemic and unique reptiles coexist, describing existing viruses of all
reptile species will provide a valuable tool for management decisions
involving translocation of individuals and species.

In 2019, one juvenile tortoise maintained in captivity by the Gala-
pagos National Park Service of Santa Cruz presented respiratory signs
(blepharitis, conjunctivitis, ocular and nasal discharge) and tested pos-
itive for CheAdV2. It is possible that these clinical signs are associated
with adenovirus and/or other tortoise pathogens. Considering that this
individual was maintained in a high-density enclosure with another 25
tortoises from different species, all of them in poor health conditions,
and most of them also PCR positive to CheAV, we cannot rule out that
adenovirus may have played a role in the observed signs. Additionally,
the evidence of a captive tortoise positive for CheHV1 with severe
symptoms suggests that herpesvirus also could be pathogenic under
specific conditions, such as with immunosuppression due to stress,
captivity or transportation. The determination of these clinical signs
being due to CheAV or CheHV1 infection in tortoises warrant further
investigation. Regardless, these findings support the importance of a
systematic wildlife health surveillance within the archipelago for both

captive and free-living animals, to identify current and potential new
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threats that may compromise wildlife health and well-being and sup-
port the rapid detection of novel pathogens that may be introduced to
the archipelago.

Based on our results, we obtained more positive herpesvirus diag-
noses from oral swabs than from ocular swabs in Galapagos tortoises;
therefore, we suggest standardising the methodology to conduct long
term tortoise surveillance of herpesvirus and adenovirus based on oral
and cloacal swabs, respectively, and for using either PCR or qPCR pro-
tocols. We suggest the use of both adenovirus consensus primers and
the specific primers described within this work when working with
Galapagos tortoise samples, as specific primers may produce cleaner
sequences and less false positive results than consensus primers.

Tortoises from western Santa Cruz and Alcedo Volcano included in
the current study were also included in aresearch project testing faecal
samples for antimicrobial-resistant genes (ARGs). Five tortoises that
had tested positive for CheAdV1 (21.7%) and one that tested posi-
tive for CheHV1 (16.7%) in Santa Cruz corresponded to the same loca-
tion where a hotspot of antimicrobial resistance was also described
(Nieto-Claudin et al., 2021). This particular location is a cattle farm
in the highlands of Santa Cruz. The average number of ARGs on the
microbiome of the six individuals that tested positive within this farm
was 7.3, higher than the prevalence observed for this population of
giant tortoises (4 genes per sample based on Nieto-Claudin et al., 2021;
p =.001, Cl = 95%). This suggests a potential correlation between the
presence of viruses and the prevalence of ARGs observed in western
Santa Cruz. Exposure to antibiotics could disrupt the normal commen-
sal flora of wildlife, and the presence of bacteria carrying anthropogeni-
cally associated ARGs may indicate the possibility for zoonotic dis-
ease transmission between humans and wildlife (Vittecoq et al., 2016).
Some authors have also suggested that microbial dysbiosis can result
in enhanced virulence of colonising pathogens (Thomason et al., 2017)
with critical implications for the health of wildlife, domestic animals
and humans. While it cannot be assumed that CheAV and/or CheHV
are pathogenic for giant tortoises without further studies, the poten-
tial association of ARGs and tortoise virus presence, while not an out-
come from the present work, deserves further investigation. It is possi-
ble that anthropogenic-induced changes in microbiota resulting in the
presence of resistant bacteria can effect changes in the performance of
the host immune system and possibly lead to more viral shedding.

Based on the different strains and prevalences of herpesvirus and
adenovirus observed among tortoise species, we suggest expanding
tortoise health monitoring into Pinzén, Santiago, San Cristébal and
other locations within Isabela Island, as well as including other reptile
species in close contact with free-living tortoises (e.g., land iguanas) to
better understand the presence and prevalence of these viruses across
the archipelago. Given the evolutionary relationship between species,
CheHV1 and CheHV2 could be found in tortoise species closely related
to Wolf Volcano such as Santiago tortoises, whereas CheAdV1 and
CheAdV2 could be found in species closely related to Alcedo and west-
ern Santa Cruz, such as C. vicina and C. microphyes (Isabela Island). Con-
tinued screening is crucial to determine if these viruses play a role in
tortoise fitness, morbidity and survival. This information will allow us

to provide proper recommendations to the Galapagos National Park
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Directorate and other institutions to improve the management and
reintroduction plans for these unique species, which would include
strategies to prohibit the movement of potential pathogens across
islands and populations not previously exposed to these viruses.
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