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Simple Summary: Herpesviruses are important pathogens in tortoises and cause latent infections.
Serological testing is therefore an important tool for the detection of herpesvirus-infected tortoises.
This retrospective study describes the detection of antibodies against two herpesviruses in pet
tortoises in Europe. Of the 1728 samples tested, antibodies against one or both of the viruses used
were detected in 122 (7.06%) of the tortoises. Detection rates differed depending on virus type, host
species, and year of sampling. For individual viruses, detection rates also differed depending on
season and country of origin. A better understanding of both the herpesviruses’ prevalences and the
immune response to infection will help protect these animals in future.

Abstract: Herpesviruses are important pathogens of tortoises, and several serologically and ge-
netically distinct virus types have been described in these animals. Virus neutralization testing is
commonly used in Europe to determine previous infection with the two types most often found in
pet European tortoises, testudinid herpesvirus (TeHV) 1 and 3. In this retrospective study, the results
of serological testing for antibodies against each of these viruses in serum or plasma samples from
1728 tortoises were evaluated, and antibody detection rates were compared based on virus type, host
species, year, season, and country of origin. Antibodies (titer 2 or higher) against at least one of the
two viruses used were detected in a total of 122 (7.06%; 95% CI 5.95-8.37%) of the animals tested.
The antibody detection rates differed significantly depending on the tortoise species (p < 0.0001)
and the year of sampling (TeHV1 p = 0.0402; TeHV3 p = 0.0482) for both virus types. For TeHV1,
antibody detection rates differed significantly (p = 0.0384) by season. The highest detection rate was
in summer (5.59%; 95% CI 4.10-7.58%), and the lowest was in fall (1.25%; CI 0.53-2.87%). TeHV1
antibody detection rates did not differ significantly (p = 0.7805) by country, whereas TeHV3 antibody
detection rates did (p = 0.0090). The highest detection rate, 12.94% (95% CI 7.38-21.70%), was found in
samples from Italy. These results support previous hypotheses on the species’ susceptibility to TeHV1
and 3 and the use of serology as a diagnostic test for the detection of herpesvirus-infected tortoises.
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1. Introduction

Herpesviruses have often been described in tortoises and can be associated with severe
disease, most often of the upper digestive and upper respiratory tract [1]. These viruses are
considered a significant threat to the health of pet tortoises and can cause significant disease
outbreaks with high morbidity and mortality rates [1]. So far, four different herpesviruses
have been described in tortoises. Testudinid herpesvirus 1 (TeHV1) was first described
in association with a disease outbreak among Russian (Testudo [Agrionemys] horsfieldii)
and pancake tortoises (Malacochersus tornieri) in Japan [2]. It has also been described
in pet tortoises in Europe repeatedly [3-5]. Testudinid herpesvirus 2 (TeHV2) has been
described in Agassiz’s desert tortoises (Gopherus agassizii) in the USA [6] and has also
been reported in a single case in a Texas tortoise (Gopherus berlandieri) kept in Spain [4].
Testudinid herpesvirus 3 (TeHV3) is in the species Testudinid alphaherpesvirus 3, the only

Animals 2022, 12, 2298. https:/ /doi.org/10.3390/ani12172298

https:/ /www.mdpi.com/journal /animals


https://doi.org/10.3390/ani12172298
https://doi.org/10.3390/ani12172298
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/animals
https://www.mdpi.com
https://orcid.org/0000-0002-0578-8963
https://doi.org/10.3390/ani12172298
https://www.mdpi.com/journal/animals
https://www.mdpi.com/article/10.3390/ani12172298?type=check_update&version=2

Animals 2022, 12, 2298

20f12

tortoise herpesvirus species classified by the international committee on taxonomy of
viruses (ICTV). TeHV3 has been found in a wide range of species in Europe and in other
parts of the world [1,4]. Testudinid herpesvirus 4 (TeHV4) has so far only been detected in
African species in the USA and in Europe [4,7,8]. All of these viruses have been shown to
cluster within the subfamily Alphaherpesvirinae together with other chelonian herpesviruses
in the genus Scutavirus [7,9].

Since herpesviruses cause latent infections, detection of clinically inapparent infected
animals that may not be shedding virus is an important diagnostic tool. Serological testing
has been described for the detection of antibodies against TeHV1, 2, and 3. The virus for
which the most data on serological testing have been published is TeHV3. This virus has
been used in neutralization tests and in enzyme-linked immunosorbent assays (ELISAs) for
the detection of antibodies. TeHV3 isolated from a Hermann's tortoise (Testudo hermanni)
in terrapene heart cells (TH-1) has been used in a number of studies for the detection of
antibodies in several tortoise species [10-12]. An ELISA has also been described for the
detection of antibodies against TeHV3 in Mediterranean tortoises [13]. A study comparing
herpesviruses isolated from tortoises showed that the two types included in the study
(later shown to be TeHV3 and a single TeHV1 isolate) did not cross react serologically [14],
demonstrating the necessity of using the virus type of interest for serological testing. In
contrast, a study using an ELISA with a TeHV3-specific antigen for the detection of antibod-
ies in wild Agassiz’s desert tortoises revealed a high (30.9%) antibody prevalence [15]. The
authors hypothesized that this could be due to cross-reactivity between TeHV3 and TeHV2,
since only TeHV2 was found in tortoises from the same population in virus detection
studies. So far, only TeHV1 and TeHV3 have been isolated in cell cultures and are available
for serological testing. These are also the two virus types most often found in pet tortoises
in Europe [3,4].

The aim of this retrospective study was to provide an overview of serological testing
for antibodies against TeHV1 and TeHV3 in pet tortoises in Europe. It was hypothesized
that antibody detection rates would differ significantly depending on the host species and
virus type and that these rates would correlate to polymerase chain reaction (PCR)-based
virus detection rates previously reported in pet tortoises in Europe according to host species,
virus type, country of origin, and season.

2. Materials and Methods

Plasma and serum samples submitted to a commercial veterinary laboratory (Laboklin
GmbH & Co. KG, Bad Kissingen, Germany) between January 2016 and December 2020
were evaluated in this retrospective study. Samples were submitted for diagnostic testing
by veterinarians and owners. Reasons for testing were not provided. All samples were heat
treated at 56 °C for 30 min for compliment inactivation and stored at 4 °C for up to 5 days
before testing. Neutralizing antibodies against a TeHV1 isolate from a Russian tortoise
(1301/B99R /97, GenBank D(Q343883.1) and a TeHV3 isolate from a Hermann'’s tortoise
(4295, [16]) in TH-1 were detected as described previously [10,11], except that plates for
both antibodies were read after 7 days of incubation at 28 °C in order to lower turn-around
time. Plasma from Hermann's tortoises that had previously tested negative for both TeHV1
and TeHV3 antibodies were used as negative controls; plasma from Russian tortoises that
had previously tested positive for antibodies against TeHV1 but not TeHV3 was diluted
to a titer of 8 and used as a positive control for TeHV1 antibody testing; and plasma from
spur-thighed tortoises (Testudo graeca) that had previously tested positive for a antibodies
against TeHV3 but not TeHV1 was diluted to a titer of 8 and used as a positive control for
TeHV3 antibody testing. Titers between 2 and 4 were considered suspect positive, titers
of 8 low positive and titers of 16 and greater were considered positive. Plasma or serum
dilutions associated with cytotoxicity were not evaluated, and only higher dilutions in
which cytotoxicity was no longer observed were included. If no neutralization was detected
in these higher dilutions, the sample was considered negative. Tests in which virus titration
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controls or positive or negative plasma controls did not provide the expected results were
not evaluated, and samples were retested.

The statistical analyses were carried out using the statistical analysis software (SAS)
(SAS Institute, Cary, NC, USA) for the calculation of the positivity rates. The 95% binomial
confidence intervals were calculated based on the Wilson procedure [17]. Binary logistic
regression was used with cut-off for significance of p < 0.05 for comparisons of the positivity
rates between the factors species, year, season, and country of sample origin. The seasons
were divided as follows: March to May were classified as spring, June to August as summer,
September to November as fall, and December to February as winter samples.

3. Results

A total of 1728 samples from tortoises were evaluated. Antibodies (titer 2 or higher)
against TeHV1 only were detected in 41 samples (2.37%; 95% CI 1.75-3.20%), and against
TeHV3 only in 62 samples (3.59%; 95% CI 2.81-4.58%). Antibodies against both viruses
were detected in samples from 19 animals (1.1%; 95% CI 0.71-1.71%), including one Her-
mann'’s tortoise, five spur-thighed tortoises, three marginated tortoises (Testudo marginata),
four Russian tortoises, two radiated tortoises (Astrochelys radiata), one leopard tortoise
(Stigmochelys pardalis), and three tortoises for which the species was not provided. A total
of 122 (7.06%; 95% CI 5.95-8.37%) of the animals tested had detectable antibodies against
at least one of the herpesviruses used. The antibody detection rates differed significantly
(p < 0.0001) for TeHV1 and TeHV3 (Table 1) depending on the tortoise species (Figure 1).
There were significant differences (TeHV1 p = 0.0402; TeHV3 p = 0.0482) between years of
sampling (Table 2). For TeHV1, antibody detection rates differed significantly (p = 0.0384)
by season. The highest detection rate was in summer (5.59%; 95% CI 4.10-7.58%), and
the lowest was in fall (1.25%; CI 0.53-2.87%) (Table 3). The detection rates for antibodies
against TeHV3 did not differ significantly (p = 0.2617) by season (Table 3). TeHV1 antibody
detection rates did not differ significantly (p = 0.7805) (Figure 3, Supplementary Table S1)
by country. In contrast, TeHV3 antibody detection rates did differ significantly by country
(p = 0.0090): no antibodies were detected in samples from Spain, Austria, Belgium, Luxem-
burg, Czech Republic, Poland, or Norway; and the highest detection rate, 12.94% (95% CI
7.38-21.70%), was found in samples from Italy (Figure 2, Supplementary Table S1).
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Figure 1. Herpesvirus (TeHV1 and TeHV3) antibody detection rates (titer 2 or higher) of the pos-
itive tested species (Hermann’s tortoises, Testudo hermanni; spur-thighed tortoises, Testudo graeca;
marginated tortoises, Testudo marginata; Russian tortoises, Testudo horsfieldii; African spurred tortoise,
Centrochelys sulcata; radiated tortoise, Astrochelys radiata; and leopard tortoise, Stigmochelys pardalis).
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Table 1. Detection rates of antibodies against testudinid herpesvirus 1 (TeHV1) and testudinid
herpesvirus 3 (TeHV3) depending on species tested.

Species Total TeHV1 Antibodies TeHV3 Antibodies
P Tested Titer <2 Titer2 to 4 Titer 8 Titer > 16 Titer <2 Titer2to 4 Titer 8 Titer > 16
, n 275 3 3 4 275 1 5 4
Tortoise,
species. 285 % 96.50 1.05 1.05 1.40 96.50 0.35 175 1.40
unknown 0.36— 0.75—
Cl  93.66-98.08  0.36-3.04 o 0.55-3.55  93.66-98.08  0.06-1.96 o 0.55-3.55
n 795 2 0 0 781 10 2 4
hf‘;ﬁ’;ﬁg P77 % 99.75 0.25 0 0 98.00 1.25 0.25 0.50
CI  99.09-9993  0.07-091  0-0.48 0048 96769876 068229 OO0 019-1.28
. n 174 3 1 2 158 9 3 10
gracca 180 % 96.66 1.67 0.56 111 87.77 5.00 1.67 5.56
Cl 92929847 057479 G107 03039 82199179 265923 G 305993
.y n 86 3 0 0 69 11 1 8
marginata 89 % 9.63 3.37 0 0 7753 1236 112 8.99
CI  9055-98.85 115945  0-4.14 0414 67828496 7042079 G0 4631675
.y n 111 1 6 16 139 3 1 1
horfieldii 144 % 77.08 7.64 417 11.11 96.54 2.08 0.69 0.69
CI  6956-819 4321316 oo 696-1729 9213-9851 071594 312 012382
n 5 0 0 0 5 0 0 0
(estudo % 100 0 0 0 100 0 0 0
CI  5655-100 04345 04345 04345  5655-100 04345 04345  0-4345
n 34 1 0 0 35 0 0 0
Centrochelys 35 o, o714 286 0 0 100 0 0 0
CI  8546-9949 051-1454  0-9.89 0-9.89 90.11-100 0-9.89 0-9.89 0-9.89
n 73 1 0 1 70 3 1 1
Astrochelys 75 g 97.34 133 0 133 9334 4.00 133 133
Cl  9078-9926  023-717 0487 023717 85329712 137-1111 %3 023717
Stiomochl n 37 0 1 2 37 0 1 2
pordalis © 40 % 9250 0 2.50 5.00 9250 0 2,50 5.00
0.44- 0.44-
CI  80.14-9742  0-8.76 Dygs 1381650 80.14-9742  0-876 Dss  138-1650
bl n 12 0 0 0 12 0
gigantea 12 % 100 0 0 0 100
CI  7575-100  0-2425  0-2425  0-2425  7575-100  0-2425  0-2425  0-24.05
n 2 0 0 0 2 0 0
Chelonoidis 5
igra 2 % 100 0 0 0 100
CI 3424100  0-6576  0-6576  0-6576  3424-100  0-6576  0-6576  0-65.76
14 0 0 0 14
Chelonoidis 1
carbonar- 14 % 100 0 0 0 100 0 0 0
tus CI  7847-100  0-21.53  0-2153  0-2153  7847-100  0-2153  0-2153  0-2153
3 0 0 0 3 0 0 0
Chelonoidis -
denticula- 3 % 100 0 0 0 100 0 0 0
tus CI 4385100  0-5615  0-56.15  0-56.15  4385-100  0-56.15  0-56.15  0-56.15
Conchl n 9 0 0 0 9 0 0 0
clegans 9 % 100 0 0 0 100 0 0 0

CI 70.09-100 0-29.91 0-29.91 0-29.91 70.09-100 0-29.91 0-29.91 0-29.91
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Table 1. Cont.

Species Total TeHV1 Antibodies TeHV3 Antibodies
P Tested Titer < 2 Titer2to 4 Titer 8 Titer > 16 Titer <2 Titer2to 4 Titer 8 Titer > 16
n 7 0 0 0 7 0 0 0
Geochelone S
platynota 7 % 100 0 0 0 100 0 0 0
CI  64.57-100 0-35.43 0-35.43 0-35.43 64.57-100 0-35.43 0-35.43 0-35.43
n 5 0 0 0 5 0 0 0
Astrochelys S
yniphora 5 % 100 0 0 0 100 0 0 0
Cl  56.55-100 0-43.45 0-43.45 0-43.45 56.55-100 0-43.45 0-43.45 0-43.45
n 3 0 0 0 3 0 0 0
Kinixyssp. 3 % 100 0 0 0 100 0 0 0
Cl  43.85-100 0-56.15 0-56.15 0-56.15 43.85-100 0-56.15 0-56.15 0-56.15
n 4 0 0 0 4 0 0 0
Indotestudo 5
clongata 4 % 100 0 0 0 100 0 0 0
Cl  51.01-100 0-48.99 0-48.99 0-48.99 51.01-100 0-48.99 0-48.99 0-48.99
n 1 0 0 0 1 0 0 0
bff a’jﬁirz ”e‘jl 1 % 100 0 0 0 100 0 0 0
Cl  20.65-100 0-79.35 0-79.35 0-79.35 20.65-100 0-79.35 0-79.35 0-79.35
n 6 0 0 0 6 0 0 0
Malacochersuis ¢ % 100 0 0 0 100 0 0 0
Cl  60.97-100 0-39.03 0-39.03 0-39.03 60.97-100 0-39.03 0-39.03 0-39.03
n 1 0 0 0 1 0 0 0
H”fg;%’ e B2 100 0 0 0 100 0 0 0
CI  20.65-100 0-79.35 0-79.35 0-79.35 20.65-100 0-79.35 0-79.35 0-79.35
' n 1 0 0 0 1 0 0 0
Mapurit T 100 0 0 0 100 0 0 0
CI  20.65-100 0-79.35 0-79.35 0-79.35 20.65-100 0-79.35 0-79.35 0-79.35
n 6 0 0 0 6 0 0 0
Pyxis sp. 6 % 100 0 0 0 100 0 0 0
CI  60.97-100 0-39.03 0-39.03 0-39.03 60.97-100 0-39.03 0-39.03 0-39.03
' n 2 0 0 0 2 0 0 0
%‘;LSZZ;Z 2 % 100 0 0 0 100 0 0 0
CI  34.24-100 0-65.76 0-65.76 0-65.76 34.24-100 0-65.76 0-65.76  0-65.76
n 2 0 0 0 2 0 0 0
P S“”;P"iob ates % 100 0 0 0 100 0 0 0
Cl  34.24-100 0-65.76 0-65.76 0-65.76 34.24-100 0-65.76 0-65.76  0-65.76
n 1668 24 11 25 1647 37 14 30
Total 1728 % 96.53 1.39 0.64 145 95.31 2.14 0.81 1.74
0.36- 0.48—

CI  95.56-97.29 0.94-2.06 0.98-2.13 94.21-96.21 1.56-2.94 1.22-2.47

1.14

n: number in each category; CI: 95% confidence interval.

1.36

Evaluation of the results from samples from the five Testudo species (n = 1215) also
showed some differences. There was a significant difference in antibody detection rates
between the individual Testudo species for both virus types (p < 0.0001) (Table 1; Figure 1).
No significant difference was found between the years of sampling for TeHV1 (p = 0.5328),
but the differences were significant for TeHV3 (p = 0.0377) (Figure 4). Detection rates were
found to differ significantly between seasons for TeHV1 (p = 0.0425) but not for TeHV3
(p = 0.6922) (Figure 5). For this subset of animals, as for all of the tortoises combined,
country of sample origin did not significantly impact antibody detection rate for TeHV1
(p = 0.4751), whereas significant (p < 0.0001) differences were detected in detection rates for
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antibodies against TeHV3 based on country. The highest positivity rate (21.15%; 95% CI
12.24-34.03%) was found in Italy (Figure 6).

Table 2. Detection rates of antibodies against testudinid herpesvirus 1 (TeHV1) and testudinid
herpesvirus 3 (TeHV3) depending on year of sampling. Results shown as: number (n), percent (%),
95% confidence interval (CI).

Year Total TeHV1 Antibodies TeHV3 Antibodies
Tested Titer < 2 Titer2to 4 Titer 8 Titer > 16 Titer <2 Titer2to 4 Titer 8 Titer > 16
n 299 2 1 3 285 5 5 10
2016 305 % 98.03 0.66 0.33 0.98 93.44 1.64 1.64 3.28
Cl  9577-99.09 018237 006-1.84 033285 90.09-9571 070378 070378 1.79-593
n 292 4 3 4 290 6 2 5
2017 303 % 96.37 132 0.99 132 95.71 1.98 0.66 1.65
Cl  93.62-97.96 051334 034287 051334 92809748 091425 0.18270 0.71-3.80
n 377 1 1 2 369 6 0 6
2018 381 % 98.96 0.26 0.26 0.52 96.86 157 0.0 157
Cl 97339959  0.05-147  005-147  0.14-189 94589819  072-339  0-1.00  0.72-339
n 331 9 4 6 326 13 5 6
2019 350 % 94.58 257 114 171 93.15 371 143 171
Cl 91689650 136481 044290 079368 90.009535 2.18-624 061330 0.79-3.68
n 369 8 2 10 377 7 2 3
2020 389 % 94.86 2.06 0.51 257 96.92 1.80 0.51 0.77
Cl 92199665 105401 0.14-185 140467 94.69-9823 0.87-3.67 0.14-1.85 0.26-2.24
Total 1728 1668 24 1 25 1647 37 14 30
Table 3. Detection rates of antibodies against testudinid herpesvirus 1 (TeHV1) and testudinid
herpesvirus 3 (TeHV3) depending on season of sampling. Results shown as: number, percent, 95%
confidence interval (CI).
Season Total TeHV1 Antibodies TeHV3 Antibodies
Tested Titer <2 Titer2to 4 Titer 8 Titer > 16 Titer <2 Titer2to 4 Titer 8 Titer > 16
‘ n 515 5 5 4 505 9 6 9
Spring 529 % 97.34 0.95 0.95 0.76 95.47 1.70 113 1.70
Cl 95609841 041220 041220 030-193  9333-9693  090-320  0.52-2.45  0.90-3.20
n 642 17 6 15 642 17 5 16
Summer 680 % 94.41 2.50 0.88 221 94.41 250 0.74 235
Cl  9242-9590 157-397  040-191  134-3.61 92'”5%‘95' 157-3.97  032-172  1.45-3.78
n 397 2 0 3 384 1 3 4
Fall 402 % 98.75 0.50 0 0.75 95,51 274 0.75 1.00
Cl 97139947 014-1.80  0-0.95 026218  93.0397.15 154484 026218 039-2.54
n 114 0 0 3 116 0 0 1
Winter 117 % 97.44 0 0 2.56 99.15 0 0 0.85
Cl 92749913  0-3.18 0-3.18 0.87-7.26  9532-99.85  0-3.18 0318  0.15-4.68
Total 1728 1668 24 1 25 1647 37 14 30
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Figure 2. Herpesvirus (TeHV3) antibody detection rates (titer 2 or higher) divided into the countries
of origin with more than 20 tested samples. Countries with lower numbers of samples submitted are
shown in grey.
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Figure 3. Herpesvirus (TeHV1) antibody detection rates (titer 2 or higher) divided into the countries
of origin with more than 20 tested samples. Countries with lower numbers of samples submitted are
shown in grey.
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Figure 4. Herpesvirus (TeHV1 and TeHV3) antibody detection rates (titer 2 or higher) in five Testudo
species (Hermann’s tortoises, Testudo hermanni; spur-thighed tortoises, Testudo graeca; marginated
tortoises, Testudo marginata; Russian tortoises, Testudo horsfieldii; and Egyptian tortoises, Testudo
kleinmanni) for the different years of sampling.
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Figure 5. Herpesvirus (TeHV1 and TeHV3) antibody detection rates (titer 2 or higher) in five Testudo
species (Hermann’s tortoises, Testudo hermanni; spur-thighed tortoises, Testudo graeca; marginated
tortoises, Testudo marginata; Russian tortoises, Testudo horsfieldii; and Egyptian tortoises, Testudo
kleinmanni) for the different seasons of sampling.
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Figure 6. Herpesvirus (TeHV1 and TeHV3) antibody detection rates (titer 2 or higher) in five Testudo
species (Hermann'’s tortoises, Testudo hermanni; spur-thighed tortoises, Testudo graeca; marginated
tortoises, Testudo marginata; Russian tortoises, Testudo horsfieldii; and Egyptian tortoises, Testudo
kleinmanni) for the different countries of origin.

4. Discussion

Serology is an important tool in the diagnosis of herpesvirus infections in tortoises.
It is also an important part of quarantine examinations in these animals. Since infected
animals remain carriers, recognition of previous infection is a key to keeping infection
out of a naive group. A number of instances of herpesvirus introductions into previously
negative collections followed by severe disease outbreaks have been documented [5,10,18],
and both virus detection and serology have been used to detect herpesvirus infection in
clinically healthy tortoises [5,18,19].

The antibody detection rate found here is similar to that found in a study reporting
on PCR-based herpesvirus detection in chelonians in Europe over the same period [4]. In
that study, an overall positivity rate of 6.22% was reported for chelonians in the family
Testudinidae [4]. The vast majority of the herpesviruses detected in tortoises in that study
were either TeHV1 (45.37%) or TeHV3 (53.24%). Studies comparing both virus detection
and serology in the same animals have often shown higher virus detection rates than
antibody detection rates [10,18,19]. In those cases in which samples were collected during
an outbreak [10], it is possible that some animals had not yet developed a measurable
immune response following infection. Both virus shedding and antibody detection have
been reported in clinically healthy tortoises with no history of a recent disease outbreak [19].
In a study in which tortoises were repeatedly tested for the presence of antibodies over time,
it was shown that animals that tested positive could also sporadically test negative [12].
In the present study, only serological testing, not virus detection, was carried out, so that
direct comparison of the two could not be performed.

Host species has been shown to be a significant factor in infection rate for both
TeHV1 and 3. TeHV1 has most often been detected in Russian tortoises, and this species
is hypothesized to be the original host of this virus, although numerous other tortoise
species have also been shown to be susceptible to infection [2—4,20], and infection has been
associated with disease in several of these [2,20]. TeHV3 has been detected in a wide range
of tortoise species [4]. It has been hypothesized that this virus may have co-evolved in
spur-thighed tortoises [21], and this species and the closely related marginated tortoises
have been reported to be more resistant to disease than some other species, e.g., Hermann’s
tortoises, in outbreaks in mixed collections [10,18]. These host specificities are reflected in
the antibody detection rates reported here. The highest rate of antibodies against TeHV1
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was found in Russian tortoises. Distribution of the titers also showed a higher percentage of
animals with titers > 16 in this species (Table 1, Figure 1). For TeHV3, the highest percentage
of antibody positive animals were found for spur-thighed and marginated tortoises (Table 1,
Figure 1). Previously published PCR-based virus detection rates in different animals in
Europe over the same time period [4] revealed positivity rates that are comparable to the
antibody detection rates found in this study. However, there were significant differences in
PCR-based virus detection and antibody detection rates in Hermann’s tortoises between
the two studies. A total of 4.66% of the samples from Hermann’s tortoises tested by
PCR for herpesviruses (50 of 1072) were virus positive, the vast majority of which were
TeHV3 [4]. In contrast, in the present study, antibodies against one of the viruses used
were found in a significantly lower proportion of animals (2.25%, 18 of 797) (p = 0.0059),
with extremely low titers of 2 or 4 in the majority of cases (12 of 18) (Table 1). While this is
based on a different set of animals, so that direct comparison is not possible, it does support
previous observations indicating that Hermann's tortoises may be less able to mount a
strong antibody response to infection with TeHV3 than, e.g., spur-thighed and marginated
tortoises. This may help explain the apparent increased pathogenicity of these viruses in
this species, although the immune response to herpesvirus infection in tortoises is not yet
well understood and requires further study.

In several of the animals included in this study, antibodies were detected against both
of the viruses used. Dual infection with TeHV1 and TeHV3 has been reported previously [3].
A study using serology for the detection of antibodies against a range of viruses in wild-
caught spur-thighed tortoises in Turkey indicated that TeHV1 and 3 were co-circulating in
that group [11]. Although TeHV1 and 3 have not been found to cross react serologically, it
is possible that some of the antibodies detected were specific for other, similar antigens. It is
important to note that virus neutralization testing with TeHV1 and 3 has not been validated
for all of the species included in the present study and that some of the animals included
could have been previously exposed to other herpesviruses not included in this study, with
unknown cross reactivity to TeHV1 and 3. However, the use of a virus neutralization test
indicates that the antibodies detected would have a functional use in the tortoises. The
actual effect of neutralizing antibodies on disease development in herpesvirus infected
tortoises has not, however, been sufficiently studied. In the present study, no information
was provided on the clinical status of the animals tested.

Comparison of other factors that might influence virus and antibody detection rates
between this study and the previous study on PCR-based virus detection [4] showed several
other differences as well. Both PCR-based virus detection and antibody detection rates
varied significantly depending on the year, but the years in which detection was highest
for the two viruses differed between the two studies. Antibody detection rates may reflect
a longer-term prevalence of these viruses in pet tortoises in Europe, and the results of the
present study indicate that the immune response is subject to the same variations as virus
detection by PCR. However, it is important to note that the samples used in both of these
studies were submitted by veterinary practices from animals with unknown clinical status
and histories, so that neither can fully reflect the true prevalence of herpesvirus infection in
these animals.

Seasonality was also shown to influence PCR-based virus detection rates. The highest
detection rates were found in the spring for both viruses [4]. In contrast, antibodies against
both virus types were most often found in samples submitted in the summer. Since the im-
mune system and antibody production in tortoises are dependent on environmental factors,
this may reflect the reactivity of the immune system in summer rather than virus activity.

Both PCR-based virus detection and anti-TeHV3 antibody detection were significantly
influenced by the country from which the samples were submitted. In both cases, the
highest percentage of positive samples was found in samples from Italy, with most of these
being TeHV3 and anti-TeHV3 antibodies [4]. Reasons for the high TeHV3 detection rate
in Italy are not known. In the case of antibodies, it is possible that environmental factors
could play a role in support of immunological reaction to infection, as the majority of the
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tortoises tested (Hermann’s, spur-thighed, and marginated tortoises) can be found in the
wild there.

The reason for testing was not known for the animals included in this study, limiting
the interpretation of results. It is likely that the animals sampled were biased toward those
with a history of disease, since most were submitted by veterinarians, although submission
for quarantine examinations and health checks likely also occurred in many cases.

Future studies exploring true prevalence and dynamics of herpesvirus infection in pet
tortoises in Europe would be useful. This is, however, likely to be very difficult to organize,
making data from diagnostic samples, as presented here, worth reporting. In addition, it
would be helpful to continue studies of the herpesviruses that can infect tortoises. It is likely
that not all herpesviruses capable of infecting this group of animals have been discovered
yet. Finally, the differences in antibody detection rates between individual species and the
possible implications for interactions between host species and specific viruses deserve
further study. This should include studies elucidating the immune response to infection in
various tortoise species and viral factors that are capable of influencing these reactions.

5. Conclusions

Antibody detection is an important tool in preventing the spread of herpesvirus
infections in tortoises. Immune response to infection may, however, depend on several
factors including virus type, host species, and environmental factors.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ani12172298/s1. Table S1: Detection rates of antibodies against
testudinid herpesvirus 1 (TeHV1) and testudinid herpesvirus 3 (TeHV3) depending on country of
origin. Results shown as: number, percent, 95% confidence interval (CI).

Author Contributions: Conceptualization, C.L. and R.E.M.; methodology, C.L. and R.E.M.; valida-
tion, C.L. and R.E.M.; formal analysis, C.L.; investigation, C.L. and R.E.M.; resources, C.L. and R.EM.;
data curation, C.L.; writing—original draft preparation, R.E.M.; writing—review and editing, C.L.
and R.E.M.; visualization, C.L.; supervision, R.E.M.; project administration, C.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: Both authors are employed by a commercial laboratory. This employment
had no role in the design of the study, in the analyses or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

References

1.

Marschang, R.E.; Origgi, F.C.; Stenglein, M.D.; Hyndman, T.H.; Wellehan, ].E.X.; Jacobson, E.R. Viruses and viral diseases of
reptiles. In Infectious Diseases and Pathology of Reptiles, Color Atlas and Text, 2nd ed.; Jacobson, E.R., Garner, M.M., Eds.; CRC Press:
Boca Raton, LA, USA, 2021; Volume 1, pp. 575-703.

Une, Y.; Uemura, K.; Nakano, Y.; Kamiie, J.; Ishibashi, T.; Nomura, Y. Herpesvirus infection in tortoises (Malacochersus tornieri and
Testudo horsfieldii). Vet. Pathol. 1999, 36, 624-627. [CrossRef] [PubMed]

Kolesnik, E.; Obiegala, A.; Marschang, R.E. Detection of Mycoplasma spp., herpesviruses, topiviruses, and ferlaviruses in samples
from chelonians in Europe. J. Vet. Diagn. Investig. 2017, 29, 820-832. [CrossRef] [PubMed]

Leineweber, C.; Miiller, E.; Marschang, R.E. Herpesviruses in captive chelonians in Europe between 2016 and 2020. Front. Vet. Sci.
2021, 8, 733299. [CrossRef] [PubMed]

Schiiler, L.; Picquet, P.; Leineweber, C.; Dietz, J.; Miiller, E.; Marschang, R.E. A testudinid herpesvirus 1 (TeHV1)-associated
disease outbreak in a group of Horsfield’s tortoises (Testudo horsfieldii). Tierarztl. Prax. Ausg. K Kleintiere Heimtiere 2021, 49,
462-467. [CrossRef] [PubMed]

Johnson, A.J.; Pessier, A.P.; Wellehan, ].EX.; Brown, R.; Jacobson, E.R. Identification of a novel herpesvirus from a California
desert tortoise (Gopherus agassizii). J. Vet. Microbiol. 2005, 111, 107-116. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ani12172298/s1
https://www.mdpi.com/article/10.3390/ani12172298/s1
http://doi.org/10.1354/vp.36-6-624
http://www.ncbi.nlm.nih.gov/pubmed/10568449
http://doi.org/10.1177/1040638717722387
http://www.ncbi.nlm.nih.gov/pubmed/28754074
http://doi.org/10.3389/fvets.2021.733299
http://www.ncbi.nlm.nih.gov/pubmed/34722701
http://doi.org/10.1055/a-1666-8378
http://www.ncbi.nlm.nih.gov/pubmed/34861723
http://doi.org/10.1016/j.vetmic.2005.09.008
http://www.ncbi.nlm.nih.gov/pubmed/16253444

Animals 2022, 12, 2298 12 0of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Bicknese, E.J.; Childress, A.L.; Wellehan, J.F,, Jr. A novel herpesvirus of the proposed genus Chelonivirus from an asymptomatic
bowsprit tortoise (Chersina angulata). J. Zoo Wildl. Med. 2010, 41, 353-358. [CrossRef] [PubMed]

Kolesnik, E.; Mittenzwei, F.; Marschang, R.E. Detection of testudinid herpesvirus type 4 in a leopard tortoise (Stigmochelys pardalis).
Tierdrztl. Prax. Kleintiere 2016, 44, 283-286. [CrossRef] [PubMed]

Gatherer, D.; ICTV Herpesvirales Study Group. 18 New Species in the Family Herpesvirdae. 2018. Available online: https:
/ /talk.ictvonline.org/ /taxonomy/p/taxonomyhistory?taxnode_id=201856398 (accessed on 12 September 2019).

Marschang, R.E.; Gravendyck, M.; Kaleta, E.F. Herpesviruses in tortoises: Investigations into virus isolation and the treatment of
viral stomatitis in Testudo hermanni and T. graeca. |. Vet. Med. B 1997, 44, 385-394. [CrossRef] [PubMed]

Marschang, R.E.; Schneider, R M. Antibodies against viruses in wild-caught spur-thighed tortoises (Testudo graeca) in Turkey. Vet.
Rec. 2007, 161, 102-103. [CrossRef] [PubMed]

Marschang, R.E.; Milde, K.; Bellavista, M. Virus isolation and vaccination of Mediterranean tortoises against a chelonid herpesvirus
in a chronically infected population in Italy. Dtsch. Tierarztl. Wochenschr. 2001, 108, 376-379. [PubMed]

Origgi, F.C.; Klein, P.A.; Mathes, K.; Blahak, S.; Marschang, R.E.; Tucker, S.J.; Jacobson, E.R. An enzyme linked immunosorbent
assay (ELISA) for detecting herpesvirus exposure in Mediterranean tortoises. J. Clin. Microbiol. 2001, 39, 3156-3163. [CrossRef]
[PubMed]

Marschang, R.E.; Frost, ].W.; Gravendyck, M.; Kaleta, E.F. Comparison of 16 chelonid herpesviruses by virus neutralization tests
and restriction endonuclease digestion of viral DNA. J. Vet. Med. B 2001, 48, 393-399. [CrossRef] [PubMed]

Jacobson, E.R.; Berry, K.H.; Wellehan, ].EX.; Origgi, F.; Childress, A.L.; Braun, J.; Schrenzel, M.; Yee, J.; Rideout, B. Serologic and
molecular evidence for Testudinid herpesvirus 2 infection in wild Agassiz’s desert tortoises, Gopherus agassizii. ]. Wildl. Dis. 2012,
48,747-757. [CrossRef] [PubMed]

Gandar, F; Wilkie, G.S.; Gatherer, D.; Kerr, K.; Marlier, D.; Diez, M.; Marschang, R.E.; Mast, ].; Dewals, B.G.; Davison, AJ.; et al.
The genome of a tortoise herpesvirus (Testudinid herpesvirus 3) has a novel structure and contains a large region that is not required
for replication in vitro or virulence in vivo. . Virol. 2015, 89, 11438-11456. [CrossRef] [PubMed]

Wilson, E.B. Probable inference, the law of succession, and statistical inference. J. Am. Stat. Assoc. 1927, 22, 209-212. [CrossRef]
Marenzoni, M.L.; Santoni, L.; Felici, A.; Maresca, C.; Stefanetti, V.; Sforna, M.; Franciosini, M.P.; Proietti, P.C.; Origgi, F.C. Clinical,
virological and epidemiological characterization of an outbreak of Testudinid herpesvirus 3 in a chelonian captive breeding facility:
Lessons learned and first evidence of TeHV3 vertical transmission. PLoS ONE 2018, 13, e0197169.

Martel, A; Blahak, S.; Vissenaekens, H.; Pasmans, F. Reintroduction of clinically healthy tortoises: The herpesvirus Torjan horse.
J. Wildl. Dis. 2009, 45, 218-220. [CrossRef] [PubMed]

Stohr, A.C.; Marschang, R.E. Detection of a tortoise herpesvirus type 1 in a Hermann’s tortoise (Testudo hermanni boettgeri) in
Germany. J. Herpetol. Med. Surg. 2010, 20, 61-63. [CrossRef]

Marschang, R.E. Viruses infecting reptiles. Viruses 2011, 3, 2087-2126. [CrossRef] [PubMed]


http://doi.org/10.1638/2009-0214R.1
http://www.ncbi.nlm.nih.gov/pubmed/20597234
http://doi.org/10.15654/TPK-150843
http://www.ncbi.nlm.nih.gov/pubmed/27301060
https://talk.ictvonline.org//taxonomy/p/taxonomyhistory?taxnode_id=201856398
https://talk.ictvonline.org//taxonomy/p/taxonomyhistory?taxnode_id=201856398
http://doi.org/10.1111/j.1439-0450.1997.tb00989.x
http://www.ncbi.nlm.nih.gov/pubmed/9323927
http://doi.org/10.1136/vr.161.3.102
http://www.ncbi.nlm.nih.gov/pubmed/17652436
http://www.ncbi.nlm.nih.gov/pubmed/11599439
http://doi.org/10.1128/JCM.39.9.3156-3163.2001
http://www.ncbi.nlm.nih.gov/pubmed/11526144
http://doi.org/10.1046/j.1439-0450.2001.00450.x
http://www.ncbi.nlm.nih.gov/pubmed/11471850
http://doi.org/10.7589/0090-3558-48.3.747
http://www.ncbi.nlm.nih.gov/pubmed/22740541
http://doi.org/10.1128/JVI.01794-15
http://www.ncbi.nlm.nih.gov/pubmed/26339050
http://doi.org/10.1080/01621459.1927.10502953
http://doi.org/10.7589/0090-3558-45.1.218
http://www.ncbi.nlm.nih.gov/pubmed/19204353
http://doi.org/10.5818/1529-9651-20.2.61
http://doi.org/10.3390/v3112087
http://www.ncbi.nlm.nih.gov/pubmed/22163336

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

