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Abstract: Elephant endotheliotropic herpesviruses (EEHVs) are important causes of death in both
captive and wild Asian elephants (Elephas maximus). Nothing is known about the prevalence of
EEHVs in wild or domestic elephants in China. To determine if EEHVs are present in elephants in
China, 126 wild elephants from three populations and 202 captive individuals from zoos (n = 155) and
the Wild Elephant Valley (n = 47) were screened using semi-nested polymerase chain reaction assays
with EEHV-redundant and EEHV1/4/5-specific primers. EEHV1B and EEHV4 were detected in
samples from both wild (EEHV1B:8/126; EEHV4:2/126) and captive (EEHV1B:5/155; EEHV4:9/155)
elephants, while EEHV1A (six cases) and EEHV5 (one case) were only present in the captive elephants
from the Wild Elephant Valley. EEHV1 was detected in blood and trunk and oral swabs; EEHV4
was detected in trunk and oral swabs as well as feces; EEHV5 was found in trunk and oral swabs.
No significant age or sex association with EEHV1A, EEHV1B, or EEHV5 positivity was observed.
An age association with EEHV4 positivity was found, with all unweaned elephants being EEHV4
positive, but an association with the sex of the elephant was not observed. These findings represent
the first documentation of EEHV presence in captive and wild elephants in China. These findings
also document EEHV1B and EEHV4 shedding in feces and demonstrate the utility of fecal screening
as a tool for investigating EEHV4 infection in wild populations of elephants. It is recommended that
EEHV testing be included in surveillance programs for captive and wild elephants in China.

Keywords: Asian elephants; elephant endotheliotropic herpesviruses (EEHV); China; Elephas
maximus; non-invasive samples

1. Introduction

The elephant endotheliotropic herpesvirus (EEHV) poses a significant threat to the
endangered Asian elephant (Elephas maximus) in captivity and in the wild [1–4]. Seven types
(i.e., species) with a total of twelve subtypes of EEHV (EEHV1–7) have been identified,
among which EEHV1A, 1B, 4, and 5 are endemic within Asian elephant populations [5–8].
Infections with EEHVs, in most cases, result in a subclinical but likely lifelong infection with

Viruses 2022, 14, 411. https://doi.org/10.3390/v14020411 https://www.mdpi.com/journal/viruses

https://doi.org/10.3390/v14020411
https://doi.org/10.3390/v14020411
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0000-0001-9775-2644
https://orcid.org/0000-0002-9006-9970
https://doi.org/10.3390/v14020411
https://www.mdpi.com/journal/viruses
https://www.mdpi.com/article/10.3390/v14020411?type=check_update&version=2


Viruses 2022, 14, 411 2 of 17

intermittent virus shedding. However, infection in young Asian elephants is more likely
to result in acute, fatal hemorrhagic diseases (EEHV-HD), most cases occur in elephants
less than four years of age, and the vast majority occur in elephants less than eight years
of age [8]. In fact, since its discovery in the 1990s, EEHVs have been documented to be
the major cause of Asian elephant calf deaths in captivity [9–12]. EEHV also appears
to be widespread in wild Asian elephants across their range, and it has been detected
in elephant populations in India, Thailand, Laos, Myanmar, and Malaysia [1–3,13–15].
However, most positive cases of EEHV in wild elephants are detected in animals that were
sick or dead and, therefore, the EEHV prevalence among wild Asian elephant populations
is unknown [15,16].

Sub-clinically, infected elephants have been detected using molecular methods that
detect viral DNA in oral [17] and trunk swabs, trunk flushes [17], and blood [17–19].
Weekly testing of blood samples for viremia is currently recommended for elephants
under 8 years of age [20] to detect infections that might subsequently result in disease.
Detecting virus by molecular methods is currently the only way to confirm the type and
subtype of virus infecting an elephant, although new serological techniques may be able
to differentiate between serologically distinct types in the future [21]. Both molecular and
serological methods have been used to determine the prevalence of EEHV infection in
elephant populations. Screening blood samples with molecular techniques from captive
Asian elephant populations has been used to determine the prevalence of infection in them,
and a prevalence range of 1.2–5.6% has been found [15,19]. However, these values are likely
to significantly underestimate the actual prevalence of active and latent infections in these
populations, as viremia is intermittent [22–24] and virus shedding may occur in the absence
of viremia [21] and it, too, can be intermittent [21,25]. Additionally, large-scale serological
studies of captive Asian elephants in zoos [23] and in their countries of origins [15,26]
have found high prevalence of seropositivity in these populations ranging from 42.3% [26]
and 43.9% [15] in Asian elephants in Thailand to 80% seropositivity in elephants in zoo
collections [23]. Two studies using antigens produced in eukaryotic systems and, therefore,
more likely to reflect the epitopes expressed on EEHVs [21,27] found 100% seropositivity
in mature zoo elephants in the USA [21], Europe [27], and captive elephants in Laos [27],
suggesting that some or all EEHVs are expected to infect all adult Indian elephants.

China has a population of approximately 300 wild Asian elephants. They are dis-
tributed among four geographically isolated populations in Yunnan Province: the Nan-
gunhe, Pu’er-Mengyang, Mengla, and Shangyong populations, which have been isolated
from each other for at least 20 years, and the Nangunhe population has been isolated
from the other three populations for a least 50 years [28]. Individuals from the Shangyong
and Mengla populations may cross the border into Laos, while the other two populations’
ranges are entirely within China. An additional approximately 320 captive Asian elephants
are scattered among dozens of Chinese zoological collections. Wild elephant populations in
China have been increasing in recent years; however, with increasing numbers of elephant
calves being born, there has also been an increase in the number of dead and abandoned
sick calves that have been found. The role that EEHVs play in these calves’ deaths and
illnesses is not known, neither is the distribution and prevalence of EEHVs in the wild
populations in general. Similarly, there have been no studies on the distribution and preva-
lence of EEHVs in captive elephants in China, and only a few institutions are aware of the
dangers that EEHVs might pose to their collections.

Current molecular EEHV testing protocols in live elephants require that blood, trunk
wash samples, or oral swabs be obtained [5,17,20,29,30], and enzyme-linked immunoassays
for antibodies against EEHVs also require blood samples [21,26,27]. This means that only
trained captive elephants can be safely sampled, and testing wild live elephants is not
possible. However, in recent studies, EEHV2 DNA was detected in one of 70 fecal samples
from African elephants (Loxodonta africana) [30], and EEHV antigen was detected in epithe-
lial cells lining the gastrointestinal tract in Asian elephants infected with EEHV4 [31,32],
suggesting that one or more EEHVs may be detected noninvasively in elephant feces [31,33].
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The first objective of this this study was to determine if EEHVs were present in wild
and captive Asian elephants in China. The second objective was to determine if EEHVs
could be detected in elephants by screening feces for viral DNA and to compare the
sensitivity of fecal screening with the traditional methods of blood and trunk and oral
swab screening. Finally, based on the findings of this study, recommendations for EEHV
surveillance and management among captive and wild Asian elephant populations in
China are discussed.

2. Materials and Methods
2.1. Animal Ethics

All the samples collected in this study were for scientific purposes. Ethical approval
to conduct this study was obtained from Ethic and Animal Welfare Committee, College of
Life Science, Beijing Normal University. The approval number was CLS-EAW-2020-015.

2.2. Investigation of EEHV Presence in China
2.2.1. Sample Collection

Four hundred and fifty-nine samples from wild (n = 126) and captive (n = 202) Asian
elephants in China were collected from 2017 to 2020 (Table 1). All sampled elephants were
clinically healthy, and their fecal forms were normal.

Table 1. The number of samples collected for each sample type of each population, the total number
of sampled individuals, and the estimated or actual population.

Sampling Size Per Sample Type
Total Number of

Sampled Individuals
Estimated or

Actual PopulationFeces Blood Trunk
Swab

Oral
Swab

Wild
(n = 126)

Pu’er-Mengyang 81 NA NA NA 81 ~140
Mengla 26 NA NA NA 26 ~45

Shangyong 19 NA NA NA 19 ~65

Captive
(n = 202)

Zoo 155 NA NA NA 155 ~270
Wild Elephant Valley 44 40 47 47 47 47

• Captive Populations

Samples were collected from 202 captive Asian elephants from 2018 to 2020, represent-
ing approximately 63% of the entire population of captive elephants in China. Samples
were collected from two sources: elephants from the Wild Elephant Valley (n = 47) and
elephants in traditional zoos (n = 155) (Table 1).

The Wild Elephant Valley (100◦51’33.2172”, 22◦10’39.3636”) facility is located within
the Pu’er-Mengyang Asian elephant population area (Figure 1). It is a tourist attraction and
contains an Asian elephant rescue center. It has a mixture of imported elephants that are
occasionally moved between institutions as well as captive-bred and rescued elephants.
The elephants in this facility are allowed into their natural environment to forage and roam
during the day accompanied by their mahouts; thus, they cannot have active direct contact
with wild elephants during this time. However, during the night, wild elephants may
visit their enclosure, and Wild Elephant Valley elephants can have physical contact with
wild elephants through the bars of their enclosures; therefore, the two populations are not
fully isolated.
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Figure 1. Distribution of wild Asian elephant populations in China and the location of the Wild
Elephant Valley.

The origin, age, and sex of Wild Elephant Valley elephants and zoo elephants were
recorded based on clinical records, and the elephants were categorized into groups accord-
ing to their age. The age groups were based on Arivazhagan and Sukumar [34] with minor
modification: adult (>15 y); sub-adult (5 < X ≤ 15 y); juvenile (3 < X ≤ 5 y); unweaned
elephants (≤3 y).

The majority of Asian elephants in zoos were imported from other Asian elephant
range countries with a small number of captive-bred elephants. These animals are routinely
moved among zoos. Only fecal samples were taken from the zoo elephants (n = 155).

Elephants were classified as herpesvirus virus positive if herpesvirus DNA was de-
tected in one or more samples.

• Wild Populations

In 2017, fecal samples from three wild Asian elephant populations (i.e., Pu’er-Mengyang
(n = 81), Mengla (n = 26), and Shangyong (n = 19)) were collected (Figure 1). A hundred
and twenty-six individuals were identified by microsatellite markers [35], and their fecal
samples were used in this study. The tested individuals were aged by bolus diameter ac-
cording to the rearranged Von Bertalanffy growth equation: t =

(
t0 − 1

k

)
×

(
ln
(

1− L
L∞

))
;

t is the mean age, t0 is the theoretical age at which an elephant’s bolus would have a
length measurement of 0 if the same growth pattern was applied from birth to later life,
K is the Brody growth coefficient, and L∞ is the theoretical maximum size of the bolus
diameter [36,37]. Age groups were classified in the same way as captive elephants.

At the time of sampling, there was approximately 280 wild individuals in China. The
approximate number of each sampled population is shown in Table 1.

2.2.2. DNA Extraction

Fecal DNA was extracted using the QIAamp DNA Stool Mini Kit (Qiagen, Hilden,
Germany), and DNA from blood and trunk and oral swabs was extracted using the DNeasy
Blood & Tissue Kit (Qiagen, Germany) with a minor modification to the manufacturer’s
protocols. The centrifugation time of the fecal samples after digestion was extended to
25 min to assure that all undigested material was pelleted. All DNA samples were stored
at −20 ◦C until analysis.

2.2.3. PCR Screening for EEHV DNA

EEHV DNA was detected using semi-nested PCR with redundant EEHV DNA poly-
merase (POL) primers and specific EEHV1/4/5 POL primer sets and EEHV1-viral G
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protein-coupled receptor (EEHV1-vGPCR) primer sets [29,38] (Appendix A) and Qiagen
HotStarTaq Master Mix Kit (Qiagen, Germany). Samples were first tested by redundant
EEHV POL and EEHV1, 4, and 5 POL primer sets for EEHV subtype identification. Then,
the EEHV1 positives in the first screen were amplified by EEHV1-vGPCR primer sets for
further phylogenetic analysis.

The DNA amplifications were carried out on a Veriti 96-Well Thermal Cycler (Applied
Biosystems, Singapore) using the following conditions: One cycle of 95 ◦C for 15 min,
followed by 35 cycles of 94 ◦C for 30 s, 55 ◦C for 90 s, and 72 ◦C for 60 s; then, the samples
were held at 72 ◦C for 5 min and immediately chilled at 4 ◦C. Two microliters of the solution
containing the purified DNA was used in a 20 µL reaction. For the second and third
round PCR reactions, 2 µL of the previous 20 µL PCR reaction was used. The amplification
products were separated by electrophoresis on 1.5% agarose gels containing SYBR gel stain
(Invitrogen, Waltham, MA, USA) and visualized under ultraviolet light. Positive samples
were sent for sequencing (BGI, Beijing, China).

• Analytical sensitivity of the PCR assay

To determine the analytical sensitivity of the PCR assay, plasmids containing U38(POL)
fragments of EEHV1, 3, and 4 were synthesized. The plasmid DNA was added into the
EEHV-negative DNA in this study. The 10-fold serial dilutions of the synthesized plasmid
DNA were created, making the final concentration of the plasmid DNA in the EEHV-
negative DNA starting from 105 to 10 copies/µL. The products were then amplified by the
PCR assay employed in the paper.

• Inhibitor test for the fecal DNA samples

Given that a zoo elephant diet is different from that of wild elephants as well as the
Wild Elephant Valley elephants and that a very low prevalence of EEHV DNA was detected
in feces from zoo elephants, we sought to determine if it might contain inhibitors. The
plasmid DNA used in the PCR sensitivity test was added to 105 EEHV-negative fecal
DNA samples and amplified as described above. Of these, forty samples were from the
Wild Elephant Valley (n = 44), forty-two DNA samples were from randomly selected zoo
elephants (n = 155), and twenty-three DNA samples were from randomly selected wild
elephants (n = 126). The final plasmid concentration in the PCR system was 500 copies/µL.

2.2.4. Age and Sex Differences

Information on the age composition and sex of elephants in the Wild Elephant Valley is
well documented. Thus, the association between age or sex on EEHV infection of elephants
in the Wild Elephant Valley was explored. Sex and age data (n = 47) for the elephants in the
Wild Elephant Valley in 2020 were used in the analysis (Appendix B). Significant tests for
associations between EEHV-positive elephants and the age and sex of the tested elephants
were based on the Chi-squared test and Fisher’s exact test (p ≤ 0.05) [39,40].

2.2.5. Phylogenetic Analysis

Sequences were analyzed in MEGAX and were compared with the EEHV sequences in
GenBank using NCBI BLAST. For the EEHV1 analysis, a vGPCR (U51) locus was used. All
of the U51 fragments of EEHV1 in the NCBI database [41] were downloaded and aligned in
MEGAX [42] with the sequences found in this study. Aligned sequences were then trimmed
and translated into protein sequences. Two EEHV6 and one EEHV2 vGPCR sequences
were added to the analysis. Identical sequences were then removed using the DISTANCE
tool, and one representative sequence was retained for each set of identical sequences. The
result was used to construct a neighbor-net by ProteinMLdist using SplitsTree4 [43], and
the bootstrap value was obtained using 1000 replicate bootstrapping. The information on
the country of discovery for all the sequences involved in the analysis was summarized
in a bar chart (Numbers, 2021, Apple). According to Long, Latimer, and Hayward [8] and
Sripiboon et al. [44], the delineation of clusters is based on amino-acid polymorphisms for
the U51 (vGPCR) protein. We analyzed the cluster distribution, and then used Keynote
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(Keynote, 2021, Apple) to annotate the neighbor-net and integrated it with the bar chart
into one figure.

For the EEHV4 and 5 phylogenetic analyses, the DNA POL(U38) locus was used. All
the U38 sequences of EEHV2/3/4/5/6/7 in NCBI were downloaded and aligned with
ClustalW in MEGAX with the sequences found in this study [41,42], trimmed, and trans-
lated into protein sequences. Two EEHV1 U38 sequences were added to the analysis. The
identical sequences were then removed using the DISTANCE tool, and one representative
sequence was retained for each set of identical sequences. The best model for the maximum
likelihood tree was selected according to the MODELS in the MEGAX recommendation.
Jones Taylor Thornton Model plus Gamma Distributed (JTT + G) was utilized for EEHV4
and EEHV5 U38 locus maximum likelihood tree construction. The bootstrap value was
obtained using 1000 replicate bootstrapping.

3. Results
3.1. Number of EEHV-Infected Elephants and EEHVs Detected
3.1.1. Detection of EEHV in Different Sample Types of Wild Elephant Valley Elephants

A comparison of the PCR results for the feces, blood, and trunk and oral swabs from
47 valley elephants is shown in Table 2. Overall, fourteen elephants (29.8%; 14/47) were
positive for EEHVs. Positive cases were detected in imported, rescued elephants, and
in captive breeding elephants. Nine of the elephants were infected with a single EEHV
including two EEHV1A, two EEHV1B, four EEHV4, and one EEHV5. Co-infections were
found in five elephants (EEHV1A/EEHV4, n = 4; EEHV1B/EEHV4, n = 1).

Table 2. Age, sex, origin, sample types, and EEHV strains detected in EEHV-positive elephants in the
Wild Elephant Valley.

Age a Sex b Origin c
Feces d Blood d Trunk Swab d Oral Swab d

EEHV1 EEHV4 EEHV5 EEHV1 EEHV4 EEHV5 EEHV1 EEHV4 EEHV5 EEHV1 EEHV4 EEHV5

1 V10 30 y M TL − − − − − − − − + − − +
2 V15 21 y M TL − − − 1A − − 1A − − − − −
3 V31 14 y M R − − − 1B − − − − − − − −
4 V33 5 y M R − − − 1A − − − − − − − −
5 V34 4 y F Cb NA NA NA 1B − − − − − − − −
6 V36 2 y F Cb − + − − − − − + − − + −
7 V37 2 y F Cb − + − 1 A − − − − − − − −
8 V38 14 m M LAO − + − NA NA NA − − − − + −
9 V39 17 m F Cb − + − NA NA NA − + − − − −
10 V41 5 m F Cb NA NA NA NA NA NA − − − − + −
11 V42 2 m F Cb NA NA NA NA NA NA 1A − − − + −
12 V43 36 y F MM − − − − − − 1B − − 1B + −
13 V44 23 y F MM − − − − − − − + − 1A − −
14 V45 8 y F Cb − − − − − − 1A − − − + −

a y = years, m = months; b M = male, F = female; c TL = Thailand, R = rescued, Cb = captive bred, LAO = Laos,
MM = Myanmar; d − = negative, NA = not available, + = positive, 1A = EEHV1A positive, 1B = EEHV1B positive.

Only EEHV4 was detected in feces. EEHV1A and EEHV1B were detected in blood,
and EEHV1A, EEHV1B, EEHV4, and EEHV5 were detected in both trunk and oral swabs.
Four of the five co-infected elephants showed PCR positivity for two samples, each de-
tected a separate EEHV type/subtype, while one elephant had three PCR-positive samples:
two samples detected EEHV1 and another sample showed EEHV4 positivity. Excluding
co-infected elephants, five elephants with two sample types showed PCR positivity si-
multaneously, and one elephant with three sample types showed PCR positivity at the
same time.

A total of nine EEHV1 positive cases (19.1%; 9/47) were found in blood and trunk and
oral swabs, six of which were EEHV1A (12.8%; 6/47) and three of which were EEHV1B
(6.4%; 3/47). No EEHV1 positivity was detected in fecal samples. The blood sample from
one EEHV1A-positive elephant was not collected, and three EEHV1A-positive cases were
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detected in blood samples (60%; 3/5). Three EEHV1A positives were found in trunk swabs
(50%; 3/6), and one case was detected in oral swabs (16.7%; 1/6). Among them, one (V15)
was positive for EEHV1A in blood and trunk swabs. The remaining four cases were all
positive for one single sample type. For EEHV1B, two positives were found in blood
samples (50%; 2/4), and the other positive elephant (V43) was positive in both trunk (25%;
1/4) and oral swabs (25%; 1/4).

A total of nine cases of EEHV4 positivity (19.1%; 9/47) were detected in feces and
trunk and oral swabs, and no EEHV4 positivity was found in the blood. The fecal samples
from two EEHV4-positive elephants were not collected, and four EEHV4-positive elephant
fecal samples collected were detected positive (57.1%; 4/7). Three cases (33.3%; 3/9) were
detected in trunk swabs, and six (66.7%; 6/9) were detected in oral swabs. Among them,
one (V36) was positive for EEHV4 in feces and trunk and oral swabs; one (V38) was positive
in feces and oral swabs; one (V39) was positive in feces and trunk swabs. The remaining
six cases were all positive for a single sample type.

One EEHV5-positive elephant (V10) (2.1%; 1/47) was identified in the tests, and it was
positive for both trunk (50%; 1/2) and oral swabs (50%; 1/2).

3.1.2. Detection of EEHV in Fecal Samples from Captive and Wild Elephants

The screening results for EEHVs in the fecal samples from captive and wild elephants
are shown (Table 3). This sub-study includes fecal sample testing results in the Wild
Elephant Valley from the previous sub-study, thus comparing the presence of EEHV in
feces in different Asian elephant populations in China. A total of 16 EEHV infections from
16 elephants were detected in the 325 wild and captive elephants screened with a total
prevalence of 4.92%. Two EEHVs were detected: EEHV1B, and EEHV4.

Table 3. Age, sex, origin, and EEHV strains of the elephants that tested EEHV positive in fecal DNA
samples.

Wild/Captive
Number of Elephants Sampled

Sample
Number

Age Sex Origin Year of Import
or Rescue

EEHV1
EEHV4 EEHV5

1A 1B

1

Wild
(n = 126)

W025 Sub-adult NA
* Pu’er-Mengyang NA − $ CN04 − −

2 W029 Adult NA Pu’er-Mengyang NA − CN04 − −
3 W030 Sub-adult NA Pu’er-Mengyang NA − CN04 − −
4 W032 Sub-adult NA Pu’er-Mengyang NA − CN04 − −
5 W106 Sub-adult NA Shangyong NA − CN04 − −
6 W113 Sub-adult NA Shangyong NA − CN04 − −
7 W118 Sub-adult NA Shangyong NA − CN04 − −
8 W119 Sub-adult NA Mengla NA − − CN06 −
9 W120 Sub-adult NA Mengla NA − − CN06 −

10 W121 Sub-adult NA Mengla NA − CN05 − −

11

Captive
(n = 199)

Zoo
(n = 155)

Z054 Adult F Myanmar 1996 − CN04 − −
12 Z196 Sub-adult M Laos 2016 − CN04 − −

13
Wild Elephant Valley

(n = 44)

V36 Unweaned F Captive bred NA − − CN06 −
14 V37 Unweaned F Captive bred NA − − CN06 −
15 V38 Unweaned M Laos 2019 − − CN06 −
16 V39 Unweaned F Captive bred NA − − CN06 −

* NA = information not available; $ − = not detected.

• Wild Populations

A total of ten wild elephants were found to be infected with an EEHV (7.94%; 10/126).
There were eight EEHV1B (6.35%: 8/126) and two EEHV4 (1.59%; 2/126) positive ele-
phants, and EEHV1A was not detected. According to the fecal bolus diameters, seven
EEHV1B-positive elephants and all EEHV4-positive elephants were sub-adults between
5 and 15 years old. A single EEHV1B-positive elephant was an adult. EEHV1B was de-
tected in the population inside China (i.e., Pu’er-Mengyang) and the populations traveling
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between China and Laos (i.e., Shangyong and Mengla). The two EEHV4 positives were
detected from two elephants in the Mengla population.

• Captive populations

Two EEHV1B positives (1.01%; 2/199) and four EEHV4 positives (2.01%; 4/199) were
detected from the 199 captive elephants tested. EEHV1A and EEHV5 were not detected
in this cohort. The two EEHV1B-positive zoo elephants (1.29%; 2/155) were housed in
separate facilities and had never been in contact. The four EEHV4-positive elephants
(9.09%; 4/44) were all from the Wild Elephant Valley.

• Analytical sensitivity of the PCR assay and prevalence of inhibitor samples from the
Wild Elephant Valley, zoo, and wild elephants

All PCR assays were able to detect a hundred copies and occasionally (2/16 times)
detected ten copies. Two of the forty Wild Elephant Valley samples (5.00%; 2/40) contained
inhibitors, five of the forty-two zoo samples (11.90%; 5/42) contained inhibitors, and none
of the twenty-three wild samples (0.00%; 0/23) tested contained inhibitors.

3.2. Age and Sex Differences

The positivity rate for the age groups of each virus in the Wild Elephant Valley
is shown in Figure 2. There were no significant association between EEHV1A, 1B, or
5 positivity and age (p = 0.234 > 0.05; p = 0.183 > 0.05; p = 0.921 > 0.05); however, a
significant association between EEHV4 positivity and age was observed (p = 0.000 < 0.05).
Further pairwise comparison of the EEHV4-positive rate between age groups showed that
there were significant differences in infection rates between the non-weaned group and the
subadults, as well as between the non-weaned group and the adult group (p = 0.005 < 0.05;
p = 0.000 < 0.05). An association between EEHV1A, EEHV1B, and EEHV4 infection rate
and sex was not detected (p = 0.947 > 0.05; p = 0.726 > 0.05; p = 0.106 > 0.05; p = 0.844 > 0.05).
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3.3. Phylogenetic Analysis

We analyzed the amplification results of vGPCR locus of all EEHV1-positive samples
and the POL locus of EEHV4 and EEHV5 positive samples obtained in this study. Only
the POL fragment of samples from one elephant (V15) of the Wild Elephant Valley was
amplified, and the amplification of vGPCR fragments failed. Therefore, this elephant (V15)
was not included in the analysis.

As shown in Table 4, a total of seven strains (CN01–CN07) were identified, of which
EEHV1A contained three strains (CN01–CN03), EEHV1B contained two strains (CN04–CN05),
and EEHV4 and EEHV5 each had one strain (i.e., CN06 and CN07). CN01 and CN05 were
novel strains, different from those found in other countries. The other five strains were
identical to the strains found in Asian elephants in Thailand and North America (Table 4).
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Table 4. The presence of EEHV type or strain found in China and in other countries.

Strain
Name

Virus Types Positive Elephants
in This Study

Presence in Other Countries

Country Strain Name Isolation Date Origin GenBank
Accession

CN01 EEHV1A V33 Novel Sequence

CN02 EEHV1A V37

Thailand ThE03 2008

necropsy tissue from 26
month old captive-born
male elephant with fatal

acute hemorrhagic disease

KT390759

Thailand ThE07 2012

necropsy tissue from a 2.4
year old captive-born

female elephant with fatal
acute hemorrhagic disease

KT447201

USA NAP17 2000

necropsy tissue from a 6
year old captive-born

female elephant with fatal
acute hemorrhagic disease

KT705221

USA NAP79 2016

whole blood from a 2 year
old female captive elephant

with acute
hemorrhagic disease

MK473327

CN03 EEHV1A V42, V44, V45 USA NAP29 2007

necropsy tissue from a 16
month old captive-born

female elephant with fatal
acute hemorrhagic disease

KT705228

CN04 EEHV1B

V34, V43, Z054,
Z196, W025, W029,
W030, W032, W113,

W116, W118

Thailand ThE04 2009

necropsy tissue from a 2
year old captive-born

female elephant with fatal
acute hemorrhagic disease

KT447186

USA NAP38 2009
routine trunk washes from

healthy adult
Asian elephants

GU350763

CN05 EEHV1B V31, W121 Novel Sequence

CN06 EEHV4
V36, V37, V38, V39,
V41, V42, V43, V44,
V45, W119, W120

Thailand ThE17 2014

necropsy tissue from a 3.7
year old captive-born

female elephant with fatal
acute hemorrhagic disease

KT596956

USA NAP69 2014.08
trunk wash from a

convalescing 4.5 year old
captive-born male elephant

KR781027

USA NAP70 2014.10

trunk wash from a
convalescing 4 year old

captive-born
female elephant

KR781034

CN07 EEHV5 V10

USA NAP50 2011

viremic blood from a 41
year old wild-born female

elephant with mild
systemic infection

JN983108

USA NAP51WB 2011

whole blood from an
asymptomatic 4 month old

captive-born
female elephant

JX011010

USA NAP52WB 2011

whole blood from a 9
month old captive-born
male elephant with mild

disease symptoms

JX011011

The distribution of each EEHV strain found in this study for each population is shown
in Figure 3. Seven strains were present in the Wild Elephant Valley area, and four were
present only in the Wild Elephant Valley population (CN01–CN03 and CN07). The other
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three strains were also detected in other populations, and only 1–2 strains were present
in each population. Strain CN04 was distributed in all populations tested. In addition to
strain CN04, CN06 was present in the wild elephant population in Mengla and CN05 in the
wild elephant population in Shangyong, while only CN04 was present in the zoo elephant
population and wild elephants from Pu’er-Mengyang. In addition, CN04 and CN05 were
found in both wild and captive populations.
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co-infected elephants in the Wild Elephant Valley, and identical patterns refer to the same elephant.

Genetic analysis was conducted to identify the variation and discover the relatedness
between the isolates found in our study and other studies. For the EEHV1-positive samples,
based on 159 amino acid sequences, the neighbor-net showed that the five strains in this
study plus the 93 EEHV1 vGPCR (U51) sequences belonging to different individuals found
in the NCBI database belonged to a total of 17 groups (Figure 4). The strains found in China
were concentrated in Cluster B, C, and D with two strains each in Cluster B and D and
one strain in Cluster C. CN01 and CN02 were in Group 5 and Group 4 in Cluster D, and
Group 4 also contained strains from Thailand, North America, India, and Indonesia. CN03
was in Group 2 in Cluster C, and Group 2 also contained strains from Thailand and North
America. CN04 and CN05 were in Group 3 and Group 1 in Cluster B, and Group 3 also
contained strains from Thailand, North America, and Europe.

The maximum likelihood phylogenetic tree constructed based on the POL(U38) gene
locus of the EEHV4 and EEHV5 strains found in this study and EEHV1–5 and EEHV7
found in other studies is shown in Figure 5. Based on the 63 amino acid sequences, the
EEHV4 and EEHV5 genomes were well conserved, and the CN06 and the reference EEHV4
POL genome (KX139432) found in Thailand only had 1.5% differences, and CN07 was
identical to the reference EEHV5 genomes.
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Figure 5. Genetic relationships between EEHV4 (CN06) and EEHV5 (CN07) detected in this study
and other identified EEHVs. This phylogenetic tree was analyzed by the maximum likelihood method
based on 63 amino acid sites of EEHV DNA polymerase(U38) with bootstrap values indicated. (The
strains in red are strains found in this study, and the black strains are reference strains).
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4. Discussion

The risks posed by the EEHVs to captive and wild Asian elephants are widely recog-
nized. Surveys of captive, semi-captive, and, to a lesser extent, wild elephants have been
conducted in several countries, and surveillance for captive and semi-captive elephants
have been developed to suit local conditions [2,14,15]. China is an Asian elephant range
country and has a captive Asian elephant population; however, the EEHV status of China’s
wild and captive elephants is not known.

4.1. Types, Subtypes, and Strains Identified and the Potential Implications for the Occurrence of
EEHV-HD

This large-scale study reports the findings of the first survey for the presence of EEHV
in captive and wild Asian elephants in China. In this survey, all EEHV types and subtypes
(EEHV1A, 1B, 4, and 5) found in Asian elephants elsewhere were found in captive Asian
elephants and fewer types (EEHV1B and 4) were found in the wild populations. Most of the
EEHV strains identified had been previously documented in elephant populations outside
of China; however, novel EEHV1A and EEHV1B strains are described here for the first
time. Sequences from the EEHV1A and EEHV1B genetic Groups 6–17, which contained
the majority of sequences from Asian elephants sampled in India, were not found in the
Chinese populations. Additional testing of elephants in China will be required to determine
if these findings represent geographical trends in EEHV1A and 1B distributions or if they
are the result of overall low sample sizes of sequenced EEHV viruses.

EEHV-HD is caused predominately by strains of EEHV1 but occasionally also by
EEHV4 and EEHV5 [5,7,8,38]. Therefore, finding these strains in the captive population
of elephants held at the Wild Elephant Valley facility suggests that calves born at these
facilities are at risk of developing EEHV-HD. In addition, given that elephants are routinely
moved among institutions in China, including the Wild Elephant Valley facility, it is likely
that these strains of EEHV are present in other captive collections of elephants as well and
pose the same threat to calves in their collection. Contact between wild elephants and
captive elephants at the Wild Elephant Valley facility, although minimal and restricted, may
allow EEHV strains present in the captive population to spread to wild elephants in this
part of China.

4.2. Using Multiple Sampling Sites Improved the Detection Rate of EEHV Infections and Types

This is only one of a few studies where it was possible to compare the findings of PCR
screening of blood, oral swabs, and trunk swabs for EEHV DNA in the same elephant,
and this is the first study where the results of the PCR screening of these samples were
compared to the PCR screening of DNA from elephant feces. Our results show, as has been
noted previously, that if PCR screening is to be used as a method to detect an active EEHV
infection, that screening samples from trunk swabs, oral swabs, and blood will detect more
active infections then either one alone and will be more likely to detect infections with
multiple EEHV types. Combining the results of testing fecal DNA with testing of one or
all three other samples also improved the chance of detecting active virus infections in the
elephants and detecting infections with multiple genotypes in this study. Therefore, we
recommend that future investigations and routine screening protocols for active EEHV
infections in elephants include testing samples from blood, oral swabs, trunk swabs, and
fecal DNA whenever possible.

We chose to screen elephants for active EEHV infection by screening fecal DNA for
EEHV DNA, because if EEHV DNA could be detected in this sample, it would mean that
the presence of EEHV types and possibly even the prevalence of active EEHV infections in
wild elephants could be determined, and collecting a fecal sample would be easier and safer
than collecting blood and oral and trunk swabs from captive elephants [30,33]. Our results
show that active EEHV infections can be detected in elephants by screening fecal DNA.
However, a single fecal sample, as with samples from other sites, did not detect all active
EEHV infections, and not all EEHV types were detected in fecal DNA [31,33]. While our
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data set was relatively small, it provides proof that screening of a single fecal DNA sample
will be able to detect some, by far not all, elephants actively infected with EEHV1B and
EEHV4, and given that EEHV1A DNA was never detected in an elephant fecal sample, it
may not be able to detect elephants with active EEHV1A infections. Therefore, as discussed
above, when testing elephants for EEHV1A, 1B, and 4 active infections, the chances of
detecting them are improved by testing a combination of oral and trunk swabs and blood
in conjunction with feces. However, testing feces can provide valuable information about
the presence or absence of EEHV1B and EEHV4 types in populations where blood and oral
and trunk swabs cannot be obtained. The value of screening fecal DNA to detect active
EEHV5 infections in Asian elephants could not be determined by this study as only one
elephant with an active EEHV5 infection was identified and EEHV5 DNA was not detected
in its fecal DNA.

4.3. Impact of Age on Prevalence of Active EEHV Infections

Our findings are similar to a previous study that showed that viremia and virus
shedding of elephants infected with EEHV1A or 1B is most common in juvenile elephants
between 1 and 5 years of age [19]. Comparable studies of the effect of age on virus shedding
in elephants infected with EEHV4 and 5 have not been conducted. However, our study
suggests that younger elephants are also more likely to have active EEHV4 infections than
older animals, as of the nine positive cases of EEHV4 in the Wild Elephant Valley, six were
unweaned elephants. However, this may be a result of the sampling constraints. Further
validation by future studies is needed.

4.4. Possible Explanations for Variations in Fecal EEHV Prevalence in the Three Elephant
Populations Studied

The prevalence of EEHV PCR positive elephants, based on testing of fecal DNA
screening, in Chinese zoological collections was low (1.29%) compared to the Wild Elephant
Valley (9.09%) and wild populations (7.94%). The reason for this is not known but could
reflect a higher percentage of samples containing inhibitors in the fecal samples from the
zoo animals compared to those from the Wild Elephant Valley and from the wild elephants.
It might also reflect the quality of the DNA in these samples, and though not tested, DNA
degradation may have occurred more commonly during the sample collection and storage
of the feces from the zoo elephants compared to the samples from the Wild Elephant Valley
elephants and wild elephants. Including an internal control for DNA quality, such as testing
for the elephant TNF gene, would address this question in future studies.

4.5. Molecular versus Serological Screening of Asian Elephants for EEHV

In this study, we used PCR assays to detect active infections in the elephants that we
studied instead of screening for infection using serology, as the only population of elephants
that we could obtain blood samples from was the captive population housed at the Wild
Elephant Valley. Using molecular screening also allowed us to compare the sequences
of the detected types and subtypes to those reported in other countries [15]. Screening
elephants with PCR assays, however, has its limitations, as it only detects elephants with
active infections and not latently infected elephants that are not viremic or shedding EEHV.

In recent years, there have been great advances in the development of sensitive and
specific serological assays that are able to identify elephants that are infected with EEHVs.
These findings show that the prevalence of virus infection in the populations that have
been tested using serology far exceeds that detected using molecular methods screening for
viral DNA in blood or other samples [21,26,27]. In fact, it has been suggested that EEHV
infections may be ubiquitous in Asian elephants greater than five years old [21,27]. It is
therefore extremely likely that the overall prevalence of EEHV-positive elephants in the
captive and wild populations that we studied is considerably higher than what we were
able to detect. It is hoped that as soon as these serological assays are further refined and
become more widely available, they may be able to be used for future studies and screening
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protocols in China, especially as they appear to be particularly useful for identifying naive
elephant calves that would be at the highest risk for developing disease [21,27].

4.6. Implications of These Findings for Asian Elephants in China

Overall, there are relatively few captive Asian elephants in China, and it is difficult and
costly to acquire new stock. Therefore, it is important to do everything possible to protect
the health of the Asian elephants that are present in captive populations in China and ensure
that as many elephant calves that are born to this population survive to reproduce. To
protect calves born to captive elephants from EEHV disease, we propose that the screening
recommendations of Luz and Howard [20] be followed at least in juvenile elephants. Based
on these recommendations, we suggest elephants less than 8 years old should have blood
samples and preferably trunk swab, oral swab, or and feces tested by PCR for EEHVs at
weekly intervals and 2–4 times per year after that. Elephant calves that are found to be
infected with an EEHV and found to have a rising virus titer or are experiencing signs
consistent with EEHV disease should be treated with aggressive supportive care and an
antiviral drug [45,46]. In addition, all sick and dead calves should be routinely tested for
EEHV infection. In order to address the need for such testing and fill the vacancy of bodies
in China that can perform official EEHV testing rather than research, it is recommended that
a laboratory that is able to perform these assays be established and that they be a repository
for data generated through this testing. Moreover, as antiviral drugs are costly and may not
be easily sourced in an emergency situation where an elephant calf is stricken with disease
caused by an EEHV, we recommend that enough antiviral medication to treat one or more
calves be stockpiled in China and made available to captive elephant collections as needed.

The impact of EEHVs on the wild Asian elephant populations in China is unknown,
but at present it seems to be minimal. The wild Asian elephant populations have maintained
a strong annual growth rate of 3–5% in recent years as a result of aggressive conservation
efforts [47]. However, as Asian elephant populations increase in size within the confines
of the current sanctuaries, new stressors may arise impacting EEHV shedding and trans-
mission [48], and dead wild elephant calves have been found. We therefore recommend
testing tissue or blood samples for all dead wild elephants found during routine patrols or
samples from live wild elephants obtained by chance. In addition, to obtain information on
EEHV-related dynamics in wild elephant populations, we recommend conducting regular
surveys for EEHV fecal shedding in these populations.
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Appendix A

Table A1. Listing of EEHV primers used.

Description Sequence (5′-3′)

Pairing and Product Size (bp)

Round

1 2A 2B 3

PANEEHV POL
1. 6710 –ACAAACACGCTGTCRGTRTCYCCRTA–

500
250

2. 6711 –GTATTTGATTTYGCNAGYYTGTAYCC–
3. 6712 –TGYAAYGCCGTNTAYGGATTYACCGG– 250

EEHV1 POL
1. 7445 –GATTTTGCGAGYCTGTACCY–

530
500

2. 7446 –CACGCTGTCAGTATCTCCGTA–
5003. 7447 –CCCAGTATCATTCAAGCATAC–

4804. 7448 –CTGTCTACAGGGCARTCAAC– 500
EEHV1 vGPCR

1. 7506 –GATTGTGAACGCTGTATGTC–
930

880
2. 4963 –GACTTTCTTCGTCGTAGCCCTCGTCTT–

7003. 7470 –GGTGGTACTGTATGATGTGC–
5504. 5200 –CGTGATACGCTTCCAAACATACA– 880

EEHV3/4 POL
1. 6719 –CGTTGAAGGTGTCGCAGAT–

390
250

2. 7400 –CAGCATCATCCAGGCCTACAAC–
3. 6720 –ATCCTGGCGCAGCTGCTGAC– 250

EEHV5 POL
1. 7483 –CTACATCTATACAGAACTTTCC–

450
200

2. 7484 –GTACCTTAGTTACGGACGAGAC–
4303. 7424 –CGACAGCACACTCCTTTAACAC–

1904. 7485 –CGCTGTATATGGATTTACCGG– 200

Appendix B

Viruses 2022, 14, x FOR PEER REVIEW 15 of 17 
 

 

Appendix A 

Table A1. Listing of EEHV primers used. 

Description Sequence (5’-3’) 
Pairing and Product Size (bp) 

Round 
1 2A 2B 3 

PANEEHV POL 
1. 6710 –ACAAACACGCTGTCRGTRTCYCCRTA– 

500 
250   

2. 6711 –GTATTTGATTTYGCNAGYYTGTAYCC–    
3. 6712 –TGYAAYGCCGTNTAYGGATTYACCGG–  250   

EEHV1 POL 
1. 7445 –GATTTTGCGAGYCTGTACCY– 

530 
 500  

2. 7446 –CACGCTGTCAGTATCTCCGTA– 
500 

  
3. 7447 –CCCAGTATCATTCAAGCATAC–   

480 
4. 7448 –CTGTCTACAGGGCARTCAAC–   500 

EEHV1 vGPCR 
1. 7506 –GATTGTGAACGCTGTATGTC– 

930 
880   

2. 4963 –GACTTTCTTCGTCGTAGCCCTCGTCTT–  
700 

 
3. 7470 –GGTGGTACTGTATGATGTGC–   

550 
4. 5200 –CGTGATACGCTTCCAAACATACA–  880  

EEHV3/4 POL 
1. 6719 –CGTTGAAGGTGTCGCAGAT– 

390 
250   

2. 7400 –CAGCATCATCCAGGCCTACAAC–    
3. 6720 –ATCCTGGCGCAGCTGCTGAC–  250   

EEHV5 POL 
1. 7483 –CTACATCTATACAGAACTTTCC– 

450 
 200  

2. 7484 –GTACCTTAGTTACGGACGAGAC– 
430 

  
3. 7424 –CGACAGCACACTCCTTTAACAC–   

190 
4. 7485 –CGCTGTATATGGATTTACCGG–   200 

Appendix B 

 
Figure A1. Age and sex composition of elephants in the Wild Elephant Valley. 

References 
1. Mahato, G.; Sarma, K.K.; Pathak, D.C.; Barman, N.N.; Gogoi, P.; Dutta, M.; Basumatary, P. Endotheliotropic herpesvirus 

infection in Asian elephants (Elephas maximus) of Assam, India. Vet. World 2019, 12, 1790–1796. 
2. Oo, Z.M.; Aung, Y.H.; Aung, T.T.; San, N.; Tun, Z.M.; Hayward, G.S.; Zachariah, A. Elephant Endotheliotropic Herpesvirus 

Hemorrhagic Disease in Asian Elephant Calves in Logging Camps, Myanmar. Emerg. Infect. Dis. 2020, 26, 63–69. 

Figure A1. Age and sex composition of elephants in the Wild Elephant Valley.

References
1. Mahato, G.; Sarma, K.K.; Pathak, D.C.; Barman, N.N.; Gogoi, P.; Dutta, M.; Basumatary, P. Endotheliotropic herpesvirus infection

in Asian elephants (Elephas maximus) of Assam, India. Vet. World 2019, 12, 1790–1796. [CrossRef] [PubMed]
2. Oo, Z.M.; Aung, Y.H.; Aung, T.T.; San, N.; Tun, Z.M.; Hayward, G.S.; Zachariah, A. Elephant Endotheliotropic Herpesvirus

Hemorrhagic Disease in Asian Elephant Calves in Logging Camps, Myanmar. Emerg. Infect. Dis. 2020, 26, 63–69. [CrossRef]
[PubMed]

http://doi.org/10.14202/vetworld.2019.1790-1796
http://www.ncbi.nlm.nih.gov/pubmed/32009758
http://doi.org/10.3201/eid2601.190159
http://www.ncbi.nlm.nih.gov/pubmed/31855135


Viruses 2022, 14, 411 16 of 17

3. Lee, M.-H.; Nathan, S.K.S.S.; Benedict, L.; Nagalingam, P.; Latimer, E.; Hughes, T.; Ramirez, D.; Sukor, J.R.A. The first reported
cases of elephant endotheliotropic herpesvirus infectious haemorrhagic disease in Malaysia: Case report. Virol. J. 2021, 18, 231.
[CrossRef] [PubMed]

4. Perrin, K.L.; Kristensen, A.T.; Bertelsen, M.F.; Denk, D. Retrospective review of 27 European cases of fatal elephant endotheliotropic
herpesvirus-haemorrhagic disease reveals evidence of disseminated intravascular coagulation. Sci. Rep. 2021, 11, 14173.
[CrossRef] [PubMed]

5. Sripiboon, S.; Tankaew, P.; Lungka, G.; Thitaram, C. The occurrence of elephant endotheliotropic herpesvirus in captive Asian
elephants (Elephas maximus): First case of EEHV4 in Asia. J. Zoo Wildl. Med. 2013, 44, 100–104. [CrossRef] [PubMed]

6. Richman, L.K.; Zong, J.-C.; Latimer, E.M.; Lock, J.; Fleischer, R.C.; Heaggans, S.Y.; Hayward, G.S. Elephant Endotheliotropic
Herpesviruses EEHV1A, EEHV1B, and EEHV2 from Cases of Hemorrhagic Disease Are Highly Diverged from Other Mammalian
Herpesviruses and May Form a New Subfamily. J. Virol. 2014, 88, 13523–13546. [CrossRef] [PubMed]

7. Zong, J.-C.; Latimer, E.M.; Long, S.Y.; Richman, L.K.; Heaggans, S.Y.; Hayward, G.S. Comparative Genome Analysis of Four
Elephant Endotheliotropic Herpesviruses, EEHV3, EEHV4, EEHV5, and EEHV6, from Cases of Hemorrhagic Disease or Viremia.
J. Virol. 2014, 88, 13547–13569. [CrossRef]

8. Long, S.Y.; Latimer, E.M.; Hayward, G.S. Review of Elephant Endotheliotropic Herpesviruses and Acute Hemorrhagic Disease.
ILAR J. 2016, 56, 283–296. [CrossRef]

9. Richman, L.K.; Montali, R.J.; Garber, R.L.; Kennedy, M.A.; Lehnhardt, J.; Hildebrandt, T.; Schmitt, D.; Hardy, D.; Alcendor,
D.J.; Hayward, G.S. Novel Endotheliotropic Herpesviruses Fatal for Asian and African Elephants. Science 1999, 283, 1171–1176.
[CrossRef]

10. Hayward, G.S. Conservation: Clarifying the risk from herpesvirus to captive Asian elephants. Vet. Rec. 2012, 170, 202–203.
[CrossRef]

11. Boonprasert, K.; Punyapornwithaya, V.; Tankaew, P.; Angkawanish, T.; Sriphiboon, S.; Titharam, C.; Brown, J.L.; Somgird, C.
Survival analysis of confirmed elephant endotheliotropic herpes virus cases in Thailand from 2006–2018. PLoS ONE 2019, 14,
e0219288. [CrossRef] [PubMed]

12. Perrin, K.L.; Saxmose Nielsen, S.; Martinussen, T.; Bertelsen, M.F. Quantification and risk factor analysis of elephant endothe-
liotropic herpesvirus-haemorrhagic disease fatalities in Asian elephants (Elephas maximus) in Europe (1985–2017). J. Zoo Aquar.
Res. 2021, 9, 8–13.

13. Bouchard, B.; Xaymountry, B.; Thongtip, N.; Lertwatcharasarakul, P.; Wajjwalku, W. First reported case of elephant endothe-
liotropic herpes virus infection in Laos. J. Zoo Wildl. Med. 2014, 45, 704–707. [CrossRef] [PubMed]

14. Zachariah, A.; PK, S.; Santhosh, S.; Bathrachalam, C.; Megha, M.; Pandiyan, J.; Jishnu, M.; Kobragade, R.; Long, S.; Zong, J.-C.; et al.
Extended genotypic evaluation and comparison of twenty-two cases of lethal EEHV1 hemorrhagic disease in wild and captive
Asian elephants in India. PLoS ONE 2018, 13, e0202438. [CrossRef]

15. Prompiram, P.; Wiriyarat, W.; Bhusri, B.; Paungpin, W.; Jairak, W.; Sripiboon, S.; Wongtawan, T. The occurrence of elephant
endotheliotropic herpesvirus infection in wild and captive Asian elephants in Thailand: Investigation based on viral DNA and
host antibody. Vet. World 2021, 14, 545–550. [CrossRef]

16. Zachariah, A.; Zong, J.-C.; Long, S.Y.; Latimer, E.M.; Heaggans, S.Y.; Richman, L.K.; Hayward, G.S. Fatal herpesvirus hemorrhagic
disease in wild and orphan asian elephants in southern India. J. Wildl. Dis. 2013, 49, 381–393. [CrossRef]

17. Grenus, B.G.; Latimer, E.; Cullinane, A.; Lyons, P.; Creighton, G.; Nutter, F.B. Evaluation of the Efficacy of Two Different Sampling
Sites for the Detection of Elephant Endotheliotropic Herpesvirus (EEHV) in Three Asian Elephants (Elephas Maximus) in Ireland.
J. Zoo Wildl. Med. 2020, 51, 303–307. [CrossRef]

18. Bhusri, B.; Suksai, P.; Mongkolphan, C.; Tiyanun, E.; Ratanakorn, P.; Chaichoun, K.; Sariya, L. Detection of elephant endothe-
liotropic herpesvirus 4 in captive asian elephants (Elephas maximus) in Thailand. Thai J. Vet. Med. 2017, 47, 97–102.

19. Sripiboon, S.; Ditcham, W.; Vaughan-Higgins, R.; Jackson, B.; Robertson, I.; Thitaram, C.; Angkawanish, T.; Phatthanakunanan, S.;
Lertwatcharasarakul, P.; Warren, K. Subclinical infection of captive Asian elephants (Elephas maximus) in Thailand with elephant
endotheliotropic herpesvirus. Arch. Virol. 2020, 165, 397–401. [CrossRef]

20. Luz, S.; Howard, L. Elephant Endotheliotropic Herpesvirus (EEHV) in Asia—Recommendations from the 1st Asian EEHV Strategy
Meeting; Wildlife Reserves Singapore Group: Singapore, 2017.

21. Fuery, A.; Pursell, T.; Tan, J.; Peng, R.; Burbelo, P.D.; Hayward, G.S.; Ling, P.D. Lethal Hemorrhagic Disease and Clinical Illness
Associated with Elephant Endotheliotropic Herpesvirus 1 Are Caused by Primary Infection: Implications for the Detection of
Diagnostic Proteins. J. Virol. 2020, 94, e01528-19. [CrossRef]

22. Bennett, L.; Dunham, S.; Yon, L.; Chapman, S.; Kenaghan, M.; Purdie, L.; Tarlinton, R. Longitudinal study of Asian elephants,
Elephas maximus, indicates intermittent shedding of elephant endotheliotropic herpesvirus 1 during pregnancy. Vet. Rec. Open
2015, 2, e000088. [CrossRef] [PubMed]

23. Van den Doel, P.B.; Prieto, V.R.; Van Rossum-Fikkert, S.E.; Schaftenaar, W.; Latimer, E.; Howard, L.; Chapman, S.; Masters, N.;
Osterhaus, A.D.M.E.; Ling, P.D.; et al. A novel antigen capture ELISA for the specific detection of IgG antibodies to elephant
endotheliotropic herpes virus. BMC Vet. Res. 2015, 11, 203. [CrossRef] [PubMed]

24. Bauer, K.L.; Latimer, E.; Finnegan, M. Long-term, intermittent, low-level elephant endotheliotropic herpesvirus 1A viremia in a
captive Asian elephant calf. J. Vet. Diagn. Investig. 2018, 30, 917–919. [CrossRef] [PubMed]

http://doi.org/10.1186/s12985-021-01694-x
http://www.ncbi.nlm.nih.gov/pubmed/34819101
http://doi.org/10.1038/s41598-021-93478-0
http://www.ncbi.nlm.nih.gov/pubmed/34238966
http://doi.org/10.1638/1042-7260-44.1.100
http://www.ncbi.nlm.nih.gov/pubmed/23505709
http://doi.org/10.1128/JVI.01673-14
http://www.ncbi.nlm.nih.gov/pubmed/25231303
http://doi.org/10.1128/JVI.01675-14
http://doi.org/10.1093/ilar/ilv041
http://doi.org/10.1126/science.283.5405.1171
http://doi.org/10.1136/vr.e1212
http://doi.org/10.1371/journal.pone.0219288
http://www.ncbi.nlm.nih.gov/pubmed/31276571
http://doi.org/10.1638/2013-0264R1.1
http://www.ncbi.nlm.nih.gov/pubmed/25314848
http://doi.org/10.1371/journal.pone.0202438
http://doi.org/10.14202/vetworld.2021.545-550
http://doi.org/10.7589/2012-07-193
http://doi.org/10.1638/2018-0193
http://doi.org/10.1007/s00705-019-04469-6
http://doi.org/10.1128/JVI.01528-19
http://doi.org/10.1136/vetreco-2014-000088
http://www.ncbi.nlm.nih.gov/pubmed/26392899
http://doi.org/10.1186/s12917-015-0522-6
http://www.ncbi.nlm.nih.gov/pubmed/26268467
http://doi.org/10.1177/1040638718803138
http://www.ncbi.nlm.nih.gov/pubmed/30264667


Viruses 2022, 14, 411 17 of 17

25. Ackermann, M.; Hatt, J.-M.; Schetle, N.; Steinmetz, H. Identification of shedders of elephant endotheliotropic herpesviruses
among Asian elephants (Elephas maximus) in Switzerland. PLoS ONE 2017, 12, e0176891. [CrossRef] [PubMed]

26. Angkawanish, T.; Nielen, M.; Vernooij, H.; Brown, J.L.; Van Kooten, P.J.S.; Van den Doel, P.B.; Schaftenaar, W.; Na Lampang, K.;
Rutten, V.P.M.G. Evidence of high EEHV antibody seroprevalence and spatial variation among captive Asian elephants (Elephas
maximus) in Thailand. Virol. J. 2019, 16, 33. [CrossRef]

27. Hoornweg, T.; Schaftenaar, W.; Maurer, G.; Van den Doel, P.; Molenaar, F.; Chamouard-Galante, A.; Vercammen, F.;
Rutten, V.P.M.G.; Haan, C. Elephant Endotheliotropic Herpesvirus Is Omnipresent in Elephants in European Zoos and an Asian
Elephant Range Country. Viruses 2021, 13, 283. [CrossRef]

28. Zhang, L.; Dong, L.; Lin, L.; Feng, L.M.; Yan, F.; Wang, L.X.; Guo, X.M.; Luo, A.D. Asian Elephants in China: Estimating Population
Size and Evaluating Habitat Suitability. PLoS ONE 2015, 10, e0124834. [CrossRef]

29. Stanton, J.J.; Zong, J.-C.; Latimer, E.; Tan, J.; Herron, A.; Hayward, G.S.; Ling, P.D. Detection of pathogenic elephant endothe-
liotropic herpesvirus in routine trunk washes from healthy adult Asian elephants (Elephas maximus) by use of a real-time
quantitative polymerase chain reaction assay. Am. J. Vet. Res. 2010, 71, 925–933. [CrossRef]

30. Jeffrey, A.; Evans, T.; Molter, C.; Howard, L.; Ling, P.; Goldstein, T.; Gilardi, K. Noninvasive Sampling for Detection of Elephant
Endotheliotropic Herpesvirus and Genomic DNA in Asian (Elephas maximus) and African (Loxodonta africana) Elephants. J.
Zoo Wildl. Med. 2020, 51, 433. [CrossRef]

31. Kochagul, V.; Srivorakul, S.; Boonsri, K.; Somgird, C.; Sthitmatee, N.; Thitaram, C.; Pringproa, K. Production of antibody against
elephant endotheliotropic herpesvirus (EEHV) unveils tissue tropisms and routes of viral transmission in EEHV-infected Asian
elephants. Sci. Rep. 2018, 8, 4675. [CrossRef]

32. Kochakul, V.; Boonsri, K.; Tiwananthagorn, S.; Somgird, C.; Thitaram, C.; Pringproa, K. Development of in situ hybridization
for detection of elephant endotheliotropic herpesvirus in Asian elephants. J. Vet. Diagn. Investig. 2018, 30, 628–632. [CrossRef]
[PubMed]

33. Common, S.; Yun, Y.; Silva-Fletcher, A.; Thitaram, C.; Janyamethakul, T.; Khammesri, S.; Molenaar, F. Developing a non-invasive
method of detecting elephant endotheliotropic herpesvirus infections using faecal samples. Vet. Rec. 2021, 190, e833. [CrossRef]
[PubMed]

34. Arivazhagan, C.; Sukumar, R. Constructing Age Structures of Asian Elephant Populations: A Comparison of Two Field Methods
of Age Estimation. Gajah 2008, 29, 11–16.

35. Zhu, D. Genetic Diversity and Kinship Analysis of Asian Elephant (Elephas maximus) in Xishuangbanan; Beijing Normal University:
Beijing, China, 2019.

36. Von Bertalanffy, L. A Quantitative Theory of Organic Growth (Inquiries on Growth Laws. II). Hum. Biol. 1938, 10, 181–213.
37. Reilly, J. Growth in the Sumatran elephant (Elephas maximus sumatranus) and age estimation based on dung diameter. J. Zool.

2002, 258, 205–213. [CrossRef]
38. Latimer, E.; Zong, J.-C.; Heaggans, S.Y.; Richman, L.K.; Hayward, G.S. Detection and evaluation of novel herpesviruses in routine

and pathological samples from Asian and African elephants: Identification of two new probosciviruses (EEHV5 and EEHV6) and
two new gammaherpesviruses (EGHV3B and EGHV5). Vet. Microbiol. 2011, 147, 28–41. [CrossRef]

39. Hoffman, J.I.E. Chapter 13—Hypergeometric Distribution. In Biostatistics for Medical and Biomedical Practitioners; Hoffman, J.I.E., Ed.;
Academic Press: Cambridge, MA, USA, 2015; pp. 179–182.

40. Microsoft. Microsoft Excel for Mac; Microsoft: Redmond, WA, USA, 2021.
41. National Library of Medicine (US); National Center for Biotechnology Information, GenBank. 2021. Available online: https:

//www.ncbi.nlm.nih.gov/genbank/ (accessed on 5 December 2021).
42. Stecher, G.; Tamura, K.; Kumar, S. Molecular Evolutionary Genetics Analysis (MEGA) for macOS. Mol. Biol. Evol. 2020, 37,

1237–1239. [CrossRef]
43. Huson, D.H.; Bryant, D. Application of Phylogenetic Networks in Evolutionary Studies. Mol. Biol. Evol. 2005, 23, 254–267.

[CrossRef]
44. Sripiboon, S.; Jackson, B.; Ditcham, W.; Holyoake, C.; Robertson, I.; Thitaram, C.; Tankaew, P.; Letwatcharasarakul, P.; Warren, K.

Molecular characterisation and genetic variation of Elephant Endotheliotropic Herpesvirus infection in captive young Asian
elephants in Thailand. Infect. Genet. Evol. 2016, 44, 487–494. [CrossRef]

45. Khammesri, S.; Ampasavate, C.; Hongwiset, D.; Mektrirat, R.; Sangsrijan, S.; Brown, J.; Thitaram, C. Pharmacokinetics and
Analytical Determination of Acyclovir in Asian Elephant Calves (Elephas maximus). Vet. Anim. Sci. 2021, 15, 100227. [CrossRef]

46. Sripiboon, S.; Angkawanish, T.; Boonprasert, K.; Sombutputorn, P.; Langkaphin, W.; Ditcham, W.; Warren, K. Successful treatment
of a clinical elephant endotheliotropic herpesvirus infection: The dynamics of viral load, genotype analysis, and treatment with
acyclovir. J. Zoo Wildl. Med. 2017, 48, 1254–1259. [CrossRef] [PubMed]

47. He, C.H.; Du, J.J.; Zhu, D.; Zhang, L. Population viability analysis of small population: A case study for Asian elephant in China.
Integr. Zool. 2020, 15, 350–362. [CrossRef] [PubMed]

48. Edwards, K.; Latimer, E.; Siegal-Willott, J.; Kiso, W.; Padilla, L.; Sanchez, C.; Schmitt, D.; Brown, J. Patterns of serum immune
biomarkers during elephant endotheliotropic herpesvirus viremia in Asian and African elephants. PLoS ONE 2021, 16, e0252175.
[CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0176891
http://www.ncbi.nlm.nih.gov/pubmed/28467495
http://doi.org/10.1186/s12985-019-1142-8
http://doi.org/10.3390/v13020283
http://doi.org/10.1371/journal.pone.0124834
http://doi.org/10.2460/ajvr.71.8.925
http://doi.org/10.1638/2019-0112
http://doi.org/10.1038/s41598-018-22968-5
http://doi.org/10.1177/1040638718773810
http://www.ncbi.nlm.nih.gov/pubmed/29730973
http://doi.org/10.1002/vetr.833
http://www.ncbi.nlm.nih.gov/pubmed/34472109
http://doi.org/10.1017/S0952836902001322
http://doi.org/10.1016/j.vetmic.2010.05.042
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
http://doi.org/10.1093/molbev/msz312
http://doi.org/10.1093/molbev/msj030
http://doi.org/10.1016/j.meegid.2016.08.004
http://doi.org/10.1016/j.vas.2021.100227
http://doi.org/10.1638/2016-0141R1.1
http://www.ncbi.nlm.nih.gov/pubmed/29297830
http://doi.org/10.1111/1749-4877.12432
http://www.ncbi.nlm.nih.gov/pubmed/32246885
http://doi.org/10.1371/journal.pone.0252175
http://www.ncbi.nlm.nih.gov/pubmed/34793450

	Introduction 
	Materials and Methods 
	Animal Ethics 
	Investigation of EEHV Presence in China 
	Sample Collection 
	DNA Extraction 
	PCR Screening for EEHV DNA 
	Age and Sex Differences 
	Phylogenetic Analysis 


	Results 
	Number of EEHV-Infected Elephants and EEHVs Detected 
	Detection of EEHV in Different Sample Types of Wild Elephant Valley Elephants 
	Detection of EEHV in Fecal Samples from Captive and Wild Elephants 

	Age and Sex Differences 
	Phylogenetic Analysis 

	Discussion 
	Types, Subtypes, and Strains Identified and the Potential Implications for the Occurrence of EEHV-HD 
	Using Multiple Sampling Sites Improved the Detection Rate of EEHV Infections and Types 
	Impact of Age on Prevalence of Active EEHV Infections 
	Possible Explanations for Variations in Fecal EEHV Prevalence in the Three Elephant Populations Studied 
	Molecular versus Serological Screening of Asian Elephants for EEHV 
	Implications of These Findings for Asian Elephants in China 

	Appendix A
	Appendix B
	References

