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Abstract: Elephant endotheliotropic herpesviruses (EEHVs) can cause fatal hemorrhagic disease in juvenile
Asian elephants (Elephas maximus); however, sporadic shedding of virus in trunk washes collected from healthy
elephants also has been detected. Data regarding the relationship of viral loads in blood compared with trunk
washes are lacking, and questions about whether elephants can undergo multiple infections with EEHVs have not
been addressed previously. Real-time quantitative polymerase chain reaction was used to determine the kinetics
of EEHV1 loads, and genotypic analysis was performed on EEHV1 DNA detected in various fluid samples
obtained from five Asian elephants that survived detectable EEHV1 DNAemia on at least two separate occasions.
In three elephants displaying clinical signs of illness, preclinical EEHV1 DNAemia was detectable, and peak
whole-blood viral loads occurred 3-8 days after the onset of clinical signs. In two elephants with EEHV1
DNAemia that persisted for 7-21 days, no clinical signs of illness were observed. Detection of EEHV1 DNA in
trunk washes peaked approximately 21 days after DNAemia, and viral genotypes detected during DNAemia
matched those detected in subsequent trunk washes from the same elephant. In each of the five elephants, two
distinct EEHV1 genotypes were identified in whole blood and trunk washes at different time points. In each case,
these genotypes represented both an EEHV1A and an EEHV1B subtype. These data suggest that knowledge of
viral loads could be useful for the management of elephants before or during clinical illness. Furthermore,
sequential infection with both EEHV 1 subtypes occurs in Asian elephants, suggesting that they do not elicit cross-
protective sterilizing immunity. These data will be useful to individuals involved in the husbandry and clinical care
of Asian elephants.
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the International Union for Conservation of
Nature.®

Despite these emerging data, the pathogenesis
of EEHV1 infection remains poorly described.
For example, data are lacking regarding the
kinetics of viral loads from various fluid samples
during the course of infection with EEHV1, and
characterization of the viral genotypes associat-
ed with these infections has not been carried
out. Viral load data are routinely used in the
clinical management of human herpesvirus-as-
sociated diseases, such as Epstein-Barr virus—
associated malignancies and lymphoproliferative
disorders in immunocompromised patients® and
thus also might be clinically relevant for ele-
phant disease. In addition, if EEHV1 DNAemia
is detectable before the onset of clinical signs,
treatment could be initiated before the onset of
irreversible disease progression. Finally, knowl-
edge of the specific viral genotypes involved in
individual episodes of infections not only pro-
vides information about the number and variety
of strains involved at each facility but also has
importance for epidemiologic questions about
origins and transmission, as well as having the
potential to provide insight about viral patho-
genesis.

The purpose of this study was to determine the
kinetics of EEHV1 viral loads and to perform
genotypic analysis on EEHV1 DNA detected in
various fluid samples obtained from five Asian
elephants with detectable EEHV1 DNAemia. An
EEHV1-specific quantitative polymerase chain
reaction (qQPCR) assay was used to monitor
absolute viral loads in DNA purified from whole
blood, serum, urine, and trunk washes from three
elephants that were clinically ill with EEHV-
associated disease and from two elephants whose
infection remained subclinical during the course
of DN Aemia. Viral loads were monitored during
the course of treatment with herpesvirus-specific
antiviral medications in four of the five elephants.
Finally, viral gene subtyping analysis was per-
formed on samples positive for EEHV1 DNA.
These data will be useful to the husbandry and
clinical care of Asian elephants.

MATERIALS AND METHODS
Animals

Institutional Animal Care and Use Committees
at Baylor College of Medicine, Houston, Texas,
USA, and the Saint Louis Zoo, St. Louis,
Missouri, USA, reviewed and approved the re-
search described in this study. Research oversight

committees at the Houston Zoo, Inc., Houston,
Texas, USA, and Feld Entertainment, Vienna,
Virginia, USA, also reviewed and approved the
research described in this study. All elephants in
the study were Asian elephants; Table 1 summa-
rizes the age, sex, and pregnancy status of the
cohort. During the study period (February 2009-
March 2010), elephants 1 (Jade) and 2 (Maliha)
were located at the Saint Louis Zoo, where eight
Asian elephants in total where housed. During the
study period (January 2010-February 2011), ele-
phant 3 (Barack) was part of a traveling group of
11 elephants owned by Feld Entertainment. Upon
diagnosis of EEHV1 DNAemia, elephant 3 was
relocated to the Center for Elephant Conservation
in Polk City, Florida, USA, for treatment. During
the course of the study (November 2009-July
2010), elephants 4 (Shanti) and 5 (Tucker) were
located at the Houston Zoo, Inc., where five Asian
elephants in total were housed but increased to six
with the birth of a calf in May 2010. The
institutions provided famciclovir, ganciclovir, or
both used to treat the elephants in their collec-
tion.

Sample collection and processing

All biologic materials were collected as part of
routine health surveillance programs or as part of
the management of EEHV-associated disease.
Whole blood and trunk washes were collected
and stored, and DNA extraction was performed
as described previously.”” Urine samples were
collected in sterile 50-ml conical tubes and stored
at 4°C until processed for DNA within 48 hr of
collection. Serum was prepared from blood
collected in Corvac serum separator tubes (Tyco
Healthcare, Mansfield, Massachusetts 02048,
USA). Tissue was obtained from the placenta of
elephant 4 immediately upon delivery from the
uterus, rinsed with sterile 0.9% NaCl solution,
and stored at —80°C until processed for DNA.
DNA was isolated from urine using a QIAamp
Viral RNA Minikit (QIAGEN, Valencia, Califor-
nia 91355, USA) according to the manufacturer’s
recommended protocol, and DNA from serum
was isolated as described for whole blood.
Starting volumes for urine and serum were 3 ml
and 200 pl, respectively. DNA concentrations
were quantitated according to the optical densi-
ty.so as determined using a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific,
Waltham, Massachusetts 02454, USA). All sam-
ple DNAs were stored at —20°C until analysis by
real-time qPCR.
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Five captive-born Asian elephants that survived endotheliotropic herpesvirus-1 (EEHV1) infection: clinical signs, viral loads, and antiviral

Table 1.
chemotherapy.

Peak
whole-blood

Whole-blood

Peak serum
viral load
(VGEs/ml)
292,000

viral load
at presentation

Antiviral
chemotherapy (route)

viral load

(VGEs/ml)
635,992
11,019

Presenting

Weight®

Age

Case

(VGEs/ml®)
NA¢

clinical signs

(kg)
500

(yr) Sex

2.6
3.3

Case date

no.

Ganciclovir (i.v., p.o.)

Lethargic

Female

Nov 2009
Nov 2009

lc

Famciclovir (p.o.)

Undetectable

10,000

Slightly lethargic

700

Female

e

Ganciclovir (i.v., p.o.)

Famciclovir (p.o.)

995

300,017
2,437
407

30,000

500 Mildly lethargic
None NA

4,064

Male

Jan 2010 1

3e

Famciclovir (p.r.e)

None

Undetectable
Undetectable

Gravid female

19.5
Male

5

Mar 2010
Jun 2010

4f
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NA

None

1,636

5f

2= Weight at time of diagnosis of EEHV1 DNAemia.

®Viral genome equivalents per milliliter of whole blood as determined by EEHV1 quantitative polymerase chain reaction assay.

¢ Located at the Saint Louis Zoo during surveillance period.

4 Not applicable.

¢ Located at the Center for Elephant Conservation during surveillance period.

fLocated at the Houston Zoo during surveillance period.

¢ By rectum.

gPCR

Real-time qPCR for EEHV1 was performed as
described previously.’* The intra-assay coefficient
of variation of the quantification cycle (Cq) values
for the EEHV1 standards ranged from 0.17 to
1.28%. The interassay variation ranged from 0.4
to 0.96%. The EEHV1 assay recognizes a region
that is 100% conserved between known EEHV1A
and EEHV1B major DNA binding protein
genes.”” As an internal amplification control for
purified DNA integrity and PCR conditions, a
qPCR assay was developed that detects the Asian
elephant tumor necrosis factor (TNF) o gene
(GenBank accession AJ55708) by using the fol-
lowing oligonucleotides: hydrolysis probe, VIC-
CCAGCTAGAGAAGGGT-MGB/NFQ; for-
ward primer 5'-CCCATCTACCTGGGAG-
GAGTCT-3’; and reverse primer, 5'-
TCGAGATAGTCAGGCAGATTGATC-3'. The
TNFa real-time qPCR was used instead of the
interferon-y qPCR control used in our previous
study'> because the latter assay was prone to
sporadic failure, and the newer assay is more
reliable. All primers used in qPCR were obtained
from Integrated DNA Technologies (Coralville,
Towa 52241, USA). All hydrolysis probes were
obtained from Applied Biosystems (Life Technol-
ogies, Inc., Carlsbad, California 92008, USA).

For trunk wash, urine, and serum DNA prep-
arations, 5 pl of purified DNA was included in the
qPCR assay. To assess purified DNA sample
integrity and to control for PCR conditions, every
DNA sample tested for EEHV1 also was tested
for TNFo in a separate reaction. Due to the
consistency in DNA samples prepared from
blood samples, only DNA preparations that
produced a TNFu reaction quantification cycle
(Cq) at the expected cycle (22-23) were consid-
ered valid assays and were included in the data
set. Due to the variability in DNA isolated from
trunk wash and serum samples, any TNFa Cq was
sufficient for inclusion into the data set. Urine
samples rarely produced positive TNFa reactions,
but all tested samples were included in the data
set.

DNA sequence analysis from whole-blood and
trunk-wash preparations

Samples used for DNA sequencing were selected
on the basis of the results of the quantitation
provided by EEHV1 qPCR assays. When possible,
samples with the highest viral DNA loads were
selected for DNA sequencing as described previ-
ously" and first subjected to whole-genome ampli-
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fication by use of a commercial kit (GenomiPhi HY
DNA Amplification Kit, GE Healthcare Life
Sciences, Piscataway, New Jersey 08854, USA).
Two microliters of trunk-wash DNA preparation
was used in a 20-ul total amplification reaction
volume. This initial step, presumed to have the
principal effect of diluting PCR inhibitors while
maintaining approximately the same viral DNA
concentration, proved to be essential for obtaining
efficient PCR assay results with the trunk-wash
samples. Two microliters of amplified DNA was
then used for each of four first-round PCR reac-
tions, by using outside primer pairs specific for four
selected EEHV1 gene loci representing subseg-
ments of the U38 (DNA POL), U71-U72 (gM),
U76-U77 (HEL), and U51 (vGPCR1) genes. The
strategy for amplification of each loci was with a
standard seminested approach. If first-round PCR
succeeded in generating sufficient DNA for se-
quencing, no further amplification was done. If
insufficient DNA was detected after first-round
PCR, it was followed by seminested second-round
amplification, and if necessary a third round of
seminested PCR from appropriate second-round
products. For multiple-round PCR reactions, 2 pl
of a 20-pl PCR reaction was used in subsequent
PCR reactions. All PCR amplification reactions
involved the following conditions: one cycle con-
sisting of 95°C for 2 min; then 45 cycles consisting of
95°C for 40 sec, 50°C for 45 sec, and 73°C for 1 min;
then 1 cycle consisting of 73°C for 5 min. All PCR
product bands were purified as isolated agarose gel
bands by use of a Qiagen II gel extraction kit
(QIAGEN). DNA sequencing was carried out
either by direct cycle sequencing on both strands
with a cycle sequencing kit (ABI PRISM BigDye
Terminator cycle sequencing kit 3.1, Applied
Biosystems/Life Technologies, Inc.) and analyzed
on a DNA sequencer (ABI-310, Applied Biosys-
tems/Life Technologies, Inc.) or at Macrogen, Inc.
(Rockville, Maryland 20850, USA). The PCR
primers used to amplify the EEHV1 POL locus
were as follows: first round (525 base pairs [bp]),
LGH7445 (GATTTTGCGAGI[C/TICTGTAI[C/
TICC) and LGH7446 (CACGCTGTCAG-
TATCTCCGTA); second-round A (507 bp),
LGH7446 and LGH7447 (CCCAGTATCATT-
CAAGCATACQC); second-round B (479 bp),
LGH7445 and LGH7448 (CTGTCTACAGGG-
CA[A/G]TCAAC); and third round (461 bp),
LGH7447 and LGH7448. The PCR primers used
to amplify the EEHV1 U71-U72/gM locus were as
follows: first round (679 bp), LGH6749
(CTATGGGATCCGAACTTTC) and LGH6751
(GAAGTCCTGCTAGCCCC[C/TITAC,; second-

round A (663 bp), LGH6749 and LGH6752
(CTACATGCCCATGCAGATAGG); second-
round B (664 bp), LGH6751 and LGH6750
(CTTTCTAAGGGGGTTTGTTGC); and third
round (648 bp), LGH6750 and LGH6752. The
PCR primers used to amplify the EEHV1 U76-
U77/HEL locus were as follows: first round (986
bp), LGH6649 (CCAGTCAACGTATAGCTC-
TAG) and LGH3198 (CACACAGCGTTGTA-
GAACCQ); second-round A (950 bp), LGH6649
and LGH7885 (CTGCGTGTAACATGTGTTC);
second-round B (576 bp), LGH6743 (GCAAGG-
T[A/G]GAACGTATCGTCG)and LGH3198; and
third-round (540 bp), LGH6743 and LGH7885.
The PCR primers used to amplify the EEHV1
vGPCRI1 locus were as follows: firstround (910 bp),
LGH7506 (GATTGTGAACGCTGTATGTC)
and LGH4963 (GACTTTCTTCGTCGTAG-
CCCTCGTCTT); second-round A (726 bp),
LGH7506 and LGH5200 (CGTGATACGCTTC-
CAAACATACA); second-round B (747 bp),
LGH7470 (GGTGGTACTGTATGATGTGC)
and LGH4963; and third-round A (689 bp)
LGH7506 and LGH5201 (GCCAGGGTAGATA-
GAATCAAGGGAA); third-round B (550 bp)
LGH7471 (CGGTTACACCGTACCGTGGCT-
TGC) and LGH4963; and third-round C (563 bp)
LGH7470 and LGHS5200.

Viral gene subtype and phylogenetic analysis

Viral gene subtypes were characterized using
the following criteria. All eight known EEHV1
strains that fall into the EEHV1B category are
readily distinguishable from the 28 known strains
in the EEHV1A category because of the presence
of 32, 15, and 19 common characteristic nucleo-
tide polymorphisms, respectively, across the three
most conserved regions analyzed, representing
the 658-bp U71/gM, 492-bp POL, and 953-bp
HEL loci for a combined total of 2,103 bp. There
are also usually (but not always) a small number
of additional single, but characteristic, nucleotide
polymorphic variations (or inserted or deleted
codons) between different strains of each subtype
at all three loci, thereby allowing them to be
distinguished as A, A*, Al,or A$, for example, as
used in this study. In addition, there is much
greater variability within the 855-bp vGPCRI1
locus at both the nucleotide and amino acid levels,
thereby allowing all 36 currently known strains of
EEHVI1 to be classified into five major clusters of
subtypes here that differ from each other, on
average, by 15 characteristic scattered nucleotide
polymorphisms, together with a single hypervari-
able nine amino-acid block with up to five amino
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changes, including deletions and insertions. To-
gether with additional minor variant clusters, all
vGPCRI1 subtypes are defined as either Al, A2,
B1, B2, B3, C, D1, D2, E, or E/A ' (and
unpublished data). All of these polymorphisms
are highly stable and do not change between
multiple samples collected from the same animal
in blood or trunk wash.

Sequences obtained from trunk washes and
blood were compared with previous sequencing
data for the same four gene loci from selected
reference samples® from North American ele-
phants with acute EEHV-associated hemorrhagic
disease, including EEHV1A (North American
Proboscivirus [NAP] 11 and NAP18), EEHV1B
(NAP14), EEHV2 (NAPI12), and EEHV6
(NAP35 and NAP42). Graphical DNA sequence
alignments were prepared in Geneious PRO
version 5.4.6 (Biomatters, Auckland 1010, New
Zealand).

GenBank accession numbers

For consistency between publications, unique
genotypes representing individual viruses found in
each elephant during a single infectious episode
have been designated as NAP case numbers (Table
2). For example, successive and distinct viruses
detected in samples from elephant 1 are designated
as NAP33 for the WB first episode (2/09) and as
NAP39forboththe WB and TW for the subsequent
second episode (11/09 and 12/09). Files for all
sequence data regarding the gene subtyping analy-
sis were deposited in GenBank under the following
accession numbers: U71-U72/gM, JN633871-
JN633882; U38/POL, JN633883-JN633895;
U76-U77/HEL, JN633896-JN633912; and U51/
vGPCR1,JN633913-IN633926.

RESULTS

Kinetics of EEHV1 viral loads in fluid samples
from three elephants clinically ill secondary to
EEHV1 infection

Using a real-time qPCR assay that detects
EEHVI1A and 1B, EEHV1 DNA loads were
monitored in various fluid samples from three
elephants considered clinically ill at the time of
EEHVI1 infection (Table 1). Elephant 1 experi-
enced two distinct episodes of EEHV1-associated
illness with detectable EEHV1 DNAemia, with
the first episode beginning in February 2009 and
the second episode beginning in November 2009
(Table 2). The viral load kinetic data described in
this study were associated with the November
2009 episode of illness (Fig. 1A, B). Because of

limited sample availability, viral load kinetic data
are not available for the February 2009 event. At
the onset of clinical signs, denoted as day O,
elephant 1 was reported to be slightly lethargic
and had detectable EEHV1 DNAemia diagnosed
at the National Elephant Herpesvirus Laboratory
at the Smithsonian National Zoo, Washington,
D.C., USA. As shown in Figure 1A, this elephant
had a detectable whole-blood EEHV1 DNA load
of 1,464 viral genome copies (VGCs)/ml 2 days
before the onset of clinical signs and a peak viral
load of 635,992 VGCs/ml at day 8. Samples
between days —2 and 8 were unavailable for testing.
This elephant had detectable EEHV1 DNAemia in
whole blood until the conclusion of the study at 96
days. Viral DNA was detectable in two available
serum samples on day 8 (292,002 VGCs/ml
serum) and day 13 (174 VGCs/ml serum). EEHV1
DNA in trunk secretions was measured at 122
VGCs/test reaction on day 7 (the first available
sample) and then increased to a peak of 128,563
VGCs/test reaction on day 24 and remained
detectable until the completion of the study (Fig.
1B). Although this elephant was treated with
intravenous ganciclovir from days 2 to 8 after the
onset of clinical signs, it is difficult to determine
whether EEHV1 viral loads changed substantially
during this period, especially because there is a
lack of critical time points during this period.
Elephant 2 also experienced two distinct epi-
sodes of EEHV1 DNAemia, and both episodes
occurred within weeks of DN Aemia in elephant 1,
located at the same facility. The current study
describes the kinetics of viral loads in elephant 2
during the November 2009 episode (Fig. 1C, D),
during which the elephant displayed very slight
signs of clinical illness. In response to the
diagnosis of EEHV1 DNAemia in elephant 1,
elephant 2 was treated with oral famciclovir
prophylaxis. Elephant 2 had detectable EEHV1
DNA in whole-blood samples beginning 28 days
before the onset of clinical signs and 14 days
before famciclovir prophylaxis (Fig. 1C). Retro-
spectively, an increase in her whole-blood viral
load to 10,000 VGCs/ml over 14 days of famci-
clovir prophylaxis was observed. On the 14th day
of famciclovir prophylaxis, she was reported to be
slightly lethargic, so oral famciclovir was discon-
tinued, and she was treated with intravenous
ganciclovir as described for elephant 1 (Fig. 1A,
B). Her whole-blood viral load peaked at 11,019
VGCs/ml on day 3 and then remained positive at
a low level for the remainder of the study. EEHV1
DNA was not detectable in serum samples from
elephant 2 during the study period. EEHV1 DNA
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was not detectable in a trunk wash from elephant
2 collected 13 days before the onset of clinical
signs. However, EEHV1 DNA was detectable in
trunk washes collected from elephant 2 beginning
1 day after the onset of clinical signs and remained
detectable at varying levels until the completion
of the study (Fig. 1D).

Elephant 3 also experienced two distinct epi-
sodes of EEHV1 DNAemia and EEHV-associated
illness. The viral load kinetics and treatment of the
first event, January 2010, are described in this
study. Initially, elephant 3 was observed to be
mildly lethargic, and treatment with oral famciclo-
vir was initiated as shown in Figure 1E, E The
whole-blood EEHV1 DNA load at the onset of
clinical signs was 37,477 VGCs/ml and peaked at
300,017 VGCs/ml on day 4. The whole-blood viral
load then decreased from 191,875 VGCs/ml on
day 6 to 3,919 VGCs/ml on day 11 and remained
positive at a low level of detection until the
conclusion of the study on day 60. Three serum
samples, from days 4, 11, and 20, were tested for
the presence of EEHV1 DNA. Only the serum
sample from day 4 was positive at a load of 995
VGCs/ml serum. EEHV1 DNA was detectable at
relatively low levels in urine sediments prepared on
days 6 (23 VGCs/test reaction) and 18 (<1 VGC/
test reaction) but was negative in urine sediment
preparations from days 11 and 13. A second
significant EEHV1 DNAemia was detected in
elephant 3 in February 2011, 13 mo after the
EEHV1 DNAemia described in this report. Al-
though the viral load kinetic data from the
February 2011 event are not shown in this article,
EEHV1 DNA from the second bout of DNAemia
also was used for gene subtyping analysis (Table 2).

Kinetics of EEHV1 viral loads in fluid samples
from two elephants subclinical for EEHV1
infection

In March 2010, during a routine EEHV1 herd-
monitoring program, EEHV1 DNA was detect-
able at low levels in whole-blood samples from
elephant 4, an apparently healthy, near-term
gravid female elephant. As shown in Figure 1G,
H, EEHV1 DNA was detectable in whole-blood
preparations from elephant 4 for a period of 3 wk
over arange of 0-2,432 VGCs/ml whole blood. At
the time of diagnosis, EEHV1 DNAemia was 182
VGCs/ml whole blood, and treatment with fam-
ciclovir by rectum was initiated as shown in
Figure 1G, H. During the 10-day course of
treatment with famciclovir, no consistent change
was observed in the whole-blood viral loads, and a
substantial increase in the level of EEHVI1

detection in trunk washes, from 0.27 to 194.6
VGCs/test reaction, was observed. Detection of
EEHVI1 DNA in trunk secretions peaked at day
21, having increased by 6 orders of magnitude to a
peak of 1,984,028 VGCs/test reaction since
diagnosis of EEHV1 DNAemia. Parturition oc-
curred 36 days after EEHV1 DNAemia was
detected, and the calf was born apparently
healthy. DNA from 5 (19%) of 26 urine sediments
prepared from elephant 4 during the course of this
study tested positive for EEHV1 DNA; however,
the apparent magnitude of detection of EEHV1
(range, 0.91-3.21 VGCs/test reaction) was sub-
stantially lower than that observed in trunk
washes.

In May 2010, during routine twice-weekly
whole blood monitoring, subclinical EEHV1
DNAemia also was detected in elephant 5.
EEHV1 DNAemia was detectable in elephant 5
for 7 days at a relatively low level, ranging from
112 to 407 VGCs/ml whole blood (data not
shown). EEHV1 DNA detection in trunk washes
from elephant 5 remained at a very low level of
detection during and after the period of EEHV1
DNAemia. Of significance is that during routine
herd monitoring in November 2009, EEHV1
DNA was previously detected in trunk washes at
a level of 33,390 VGCs/test reaction from ele-
phant 5. At no time before May 2010 had EEHV1
DNAemia been detected in elephant 5. Prior
positive trunk washes from elephant 5 were
interpreted as demonstrating prior exposure to,
and possibly infection with, EEHV1. Therefore,
in response to detection of EEHV1 DNAemia in
May 2010, elephant 5 was placed on close
observation and monitoring of EEHV1 whole-
blood viral load daily until the EEHV1 DNAemia
ceased. No antiviral medications were given to
elephant 5. The elephant remained apparently
healthy during the course of EEHV1 DNAemia,
and EEHV1 DNAemia resolved spontaneously.

Genotypic analysis of EEHV1 infection among
this cohort of elephants

Using DNA samples from at least three trunk
wash or whole-blood preparations representing
three distinct time points from each of the five
elephants included in this study, a genotypic
analysis was conducted by direct DNA sequenc-
ing of PCR products from each of four different
genetic loci. Although this analysis was not
possible from several of the samples containing
very low amounts of viral DNA (Table 2),
informative results were obtained from a total of
15 independent DNA samples and 55 PCR
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Figure 1. Kinetics of EEHV1 viral loads detected in whole-blood and trunk-wash preparations from four

elephants. DNA prepared from whole blood (A) and trunk washes (B) from elephant 1 in November 2009 was
screened for the presence of EEHV1 nucleic acid by using a real-time quantitative polymerase chain reaction
(gPCR) assay. Day 0 represents the first day that clinical signs of illness were observed. * Ganciclovir (3,500 mg)
administered intravenously twice daily for days 2-8 after the onset of clinical signs. ** Ganciclovir (3,500 mg)
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Table 2. Viral gene subtype analysis of five Asian elephants demonstrating sequential recurrent and/or
recurrent infection of individual elephants with both the EEHV1A and EEHV1B subtypes over time.

Polymerase chain reaction locus genotype*

EEHV
Case no. Date Sample source =~ Comments® POL HEL vGPCRI1 M subtype NAP no.
1 Feb 2009 WBe Clinically ill B B B2 B 1B 33
Nov 2009 WB Clinically ill A* A Al A* 1A 39
Dec 2009 Tw¢ Convalescent A¥* A Al A¥* 1A 39
2 Feb 2009 WB Subclinical B B B2 B 1B 34
Nov 2009 WB Clinically ill A* A Al A* 1A 40
Dec 2009 ™ Convalescent nde A nd nd 1A 40
3 Jan 2010 WB Clinically ill A# A# E/A A* 1A 41
Jan 2010 ™ Convalescent A# A# E/A A* 1A 41
Feb 11 WB Clinically ill B B* B1 B* 1B 49
4 Sep 2009 ™ Subclinical A$ A* D2 A* 1A 37"
Mar 2010 WB Subclinical B B B3 B 1B 45¢
May 2010 ™ Subclinical B B B3 B 1B 45
5 Nov 2009 ™ Subclinical B B B3 B 1B 44
May 2010 WB Subclinical A$ A* D2(S)» nd 1A 48
Jul 2010 ™ Subclinical A$ A* D2(S) nd 1A 48

= Letters denoting viral gene subtypes at each locus have been assigned to denote the characteristic nucleotide sequence cluster
pattern of each DNA sample. For example, in the case of POL, A, A*, A#, and AS represent distinct genotypes and indicate that
the four elephant endotheliotropic herpesvirus (EEHYV) 1 strains each have unique distinguishable polymorphisms in the POL
gene sequence.

®* Comments reflect the clinical condition of the elephant at the time the viral DNA was detected in the sample.

¢ Whole blood.

4 Trunk wash.

¢ Not determined.

fIdentical EEHV1A sequence to North American Proboscivirus (NAP) 32 and NAP36."”

¢ Jdentical EEHV1B sequence to NAP38.'5

" Short 554-base pair (bp) version of vVGPCR1 D2 gene subtype compared with the standard intact 910-bp version of the
vGPCR1 D2 gene subtype.

products. The results are presented in the form of
graphical presentations showing the nucleotide
polymorphisms, genetic relatedness, and subtype
patterns of all of the various NAP cases studied
here at four EEHV genomic PCR loci in Figure 2
and are summarized in Table 2. These results
illustrate which samples are identical and which
are slightly different as well as which are EEH-
V1A versus EEHVIB and compare them with

prototype strains from both subtypes and from
EEHV2 or EEHV6.

Over the course of 1 yr, elephants 1 and 2 each
experienced two distinct episodes of EEHV1
DNAemia associated with clinical signs of illness.
The first episode occurred in February 2009 and
was associated with EEHV1B strains, with iden-
tical sequences across all four loci in both
elephants (and with vGPCR1 = B2), with elephant

administered orally twice daily for days 9-18 after the onset of clinical signs. DNA prepared from whole blood (C)
and trunk washes (D) from elephant 2 in November 2009 was screened for the presence of EEHV1 nucleic acid by
using a qPCR assay. Day 0 represents the first day that clinical signs of illness were observed. * Famciclovir (7,000
mg) administered orally twice daily for 14 days before the onset of clinical signs. ** Ganciclovir (5,000 mg)
administered intravenously twice daily for days 1-4 after the onset of clinical signs. *** Ganciclovir (5,000 mg)
administered orally twice daily for days 5-10 after the onset of clinical signs. DNA prepared from whole blood (E)
and trunk washes (F) from elephant 3 in January 2010 was screened for the presence of EEHV1 nucleic acid by
using a qPCR. Day 0 represents the first day that clinical signs of illness were observed. * Famciclovir (8,000 mg)
administered by rectum 4 times daily for days 0-7. ** Famciclovir (6,000 mg) administered by rectum 3 times daily
for days 8-14. *** Famciclovir (6,000 mg) administered by rectum twice daily for days 15-28. DNA prepared from
whole blood (G) and trunk washes (H) from elephant 4 in March 2010 was screened for the presence of EEHV1
nucleic acid by using a qPCR assay. Day 0 represents the first day that EEHV1 DNA was detectable in whole
blood. * Famciclovir (45,000 mg) administered by rectum 3 times daily for days 0-10 after detection of EEHV1
DNA in whole blood.
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Figure 2. Graphical presentations showing the nucleotide polymorphisms, genetic relatedness, and subtype
patterns of all of the various North American Proboscivirus (NAP) cases studied here at four EEHV genomic
PCR loci. Comparisons are made with representative standard prototype strains of EEHV1A (NAPI11, 18),
EEHVI1B (NAP14), EEHV2 (NAPI12), or EEHV6 (NAP35, 42) where appropriate (GenBank accession numbers
are listed below). (A) The four genetic loci involved are highly conserved DNA polymerase locus (U38/POL).
EEHVI1A (NAP11) = HM568510, EEHV1B (NAP18) = HM568523, EEHVIB (NAP14) = HM568536, EEHV2
(NAPI12) = HM568563. (B) Highly conserved helicase locus (U77/HEL). EEHV1A (NAP11) = HM568515,
EEHVIA(NAPI18) = HMS568529, EEHVIB(NAP14) = HM568542, EEHV2(NAP12) = HM568564. (C) Variable
viral G-protein—coupled receptor 1 locus (U51/vGPCR1). EEHVIA(NAPI11)=GU350757, EEHV1IA(NAPI18) =
GU350758, EEHVIB(NAP14) = GU350759, EEHV6(NAP42) =JN633926. (D) Variable intergenic myristylated
tegument plus glycoprotein-M locus (U71/gM). EEHV1A(NAPI11) = GU350764, EEHVIA(NAPI18) =
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1 (NAP33) being diagnosed before elephant 2
(NAP34). In fact, these two sequences were also
identical when the analysis was extended out over
10,000 bp, including the entire glycoprotein-B and
DNA polymerase genes (data not shown). The
second episode of EEHV1 DNAemia, detected in
November 2009, was instead associated with
EEHV1A strains having identical sequences
(vGPCR1 = Al) in both calves and was first
identified in elephant 1 (NAP39) and then in
elephant 2 (NAP40). In December 2009, 1 mo
after the second episode of EEHV1 DNAemia, an
EEHVI1A strain was identified in trunk washes
from the same two elephants. The sample from
elephant 1 had identical DNA sequences at all
four loci examined to the EEHV1A DNA present
in whole-blood samples (elephant 2 is presumed
to be the same, although because there was a
lower amount of virus only the HEL locus was
able to be amplified in this sample).

Similarly, two separate episodes of EEHV1
DNAemia were identified in elephant 3, with
each episode associated with distinct EEHV1
subtypes (Table 2). The first episode of EEHV1
DNAemia in January 2010 was associated with a
previously unidentified EEHV1A strain (NAP41,
vGPCRI1 =E/A) and was followed by detection of
the identical viral strain in trunk washes. This
episode was followed 13 mo later, in February
2011, by another episode of EEHV1 DNAemia
that was shown this time to be associated with a
previously unidentified EEHV1B strain (NAP49,
vGPCR1 = B1).

In September 2009 during a previous study,'
EEHV1 DNA was detected in 3 of 15 trunk
washes from elephant 4, and DNA sequence
analysis determined that this virus (NAP37) was
identical in sequence at the POL, U71, and
vGPCRI1 loci to the EEHV1A strain (vGPCRI1 =
D2) previously associated with the death of a calf
(NAP32) at the same facility 2 yr earlier. Howev-
er, when the EEHV1 gene subtypes identified
were compared from elephant 4 in the previous
study with the virus identified in the current study,
the EEHV1 DNAemia that occurred in March
2010 proved to be associated instead with a strain

of the EEHV1B subtype (NAP45, vGPCR1 =B3).
Interestingly, an EEHV1B strain with an identical
sequence in POL, U71, and vGPCRI1 also had
been identified at very low levels previously
within another herd mate (NAP38) from this
same collection of elephants, however not at that
time within this particular elephant.'> When gene-
subtyping analysis was performed on the EEHV1
DNA present in trunk washes collected in May
2010, 2 mo after EEHV1 DNAemia, it was the
identical EEHV1B (vGPCRI1 = B3) virus strain as
identified earlier in the peripheral blood samples
from this elephant (Table 2).

Finally, gene-subtyping analysis was performed
on the EEHV1 DNA identified in three different
samples from elephant 5 and again identified two
distinct EEHV1 strains referred to as NAP44 and
NAP48 (Table 2). EEHV1 DNA had been
detected at high levels in trunk secretions (up to
33,390 VGCs/test reaction) from elephant 5 in
November 2009, approximately 8 mo before the
May 2010 EEHV1 DNAemia. The viral DNA
sequence here was once again determined to be
identical to the EEHV1B (vGPCR1 = B3) strain
detected previously in trunk washes from another
elephant (NAP38) in the same herd in the original
study.’”> However, during the May 2010 episode of
EEHV1 DNAemia, the same identical EEHV1A
strain was instead identified that had previously
been found in the calf (NAP32, vGPCRI1 = D2)
that died 2 yr earlier of EEHV-associated disease
at this facility, and also later in trunk washes from
two other adult herd mates (NAP36 and
NAP37)."s In the case of elephant 5, the infection
remained subclinical and in July 2010, 2 mo after
EEHV1A DNAemia, the same unchanged EEH-
V1A (vGPCR1 = D2) strain in trunk washes
collected from this elephant was identified again.
Note that for both the whole-blood and trunk-
wash samples of NAP48, the U71/gM locus was
not able to be amplified, and only a short 554-bp
version of the vGPCRI1 locus rather than the
standard 870-bp version was analyzed (Table 2).

Therefore, over the total 2 yr of the study, each
of the five monitored elephants suffered sequen-
tial infections with two distinct EEHV1 viruses,

—

GU350750, EEHV1B(NAP14) = GU350767, EEHV6(NAP35) = JN913124. Substitutions from the consensus
sequences are color coded (A = green, C =blue, G = black, T =red), and deletions are shown as gaps. Brackets to
the left of the alignments indicate the specific gene subtype clusters assigned to the grouped cases based on the
previously determined nomenclature system for 35 EEHV1 strains from cases of elephant hemorrhagic disease
(Zong, unpubl. data). Cases NAP37, 38, 44, and 45 occurred at the Houston Zoo, Inc.; cases 33, 34, 39, and 40
occurred at the Saint Louis Zoo; and cases 41 and 49 occurred at Feld Entertainment. TW = trunk wash samples;
‘WB = whole blood samples; others including NAP32 (accessions JF692760, GU350766, GU350760, JN633911)

at the Houston Zoo in 2007 = necropsy tissue samples.



52 JOURNAL OF ZOO AND WILDLIFE MEDICINE

one from each of the two subtypes. These
successive episodes occurred at intervals of 9, 9,
13, 6, and 7 mo apart in elephants 1, 2, 3, 4, and 5,
respectively. Furthermore, the viruses found at
different times in both whole blood and later
trunk washes from at least one episode in each
animal proved to be identical when compared at
all loci and across the approximately 3,000 bp
examined. However, each of the six EEHV1A or
EEHVI1B viruses detected here was both distin-
guishable from all other strains that have been
examined in detail worldwide,'® as well as unique
to the particular facility where it was found. In
contrast, four of the total of six distinctive
EEHVI1A or EEHV1B strains observed here were
found to have infected two or more herd mates at
the same facility and to also have retained
identical nucleotide sequences in each of them.

DISCUSSION

In this study, the kinetics of EEHV1 viral loads
was monitored in various fluid samples collected
from elephants with detectable EEHV1 DNAe-
mia. It was found that DN Aemia is detectable in
elephants before the onset of clinical illness, that
DNAemia generally precedes the detection of
EEHV1 DNA in trunk washes, and that the
identical virus that produces DNAemia is detect-
able in later trunk washes from the same elephant.
In addition, each of the five elephants in the study
had evidence of sequential infection with two
distinct EEHV1 genotypes, one genotype from
each of the EEHVIA and EEHVI1B subtypes,
providing evidence for the ability of multiple
EEHYVs to infect a single elephant.

EEHV infection of Asian elephants often
presents with vague clinical signs and can pro-
gress very rapidly, making clinical management of
elephants infected with EEHV very challenging.
As described in this study, EEHV1 DNAemia is
detectable in elephants up to 28 days before the
onset of clinical signs. Previous studies have
shown that elephants that die as a result of
EEHV-associated disease often have whole-blood
viral loads in excess of 10° VGCs/ml whole
blood.*'* Clinical signs of EEHV-associated dis-
ease were observed starting at 10* VGCs/ml
whole blood, a value well above the limit of
detection of the assay (10° VGCs/ml whole
blood).”* The finding that preclinical DNAemia
progresses to clinical illness over several days
provides justification to the idea that monitoring
susceptible elephants may lead to the ability to
treat EEHV-associated disease before the onset of
irreversible disease.

In the case of elephants 1, 2, and 3, whole-blood
viral load information was not used to direct
clinical decisions because these elephants were
clinically ill at the time of diagnosis, and preclin-
ical DN Aemia was detectable in elephants 1 and 2
only on retrospective analysis. However, knowl-
edge of viral load and previous EEHYV testing was
used in making clinical decisions regarding the
management of elephants 4 and 5. Both of the
elephants are enrolled in an EEHV1 herd-moni-
toring program and have routine screening of
whole-blood and trunk-wash samples, screening
of which led to the detection of subclinical
EEHV1 DNAemia. In addition, previous data
had demonstrated EEHV1 in trunk washes from
elephants 4 and 5 before the DNAemia but that
proved to have been from a previous infectious
episode with a different EEHV1 subtype.

Previously published data have suggested that
EEHV1 produces latent infection of Asian ele-
phants, with occasional reactivation and shed-
ding;'*+'* however, the data presented in this study
provide the strongest evidence to date for this
ability of EEHV1. Using viral gene subtyping
analysis, we demonstrated for the first time that
the EEHV genotype that produces DNAemia is
subsequently shed in trunk secretions. These data
suggest that EEHV1, like other known betaher-
pesviruses, may infect a subset of leukocytes and
become detectable in peripheral whole-blood
samples during lytic replication. Subsequently
active viral replication evidently then persists for
at least several weeks in some cell type involved in
producing nasal secretions before presumably
establishing classical long-term quiescent latency.
In some elephants, EEHV1 may be detectable at
low levels in trunk secretions as the virus infection
persists at a low level of lytic replication. Howev-
er, the possibility that the low level of detection of
EEHVI1 in trunk-wash preparations from some
elephants may represent environmental cross-
contamination cannot be excluded. The actual
pathogenesis of infection and nature of EEHV1
persistence or latency remains to be determined.

The genotyping data also provide evidence that
an individual elephant can acquire multiple
EEHYV infections, a process termed “superinfec-
tion,” suggesting that prior infection with one
EEHYV subtype does not confer sterilizing immu-
nity against subsequent infection with another
EEHYV subtype. All elephants in the study showed
evidence of infection with at least two distinct
EEHV genotypes over less than 1 yr. Most
strikingly, all five of these elephants were infected
sequentially with both one strain of EEHVIA
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followed by one strain of EEHV 1B (or vice versa),
but no animals have yet been observed to be
simultaneously infected with or shedding two
different strains of either the EEHVIA or
EEHVI1B subtypes. When the EEHV1 strain has
been determined, EEHVI1A strains have been
found to cause systemic hemorrhagic disease
significantly more often than EEHV1B strains
(20 strains of EEHV1A vs. 3 strains of EEHV1B).
Although it cannot be ruled out, there was no
evidence obtained for simultaneous infections
with both viruses in any of these animals; rather,
it seemed that the first subtype was cleared to
undetectable levels in blood or nasal secretions
before detection of a new infection episode with
the second subtype. Elephant 5 is also particularly
interesting because he was previously shown by
Latimer et al. (2010) to have had a low transient
episode of presumed DNAemia with an elephant
gammaherpesvirus (EGHV3A), viruses that are
classified in the Gammaherpesvirinae, a group of
elephant herpesviruses not associated with pa-
thology. Whether preexisting infection with an-
other elephant herpesvirus confers enough
immunity to prevent catastrophic disease is a
critical question that remains to be determined.

The data and methodology presented in this
article represent a significant advance in the
ability to detect subclinical EEHV infection and
to characterize the viral species infecting healthy
Asian elephants by screening individual elephants
and elephant herds for the presence of previously
undetectable EEHV infections. This advance has
significant implications regarding the manage-
ment of captive Asian elephant populations.
Elephant managers and veterinarians can use
information about the specific EEHV genotypes
present among a population of elephants to make
informed decisions about the clinical care, trans-
fer, and breeding of captive elephants.

CONCLUSIONS

Using a real-time qPCR assay, EEHV1 DNAe-
mia can be detected in Asian elephants before the
onset of clinical signs and in elephants that do not
display clinical signs of infection. DN Aemia also
precedes substantial shedding of EEHV1 in trunk
secretions by approximately 2-3 wk. Finally,
apparently healthy Asian elephants can be infect-
ed with more than one EEHV1 genotype.
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