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Abstract:  Feline immunodeficiency virus (FIV) is a lentivirus in the Retroviridae family that causes lifelong
infection in domestic cats. The lentivirus of African lions (Panthera leo), referred to as FIVple, is endemic in certain
lion populations in eastern and southern Africa. Lentivirus infection leads to immunologic dysfunction and
immunosuppressive disease in domestic cats; however, little is known about the pathogenic effects of infection in
lions, nor about the epidemiologic impact on free-ranging and captive populations. Whole blood and serum
samples were collected opportunistically from free-ranging lions in Kruger National Park, Republic of South
Africa (RSA). Whole blood and serum samples were also collected from captive wild lions in the RSA. A nested
polymerase chain reaction (PCR) assay for detection of FIV was performed on all whole blood samples. In
addition, serum samples were tested for cross-reactive antibodies to domestic feline lentivirus antigens and puma
lentivirus synthetic envelope peptide antigen. The PCR assay successfully amplified the lion lentivirus from African
lions. The relative sensitivity and relative specificity were 79% and 100%, respectively, and the positive and negative
predictive values were 100% and 67%, respectively. This research represents the first study to compare genetic
material with antibody-based methods of lentivirus detection on lions in RSA. Using PCR as an additional
diagnostic test for FIV in lions will increase screening sensitivity and will allow viral characterization among
circulating isolates and monitoring of changes in the viral epidemiology within geographic regions and populations
over time.
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INTRODUCTION However, little is known about the pathogenic
effects of infection or its epidemiologic impact on
free-ranging and captive populations of lions.
Current diagnostic methods for detection of
lentivirus infection in domestic and nondomestic
felines include viral isolation, immunologic tests
for virus-specific antibodies or antigens, and
molecular tests for viral DNA or RNA.*! Virus
isolation is considered the gold standard (GS) for
definitive diagnosis of lentivirus infection. How-
ever, it is not the ideal diagnostic method for
FIVple because of its labor intensity and the long
length of time required for the virus to replicate in
culture. Serology is often used to detect infection,
but, whereas, serum antibodies to the virus can
develop as early as 2 wk after infection in domestic
cats, it may take up to 6 mo to 1 yr postinfection to
develop detectable levels.>**>* In addition, host
maternal antibodies may persist in kittens for 6 mo
or longer.? Several rapid, sensitive, and specific
enzyme-linked immunosorbent assays (ELISA)
are widely available for the detection of antibodies
to FIV in domestic cats, and two commercial FIV
ELISA test kits are licensed by the U.S. Depart-
ment of Agriculture for use in domestic cats

Feline immunodeficiency virus (FIV) is a
member of the genus Lentivirus in the Retro-
viridae family and causes a significant lifelong
infection in domestic felines (Felis catus). The
virus was first discovered in domestic cats with a
history of chronic recurrent and opportunistic
infections that resembled the human immuno-
deficiency virus infection.* Infection with lentivi-
rus has also been detected in several nondomestic
feline species, including African lion (Panthera
leo) populations in eastern and southern
Africa.®7%?73 In these populations, the lentivirus
has been referred to as FIVple. Feline lentivirus
infection leads to immunologic dysfunction and
immunosuppressive disease in domestic cats.
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Figure 1. Schematic representation of the feline immunodeficiency virus genome, including the successful first

and second round primers used and their nucleotide position within the reverse transcription region of the Pol gene.

Previous serologic surveys for lentiviruses in
nondomestic felids have primarily used domestic
cat FIVfca capture antigens.®*'*!72733 Although
there is some cross-reactivity between FIVple
antigens and FIV antibodies, FIV reagents
(particularly monoclonal FIV antibodies) alone
may not provide sufficient sensitivity for detec-
tion of different subtypes of nondomestic cat
lentiviruses.** To increase the sensitivity of
serologic testing, species-specific assays have been
developed, including a Western blot assay that
uses a puma (Felis concolor) lentivirus (FIVpco)
cell lysate as the capture antigen and an indirect
FIVpco synthetic peptide antigen ELISA with a
conserved immunogenic peptide (P237) derived
from the envelope (Env) region of the lentivirus
genome, 202830384042 Thege assays have been used
for lentivirus testing in lions as well as pumas.?*#

The various PCR assays available for the
detection of viral RNA or proviral DNA present
in the host include conventional PCR, nested
PCR, quantitative competitive PCR, nucleic acid
sequence-based amplification, and real-time
PCR. These assays vary significantly in their
ability to detect the virus (sensitivity) because of
the high nucleotide variability of the virus; thus,
no universal PCR exists for the vast number of
FIV strains that circulate among domestic and
nondomestic felines worldwide.!:>!1:18:19.21-25.31.39
Because of the high nucleotide variability of the
virus, consensus nondomestic feline lentivirus
primers cannot be used to identify all nondomes-
tic cat lentiviruses by PCR, even when permissive
annealing conditions are used.*® To increase the
sensitivity of nucleic acid detection, it is necessary
to develop PCRs that are specific to the variety of
nondomestic viral strains that are identified in
captive and free-roaming felid populations.

The purpose of this investigation was to deter-
mine the sensitivity and specificity of a PCR
designed to detect the southern African lion

lentivirus strains. This nucleic acid-based method
of testing was compared with antibody-based
methods currently used for testing free-ranging
lions in southern Africa and for captive lions in
southern Africa and the United States.

MATERIALS AND METHODS

The samples available for evaluation were
collected opportunistically and included 73 whole
blood and 63 serum samples from lions in the
Kruger National Park (KNP), South Africa, and
whole blood and serum samples from 7 lions in
The Lion Park, Johannesburg, South Africa. All
whole blood and serum samples were stored at
—80°C until the time of processing and testing.

DNA extraction

DNA was extracted from whole blood samples
by using the QIAGEN DNeasy Blood and Tissue
Extraction kit (Invitrogen, Carlsbad, California
92008, USA), according to the manufacturer’s
directions, which resulted in 100 ul of purified
DNA.

Nested PCR

A nested conventional PCR was performed on
the purified DNA by using a protocol developed
by Troyer et al.,’”* for FIVple and optimized by
Dr. H. Adams for use in testing southern African
lions. Primers were derived from GenBank pub-
lished sequence information for FIV (M25381
and U11820), FIVpco (U03982), and FIVoma
(Otocolobus manul lentivirus; U56928).°” Degene-
rate primers were developed (Fig. 1) to detect
viral DNA from the reverse transcription region
of the Pol gene (RT-Pol) of the lentivirus genome,
which resulted in a nested 576 base-pair product
(including nested primers). The 5’ and 3’ outer
primer sequences were TGGCCWYTAWCWA-
ATGAAAARATWGAAGC (referred to as P1F)
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and GTAATTTRTCTTCHGGNGTYTCAAA-
TCCCC (referred to as P2R), respectively. The
nested primer sequences were TGAAAARATW-
GAAGCHTTAACAGAMATAG (referred to as
P2F) and GTAATTTRTCTTCHGGNGTYT-
CAAATCCCC (referred to as P1R), respectively.
All primers were synthesized by Sigma Genosys
(The Woodlands, Texas 77380, USA) and were
reconstituted to a 20 pM working solution.

The nested primer set was used to generate
DNA by using Platinum PCR SuperMix (which
contained 22 U/ml complexed recombinant Tag
DNA polymerase with Platinum 7ag antibody,
22 mM Tris-HCl at pH 8.4, 55 mM KCl, 1.65 mM
MgCl12, 220 umol dGTP, dATP, dTTP, and
dCTP, and stabilizers [Platinum PCR SuperMix,
Invitrogen]). The 54 ul total volume, first-round
PCR reaction mixture consisted of 45 ul PCR
SuperMix, 2 ul (20 pM) of primer P1F, 2 ul
(20 pM) of primer P2R, and 5 ul of sample
template. The cycling conditions for the first-
round PCR reaction consisted of 3 min at 94°C,
45 cycles of 30 sec at 94°C, 30 sec at 52°C, and
45 sec at 72°C, with a final extension for 10 min
at 72°C. Three microliters of the resultant PCR
product from round 1 were added to a nested
PCR reaction mixture that consisted of 45 ul of
PCR SuperMix, 1 ul of primer P2F, and 1 ul
of primer PIR, for a total volume per sample of
50 ul. The cycling conditions for the nested
reactions were the same as for the first-round PCR
reaction. All reactions were carried out in an
Eppendorf Mastercycler personal PCR thermo-
cycler (Eppendorf, Westbury, New York 11590,
USA). Products were analyzed by agarose gel
electrophoresis.

PCR DNA purification

DNA amplicons were extracted from agarose
gel by using the QIAGEN QIAquick gel extrac-
tion kit (Invitrogen) according to the manufac-
turer’s instructions. All positive PCR products
were submitted for molecular sequencing at
the University of Tennessee Molecular Biology
Resource Facility DNA sequencing laboratory.
The primers used for sequencing were P2F and
PIR, at a 5 pmol solution.

Sequence analysis

Sequences were confirmed as FIVple by using
the National Center for Biotechnology Informa-
tion Basic Local Alignment Search Tool (BLAST)
software program with a search program for highly
similar sequences (megablast). Phylogenetic anal-
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ysis was performed on all sequences obtained by
using DNAstar Lasergene software (DNASTAR
Inc., Madison, Wisconsin 53705, USA).

FIVpco ELISA

Serum samples were tested for cross-reactive
antibodies with an indirect ELISA by using a
synthetic FIVpco peptide (CPFKDICQL, AA
610-618, GenBank U03983) located on the Env
glycoprotein, which corresponded to peptide
P237 of FIV (CNQNQFFCK).? Prior research
with this ELISA demonstrated cross-reactivity
to lion lentivirus antigen, presumably with IgG
isotype antibodies.?**"

FIV ELISA

Twenty-five serum samples were tested for cross-
reactive antibody against FIV gag p24 protein
antigens with an ELISA known as the SNAP®
Combo FIV Antibody/FeLV antigen test, accord-
ing to the manufacturer’s instructions. Samples
from KNP lions were selected by using a random
number generator, because budget constraints
prevented the testing of all samples in RSA.

Sensitivity and specificity

Indirect estimates of sensitivity and specificity
were calculated according to the recommenda-
tions of Thrusfield, which suggest that, when
there is no GS, a bank of standard tests is used to
compare against the results of the new test.* The
FIV ELISA and FIVpco ELISA were used
together as the bank of tests to compare with
the PCR. If samples tested positive to both tests
in the bank, then the sample was classified as
positive. If samples tested negative to both tests
in the bank, then the sample was classified as
negative. All samples with intermediate results
(one positive, one negative) were discarded from
the calculations. The calculated values were then
referred to as the “‘relative” sensitivity and speci-
ficity. However, only 23 samples were tested with
all 3 tests (FIV ELISA, FIVpco ELISA, PCR).
Of these 23 samples (Table 1), 3 samples gave
intermediate results and were thus discarded,
which left a sample size of 20 for calculations.
The calculations of each value are shown in
Table 2.

Because the total number of samples tested
with both the FIVpco ELISA and the PCR was
higher (n = 67) than the number tested with all 3
tests mentioned above (FIV ELISA, FIVpco
ELISA, and PCR), an alternative method of
calculating sensitivity and specificity was used in



ADAMS ET AL.—PCR TO DETECT LENTIVIRUS IN LIONS

Table 1. Results of samples tested for feline
lentivirus in lions of the Kruger National Park,
Republic of South Africa.*

FIVfca FIVpco
ELISA ELISA UTCVM
Sample ID (pos/neg)  (pos/neg) PCR (pos/neg)
E3D00 Pos Pos Pos
550205 Pos Pos Pos
67B35 Pos Pos Pos
40085E Pos Pos Pos
33833 Pos Pos Pos
F1F6314 Pos Pos Pos
D655B Pos Pos Pos
321408 Pos Pos Pos
D184C4C Pos Pos Pos
95270 Pos Pos Pos
249 A3A Pos Pos Pos
21848 Neg Neg Neg
B2C2D Neg Neg Neg
S5A 5278 Neg Neg Neg
44 AS59AF76 Neg Neg Neg
Bill-LP Neg Neg Neg
Ben-LP Neg Neg Neg
A251B° Pos Pos Neg
534E04° Pos Pos Neg
B176607° Pos Pos Neg
C4560° Pos Neg Pos
80263¢ Pos Neg Pos
D062B¢ Pos Neg Neg
E4223¢ Pos Neg No whole blood
available

*FIV, feline immunodeficiency virus; ELISA, enzyme-linked
immunosorbent assay; pos, positive; neg, negative.; PCR,
polymerase chain reaction.

* Discrepancy between PCR and ELISAs; agreement between
FIVfca and FIVpco ELISAs.

¢Discrepancy between FIVfca and FIVpco ELISA; PCR
agreement with FIVfca ELISA.

9 Discrepancy between FIVfca and FIVpco ELISA; PCR
agreement with FIVpco ELISA.

¢ Discrepancy between FIVfca and FIVpco ELISA; no whole
blood available for PCR.

Table 2. FIVpco and FIVfca ELISA panel (both
positive or both negative) as gold standard (GS).*"3¢

PCR Positive (+) Negative (—) Total
Positive (+) 11 0 11
Negative (—) 3 6 9
Total 14 6 20

*Indirect estimates of sensitivity and specificity were calcu-
lated according to the recommendations of Thrusfield,* which
suggest that, when there is no GS, a bank of standard tests is
used to compare against the results of the new test.

P FIV, feline immunodeficiency virus; ELISA, enzyme-linked
immunosorbent assay; PCR, polymerase chain reaction.
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Table 3. Calculation of PCR sensitivity (sen),
specificity (spec), and FIVple prevalence using FIVpco
as a reference test in the absence of a true gold standard,
and when the true disease state is unknown.** FIVpco
(reference test) sensitivity: 85%:; specificity: 100%, from
van Vuuren.* There were 67 samples tested with both
PCR and FIVpco available for the calculation.

PCRyew Positive (+) Negative (—) Total
Positive (+) 29, 4, 33,
Negative (—) 8. 264 34,
Total 37. 30, 67,

*PCR, polymerase chain reaction; FIV, feline immunodefi-
ciency virus; ELISA, enzyme-linked immunosorbent assay; pos,
positive; neg, negative. Formula used for calculations:

SeNSItiVitynew = E(SPECreference) — b / N(SPECReference— 1) + € = 49%

specificitynew = h(SeNgeference) =€ / N(SENRererence) — € = 51%

prevalence = N(SPeCreference — 1) + €/ N(SENReference + SPECReference — 1)
= 54%

addition to the bank of tests method (Table 3).
This alternative method was used for calculations
of test sensitivity and specificity when there
was no GS available but the sensitivity and
specificity of a reference test (FIVpco ELISA)
are known."??**

RESULTS

A total of 77 lions were immobilized and
sampled in the KNP during a 2004 census of the
lions, and epidemiologic information was record-
ed on each lion. Of the lions tested during the
census (referred to as KNP-Epi), a total of 73
whole blood samples and 63 serum samples were
obtained for lentivirus testing. Of the 63 serum
samples, all were tested with the FIVpco ELISA;
however, only 52 samples were banked in frozen
storage and thus available for further antibody
testing. Because geographic location was record-
ed for each animal, the KNP-Epi subset can be
further subdivided into the KNP-Epi North
(KNP-EPI-N) and KNP-Epi South (KNP-EPI-S)
lions.

Whole blood samples from free-ranging and
captive lions were tested for FIVple by the
University of Tennessee, College of Veterinary
Medicine (Knoxville, Tennessee, USA) nested
PCR. Of the 80 samples tested with PCR (73
from KNP and 7 from the Lion Park), 44 were
positive and 36 were negative for lion lentivirus.
Forty-four samples from KNP-Epi lions were
positive and 29 were negative of 73 samples tested
by PCR. Of the KNP-Epi samples, 9 positives
were from the 23 KNP North lions sampled, and
35 positives were from the 50 KNP South lions
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tested. None of the 7 lions tested from the Lion
Park were positive by the PCR.

Sequences were checked for degree of genetic
homology by using BLAST technology. All KNP
sequences amplified from lions were homologous
to FIVple, with an average homology identity
of 94%.

Thirty-eight of 70 samples (63 from KNP and 7
from the Lion Park) tested antibody positive, and
32 tested antibody negative of the serum samples
tested by using the FIVpco ELISA. A total of 38
of 63 KNP-Epi lion samples were positive: 11
positives were from KNP-Epi-N lions and 27
positives were from KNP-Epi-S lions. None of
the Lion Park samples were positive.

Eighteen of 24 serum samples tested by using
the FIV ELISA were antibody positive, with the
remaining six samples antibody negative. All 18
positives came from KNP-Epi-S lions. No FIV
ELISAs were performed on the KNP-Epi-N
lions, because no serum samples were available
for testing from KNP-Epi-N lions.

There were 23 samples tested by all three tests
(FIV ELISA, FIVpco ELISA, PCR) of the 24.
Three were eliminated because of the discordant
results between the ELISA tests, which left only
20 samples for further calculations (Table 2). The
relative PCR sensitivity was 79%, and the relative
PCR specificity was 100% based on the method
suggested by Thrusfield.?® The positive and nega-
tive predictive values for the PCR were calculated
to be 100% and 67%, respectively.

The alternative calculated PCR sensitivity and
specificity were 49% and 51%, respectively, which
are significantly lower than the values calculated
according to the banked test method (79% and
100%, respectively). The prevalence was calcu-
lated at 54%, which is similar to the above-
mentioned calculated prevalence (Table 3).

DISCUSSION

This investigation examined lentivirus infection
in convenience samples of southern African lions
and, to the authors’ knowledge, represents the
first descriptive epidemiologic study of FIVple
among the lions of the KNP. It is also the first
study of this scope that compares detection of
viral nucleic acid with antibody-based methods of
FIVple testing on lions in RSA.

Feline lentiviruses have a high mutation rate
and undergo continual evolution within a host
and among a population to escape host immune
defense mechanisms. This may lead to a lack of
virus detection because of antigenetic or genetic
heterogeneity. It is possible that previously
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published reports of seronegative populations of
lions, as well as the seronegative and/or PCR-
negative lions identified in this investigation, may
be infected with an unidentified subtype of
FIVple. Lions in the Serengeti were reported to
have multiple subtypes circulating among their
population, and some individuals were infected
with multiple subtypes.?” The lions of KNP may
also be infected with multiple subtypes of FIVple,
some of which could not be detected with the
assays used in this study. The successful PCR
primers used in this study were not developed
based on sequences obtained from any southern
African lions. Thus, they may not be optimal for
detecting subtypes of FIVple unique to southern
African lions but rather were successful in
detecting subtypes shared among lions in eastern
Africa, as well as in detecting sequences that may
be more conserved among feline lentiviruses.
Sequence information may also be useful to
develop additional primers for PCR that are
more specific to each subtype of FIVple. This
may help to increase the overall sensitivity for
detecting the virus in a population by increasing
the chance of detecting the virus in an individual,
regardless of subtype.

Individual hosts can become co-infected or
superinfected with multiple FIV types and/or
subtypes, and the possibility exists for a new
subtype to emerge that may result in a clinical
manifestation of disease. PCR is an important
tool for monitoring the types and subtypes
present, as well as for monitoring the continual
evolution of FIVple, because it allows genetic
characterization of the isolates.

To calculate the sensitivity of a new diagnostic
test, ideally, it should be compared against a GS
test, which for most viruses is virus isolation.
However, because virus isolation is neither
practical nor possible for the purposes of this
study, it was necessary to use some of the
currently available serologic diagnostic tests for
FIVple. Although Bayesian inference or maxi-
mum likelihood methods can estimate diagnostic
test accuracy when a reference test does not
exist, there are other available methods for the
estimation of diagnostic test accuracy when a
reference test exists that is suboptimal (i.e., no
GS)."*153 The results of one such method to
estimate diagnostic test accuracy when a sub-
optimal reference test exists is shown in Table 3.

The FIVpco ELISA, or puma lentivirus
ELISA, as it is also known, was reported to have
a sensitivity and specificity of 85% and 100%,
respectively.* These estimates were calculated
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based on testing free-ranging lions in RSA; thus,
it is reasonable to assume that the estimates of
sensitivity and specificity will hold true for the
purposes of this research. This test uses a
synthetic FIVpco peptide (CPFKDICQL, AA
610-618, GenBank U03983) that corresponds to
an epitope, a highly conserved peptide P237 of
FIV, of the Env glycoprotein. IDEXX Labora-
tories reports a sensitivity and specificity of 100%
and 99.5%, respectively, for the FIV snap test
when used on samples from domestic cats. There
are no known published studies of the sensitivity
and specificity of the FIV ELISA as tested on
African lions; thus, FIV ELISA test results of the
lion samples must be interpreted with caution.
The FIV ELISA uses recombinant gag proteins
that are believed to be highly immunogenic, yet
conserved among feline lentiviruses.”'> Overall,
there was 83% agreement (20/24) between the
two forms of antibody testing, with only four
discrepant results (Table 1). All four of the
discrepant results were positive when using the
FIV ELISA and negative when using the FIVpco
ELISA. In addition, among these four discrepant
results, two were also positive by PCR, one was
negative by PCR, and one was not tested with
PCR because no whole blood was available for
testing. Of the two PCR positives, one was
sequenced as FIVple. This indicates that the
FIV ELISA positive is true and that the FIVpco
ELISA negative was false. Given these results, it
is reasonable to assume that the reported FIV
ELISA sensitivity of 100% (in domestic cats) may
be extrapolated to a higher sensitivity than that
of the FIVpco ELISA when testing lion serum
samples with respect to the FIVple isolates
circulating among the lions sampled for this
investigation. This also indicates that PCR may
be more sensitive than the FIVpco ELISA in
detecting FIVple among the lions sampled in this
investigation.

The development of an antibody response can
take several months to a year to develop after
infection; thus, antibody detection alone may miss
some positives in the early stages of infection.? It is
common for wildlife veterinarians and wildlife
managers in southern Africa to request feline
lentivirus testing before translocating lions or
during routine immobilizations. The University of
Pretoria’s Faculty of Veterinary Science currently
uses the FIVpco ELISA as the routine test for
diagnosis of FIVple in African lions. Using PCR
as an additional diagnostic test for FIV in lions
will increase screening sensitivity and may help to
identify which types and/or subtypes are circulat-
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ing among a population of lions. In addition,
PCR will be useful when translocations are
necessary, to monitor for changes in the viral
epidemiology of a region over time.

Future studies

Much work remains to better characterize the
lentiviruses of lions in general and southern
African lions in particular. Other regions of the
genome could also be sequenced to elucidate
potential conservative areas ideal for a more
universal PCR, as well as to develop a PCR to
specifically detect FIVple. The development of a
real-time PCR assay would allow for the
monitoring of viral subtype(s), viral load, and
shedding patterns among individual free-ranging
or captive FIVple positive lions.
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