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Feline immunodeficiency virus (FIV) is a lentivirus that causes AIDS-like immunodeficiency disease in do-
mestic cats. Free-ranging lions, Panthera leo, carry a chronic species-specific strain of FIV, FIV-Ple, which so
far has not been convincingly connected with immune pathology or mortality. FIV-Ple, harboring the three
distinct strains A, B, and C defined by pol gene sequence divergences, is endemic in the large outbred popu-
lation of lions in the Serengeti ecosystem in Tanzania. Here we describe the pattern of variation in the three
FIV genes gag, pol-RT, and pol-RNase among lions within 13 prides to assess the occurrence of FIV infection and
coinfection. Genome diversity within and among FIV-Ple strains is shown to be large, with strain divergence
for each gene approaching genetic distances observed for FIV between different species of cats. Multiple infec-
tions with two or three strains were found in 43% of the FIV-positive individuals based on pol-RT sequence anal-
ysis, which may suggest that antiviral immunity or interference evoked by one strain is not consistently pro-
tective against infection by a second. This comprehensive study of FIV-Ple in a free-ranging population of lions
reveals a dynamic transmission of virus in a social species that has historically adapted to render the virus

benign.

Feline immunodeficiency virus (FIV) is a lentivirus that in-
fects both wild and domestic feline species and is closely re-
lated to human and simian immunodeficiency viruses (HIV
and SIV, respectively) (26). Species-specific strains of FIV have
been isolated from domestic cat (Felis catus), puma (Puma con-
color), lion (Panthera leo), leopard (Panthera pardus), and Pal-
las’ cat (Otocolobus manul) (termed FIV-Fca, FIV-Pco, FIV-
Ple, FIV-Ppa, and FIV-Oma, respectively) (4, 6, 8, 9, 25, 51). In
domestic cats, viral infection results in an AIDS-like pathology
typified by a period of latency followed by CD4 depletion, im-
mune suppression, a host of subsequent secondary infections,
and high mortality (54). Because of its striking similarity to the
pattern of disease progression observed with HIV infection in
humans, FIV-Fca has been an ideal model system for under-
standing many clinical aspects of retroviral infection (54).

Although antibodies that cross-react to FIV are found in
many species of wild cats in the Americas and Africa and a few
species in Europe and Asia (7, 18, 27, 30, 33, 55), there is no
documented disease association. Therefore, the clinical impli-
cations of FIV infection in populations of wild feline species
are still unclear. Seroprevalence of FIV in free-ranging popu-
lations of African lions within east and south Africa exceeds
those seen in any feline species to date (6, 7, 18, 33). Phylo-
genetic analyses of FIV genome sequences circulating in free-
ranging populations of lions display high levels of sequence
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divergence (6), suggesting that FIV infection in these animals
may be an ancient event (6, 7). Three highly divergent strains
(or subtypes) of FIV-Ple have been described based on a frag-
ment of the reverse transcriptase (RT) region of the pol gene
(6). The genetic divergence between these three strains ap-
proached the level of difference seen between FIV strains
isolated from different Felidae species, suggesting that the
three strains evolved in geographically distant populations or
possibly in different African felid species. However, the occur-
rence of all three strains in the lions of Tanzania’s Serengeti
National Park indicates that the strains have recently con-
verged within the same population, and they have therefore
been designated FIV-Ple A, FIV-Ple B, and FIV-Ple C.

This population of FIV-Ple-infected Serengeti lions provides
an interesting parallel to studies of primate lentiviruses. To
date, no known wild population of simians contains multiple
SIV subtypes (44), yet subtype dynamics are an important
aspect of HIV epidemiology (28). The high incidence of FIV
infection in the free-ranging lions of the Serengeti National
Park (90%), combined with the presence of three divergent
FIV-Ple subtypes, provides a novel opportunity to examine the
population dynamics, evolution, and interactions between sub-
types in a natural setting.

The Serengeti National Park contains a large, genetically
diverse outbred population (n = 3,000) of east African lions
(16). Extensive genetic, demographic, and behavioral informa-
tion exists for these lions (16, 35, 36), as well as serological and
genetic data for FIV and outbreaks of other viruses (6, 18, 42).
In this study, we analyze the patterns of proviral strain diversity
and occurrence among members of 13 prides, examining three
distinct FIV genes-gag, pol-RT, and pol-RNase. Analysis of
these three gene regions shows that all three FIV-Ple strains
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FIG. 1. (A) Map of external and internal primers on the FIV genome. Positions are homologous to the FIV-Fca sequence (GenBank accession
no. U11820). (B) Approximate pride ranges of the Serengeti lions during the dry season in 1994 (unpublished data). Numbers indicate how many
individuals from each pride are included in this study, and letters refer to FIV-Ple subtypes. Pride ranges fluctuate with the seasons and over the

years; prides remain discrete for many years.

circulate freely in the population. Distinct strains are ob-
served within the same pride and frequently within the same
individual. While sequences of cloned PCR products from
several individual lions demonstrate the monophyly of viral
quasispecies within individual lions consistent with a clonal
expansion after an initial infection, we also describe a high
number of individuals that are infected with more than one
highly divergent FIV-Ple subtype.

MATERIALS AND METHODS

Samples for seroprevalence and DNA analysis. Blood samples were collected
from 349 free-ranging lions representing 13 known prides within the Serengeti
National Park, Tanzania (Fig. 1B). Serum or plasma from Serengeti lion samples
was tested for the presence of FIV-reactive antibodies by Western blot analysis.
Samples were tested against viral antigens from domestic cat FIV-Petaluma
strain and lion FIV-Ple strain. Immunoblotting was performed as described
previously (5).

PCR amplification of proviral DNA. Genomic DNA was isolated from the
white blood cells of 68 FIV-seropositive lions and 1 seronegative lion by pro-
teinase K digestion followed by a standard phenol-chloroform extraction. Nested
PCR using primers designed from the conserved RT region of pol, the RNase
region of pol, and the p17/p26 region of gag were used to amplify the FIV

sequence (Fig. 1A). First-round primers were designed from published se-
quences of FIV-Fca (GenBank accession no. M25381 and U11820), FIV-Pco
(accession no. U03982), and FIV-Oma (accession no. U56928). For the pol-RT
region, second-round primers were specifically designed for three previously
described (6) RT subtypes (A, B, and C). For pol-RNase and gag, second-round
primers were designed from the alignment of the FIV-Fca, FIV-Pco, and FIV-
Oma sequences. All first-round PCRs were performed by using 100 ng of
genomic DNA in a 50-pl reaction with 50 mM KCI, 10 mM Tris-HCI (pH 8.3),
2.5 mM MgCl,, 0.25 mM concentrations of dATP, dCTP, dGTP, and dTTP, 2
mM concentrations of each primer, and 2 U of AmpliTaq DNA polymerase from
Applied Biosystems. PCR cycling conditions were as follows: 3 min at 94°C
followed by 45 cycles of 15 s at 94°C, 30 s at 52°C or 50°C, and 45 s at 72°C, with
a final extension of 10 min at 72°C. Second-round PCRs were done under the
same conditions with 1 pl of product from the first-round reaction used as a
template. These amplifications were performed in a Perkin-Elmer 9700 system
and visualized on a 1% agarose gel. Samples were also run in a Biometra
TGradient machine with an annealing temperature gradient from 48 to 60°C. All
other cycling conditions were the same as those described above. Second-round
PCR products were sequenced by using standard ABI BigDye terminator reac-
tions.

Representative PCR products were subsequently cloned and sequenced. For
the pol-RNase sequence, products were cloned from 21 lions, representing both
singly infected (Ple-624) and coinfected individuals (Table 1). For the gag se-
quence, products were also cloned from 21 lions: 3 singly infected, 2 multiply
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infected with all three RT subtypes, 17 coinfected with RT subtype B and C, and
3 with both A and B RT subtypes. Cloning was performed with a TOPO-TA
cloning kit (Invitrogen) according to the manufacturer’s instructions. DNA was
isolated from 8 to 12 clones from each reaction product by using a QIAGEN
miniprep kit. Sequences were obtained from clones with the correct insert by
using standard ABI BigDye terminator reactions.

Anticontamination measures were taken at all steps of PCR amplification and
post-PCR processing. Pre-PCR setup was performed in a laminar flow hood,
DNA was added in a free-standing containment hood in a separate room, and all
post-PCR manipulations were performed under a fume hood in a third room. All
surfaces were washed with a 10% bleach solution, and each hood was exposed to
UV light for 30 min before and after use. PCR tubes, rather than 96-well plates,
were used and kept closed except when reagents and DNA were being added or
aliquots were extracted for use. Tubes were only opened in their designated

hoods, and, to avoid cross-contamination, tubes were never open simultaneously.
Three negative controls were run with every reaction: a naive cell line, an
FIV-negative lion sample, and a water blank. Two positive controls of known
sequence were also used in each PCR and sequencing reaction: one from an
FIV-positive cell line and one from Ple-624. Finally, sequence analysis confirmed
unique nucleotide sequences for most PCR products.

Phylogenetic analysis. The data sets from pol-RT, pol-RNase, and gag were
examined separately. Nucleotide sequences were compiled and aligned for sub-
sequent phylogenetic analysis by ClustalX (48) and verified visually. Phylogenetic
reconstruction was performed with the PAUP version 4.0 software (45) by the
following methods: minimum evolution estimated by neighbor joining, maximum
parsimony, and maximum likelihood. ModelTest (39) was used to estimate the
optimal model of sequence evolution, and these settings were incorporated into
subsequent analyses. Minimum evolution trees were constructed from models of



TABLE 1. FIV subtype distribution for 68 Serengeti lions based on gene sequence analysis

FIV type(s) detected at indicated gene region”

s Pride Year of
Lion affiliation sample Ppol-RT (337 bp) pol-RNase (730 bp), gag (444 bp),
Primer type A Primer type B Primer type C universal primer universal primer
Ple-531 BARAFU 1989 - B - B -
Ple-583 BARAFU 1994 - B - B B
PLE-241 CAMPSITE 1985 - B C B ‘B, °C
PLE-254 CAMPSITE 1985 - B C ‘B ‘B, °C
PLE-262 CAMPSITE 1994 A B C ‘B, °C ‘B, °C
PLE-272 CAMPSITE 1986 - B C ‘B ‘B
PLE-276¢ CAMPSITE 1991 - - C B B
PLE-355 CAMPSITE 1987 - - C - C
PLE-923 CAMPSITE 1998 - - C - C
PLE-268 CS-NOMAD 1994 - B C ‘B ‘B, °C
PLE-373 GOL UNITED 1994 - B - B B
PLE-593 GOL UNITED 1994 - B - B B
PLE-608 GOL UNITED 1996 - B B B
PLE-609 GOL UNITED 1994 - B - B -
PLE-385 KIBUMBU 1987 A B - ‘B ‘A, ‘B
PLE-388 KIBUMBU 1994 - - - - -
PLE-389 KIBUMBU 1986 - B C ‘B, °C B, C
PLE-916 KIBUMBU 1998 - B - -
PLE-342¢ LOLINDO 1987 - - C - B
PLE-458 LOLINDO 1997 - B - - -
PLE-597 LOLINDO 1994 A B - ‘B ‘B
PLE-610 LOLINDO 1994 - B - -
PLE-336 MAASI 1987 - - - B B
PLE-611 MAASI 1994 - B - B B
PLE-612 MAASI 1994 - B C ‘B, °C ‘B, °C
PLE-613 MAASI 1994 - B - - -
PLE-614 MAASI 1994 - B - B B
PLE-475¢ MAASI KOPJE 1986 - - C B -
PLE-486 MAASI KOPJE 1984 - B - B -
PLE-603 MAASI KOPJE 1994 - B - B B
PLE-605 MAASI KOPJE 1994 - B - B B
PLE-606 MAASI KOPJE 1994 - B - B B
PLE-591 NAABI 1994 - B C B B
PLE-598 NAABI 1994 - - - - B
PLE-599 NAABI 1994 - B - B B
PLE-601 NAABI 1994 - B C ‘B ‘B, °C
PLE-513 PLAINS 1994 A B - ‘B ‘A, ‘B
PLE-622 PLAINS 1994 - - - - -
PLE-623 PLAINS 1994 B - B ‘B
PLE-624 PLAINS 1994 - - C C °C
PLE-924 PLAINS 1998 A - - - -
PLE-225 SANGERE 1987 - B - B -
PLE-506 SANGERE 1993 - B C - -
PLE-618 SANGERE 1994 - - C ‘B, °C ‘B, °C
PLE-619¢ SANGERE 1994 - - C B B
PLE-621 SANGERE 1994 - - C C C
PLE-584 SIMBA 1994 - B - B ‘B
PLE-630 SIMBA 1994 - B - B B
PLE-650 SIMBA 1994 - B - - B
PLE-626 SIMBA EAST 1994 A - C - -
PLE-627 SIMBA EAST 1994 - B - - -
PLE-631 SIMBA EAST 1994 - - - - B
PLE-648 SIMBA EAST 1995 - B C ‘B, °C ‘B, °C
PLE-592 SIMBA WEST 1994 - - - - -
PLE-346 TRANSECT 1994 - B C ‘B ‘B
PLE-349 TRANSECT 1987 - B - B B
PLE-350 TRANSECT 1987 A B C ‘B ‘A, B, °C
PLE-569 TRANSECT 1994 - B C ‘B ‘B, °C
PLE-633 TRANSECT 1994 - B C ‘B, °C °C
PLE-634 TRANSECT 1994 - B C ‘B, °C °C
PLE-636 TRANSECT 1994 - B C °C ‘B “C
PLE-637 TRANSECT 1994 - B C ‘B ‘B
PLE-913 unknown 1997 - - - - A
PLE-914 unknown 1997 - - C C
PLE-915 unknown 1997 - B - B B
PLE-9%41 unknown 1997 - B C - -
PLE-942 unknown 1999 - B C B B, C
PLE-943 unknown 1999 - B C - -

“ Sample collection and pride designation are by C. Packer and M. E. Roelke (see Fig. 1B).
b Letters refer to PCR product with sequence that is defined as FIV-Ple A, FIV-Ple B, or FIV-Ple C based on clade position in Fig. 3. Bold type indicates a reference
sequence (demonstrates consistent single strain infection). Dash indicates absence of a PCR product with the indicated primer pair.
¢ Sequences obtained from cloned PCR products. Others are direct sequences.

4 Inconsistent results at different loci.
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substitution specified by ModelTest, with starting trees obtained by neighbor
joining followed by application of a tree-bisection-reconnection (TBR) branch-
swapping algorithm during a heuristic search for the optimal tree. Maximum
parsimony analysis employed a heuristic search of starting trees obtained by
stepwise addition followed by TBR. Maximum likelihood parameters specified by
ModelTest selected for the general time-reversible model of substitution in-
cluded empirical base frequencies and estimated rate matrix and corrected for
among-site rate variation (gamma distribution). A bootstrap analysis using 1,000
iterations was performed with each method (45).

Amino acid distances were determined by using the PHYLIP program with the
Dayhoff PAM matrix (11) for weighing probability of substitutions. These dis-
tances were subsequently imported into the PAUP program for phylogenetic
analysis using a heuristic searching TBR branch-swapping algorithm. The ratio of
nonsynonymous to synonymous substitutions (K,/K;) was calculated by Se-
quencer 6.1.0 (B. Kessing, personal communication) using the algorithm of Li
(26) and Pamilo and Bianchi (37). Phylogenetic trees were rooted by using the
published sequences from two of the most divergent strains of FIV-Fca (Gen-
Bank accession numbers M25381 and U11820) as outgroups.

Nucleotide sequence accession numbers. The nucleotide sequences of pol-RT,
pol-RNase, and gag have been deposited in the GenBank database under acces-
sion numbers AY549217 to AY549304, AY552614 to AY552683, and AY552684
to AY552748.

RESULTS

The large outbred Serengeti lion population consists of ap-
proximately 3,000 lions that display a very high frequency of
FIV antibody-positive individuals. A recent analysis of 349
serum samples by a Western blot assay with FIV isolated from
domestic cat (FIV-Fca), puma (FIV-Pco), and African lions
(FIV-Ple) as target antigens revealed that 90% were FIV an-
tibody positive (6, 18; J. L. Troyer et al., unpublished data). A
previous phylogenetic study of 375 bp of the pol sequence
suggested the existence of three distinct strains or subtypes of
FIV-Ple among the Serengeti lions (6).

We have designed PCR primers specific for FIV-Ple A,
FIV-Ple B, and FIV-Ple C strains within the same pol region,
plus additional primer sequences to amplify the gag and pol-
RNase regions of FIV (Fig. 1A). DNA from peripheral blood
mononuclear cells collected from 68 lions was tested with PCR
primers for all three proviral FIV genes by using strain-specific
primers for FIV-Ple A, FIV-Ple B, and FIV-Ple C in the pol-
RT region and universal primers for the pol-RNase and gag
regions (Fig. 1A). The specimens, collected at different times
from 1985 to 1999, were from lions selected to sample each of
13 lion prides as well as from nomadic males (wandering males
not associated with prides) (Fig. 1B and Table 1).

Nucleotide sequences for each proviral gene amplified from
the lions were aligned and analyzed for phylogenetic relation-
ship by using minimum evolution, maximum parsimony, and
maximum likelihood algorithms as described in Materials and
Methods. We also present an amino acid alignment derived
from computationally translated nucleotide sequences ob-
tained from each lion by PCR primers to detect pol-RT (337
bp) (Fig. 2a) pol-RNase (730 bp) (Fig. 2b), and gag (444 bp)
(Fig. 2c). Some sequences were direct PCR sequences; how-
ever, pol-RNase PCR products from 21 lions and gag PCR
products from 22 lions were cloned to sample diversity within
individual lions (Table 1 and Fig. 2 and 3). In Fig. 3, maximum
likelihood phylogenetic trees are presented for nucleotide se-
quences obtained for each of the three viral genes.

A proviral FIV sequence from at least one gene region was
obtained from 95.6% of the individuals examined. However, all
primer sets had a significant failure rate (12% for strain-spe-
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cific pol-RT primers, 29% for universal pol-RNase primers, and
25% for universal pol-RT primers). This failure rate is most
likely due to an interaction between viral load and the extreme
sequence variation of FIV, even in relatively conserved primer
sites. Nested PCR may contribute to the failure rate, since four
primers are required to retain sufficient sequence similarity for
amplification to occur. The three individuals that did not am-
plify from any gene region may be false positives or may have
extremely low viral load. Despite PCR dropout, sequences
were obtained from all three gene regions for 41 individuals.

The results of the pol-RT gene phylogenetic analysis reveal
appreciable diversity within and between the A, B, and C clade
strains (or subtypes) amplified from different individual lions
(Fig. 3a). The three FIV-Ple strains are widely dispersed
among the different prides. Sixty lions produced FIV-Ple se-
quences based on the pol-RT region, and of these, 26 (43%)
carried two or three FIV-Ple subtypes (summarized in Table 1
under pol-RT primers). Of 34 lions infected with only one
strain, 1 had FIV-Ple A, 24 had FIV-Ple B, and 9 had FIV-Ple
C (Table 1).

The phylogenetic analysis (Fig. 3a) also shows that although
the FIV-Ple strain-specific PCR primers generally amplify the
predicted viral clade, there are several exceptions, indicating
the imperfect clade specificity of these primers under the am-
plification conditions used. For example, the lion Ple-924 pol-
RT strain A sequence was amplified by primers specific for A,
B, or C (Fig. 3a, lowercase letters a, b, and c). Similarly, the
pol-RT clade FIV-Ple C sequences in Fig. 3a were often ob-
tained by primers designed to be specific for FIV-Ple A, FIV-
Ple B, or FIV-Ple C. By contrast, all pol-RT clade B sequences
came only from clade B-specific primers (Fig. 3a). Because of
the primer overlap, FIV-Ple strain designations (Fig. 3 and
Table 1) were based on sequence phylogenetic placement ra-
ther than starting PCR primer. Finally, the genetic distance
between the three clades was not the same, with clade C
showing significantly greater genetic distance from clade A or
B than the distance between clade A and B (Fig. 3a).

The analysis of the pol-RNase region also showed consider-
able diversity among FIV-Ple genome sequences (Fig. 3b).
Two clades were detected that are imputed to represent FIV-
Ple B and FIV-Ple C. This conclusion is reached by identifying
individual lions that retain a single clade based on the pol-RT
sequence and matching the sequence derived for pol-RNase.
Thus, two lions, Ple-621 and Ple-624, have only FIV-Ple C
based on the pol-RT sequence (Fig. 3a and Table 1), and both
of these individuals show a single sequence that falls in the C
clade of pol-RNase (Fig. 3b). Similarly, 19 lions that are singly
infected with clade B based on pol-RT results (Fig. 3a and
Table 1) are all in the imputed FIV-Ple B clade of the pol-
RNase region (Fig. 3b and Table 1). Further, lions infected by
both FIV-Ple B and FIV-Ple C according to the pol-RNase
sequence (Ple-262, Ple-389, Ple-612, Ple-633, Ple-634, and Ple-
648) are also doubly infected with FIV-Ple B and FIV-Ple C by
pol-RT assessment (Table 1). There is no recovery of FIV-Ple
A with pol-RNase-specific PCR primers since lions infected
with strains FIV-Ple A and FIV-Ple B or FIV-Ple C (Table 1,
pol-RT region) reveal only B or C pol-RNase clades. This fail-
ure to resolve FIV-Ple A likely reflects a mutational divergence
of pol-RNase primer binding sites in strain A virion genomes
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but may also indicate that FIV-Ple A is a truncated or recom-
binant type in the pol-RNase region.

The analysis of gag sequences also recapitulates the three
FIV-Ple clades which can be imputed as A, B, and C by similar

lion-FIV strain association (Fig. 3c). Thus, lions that retain
only FIV-Ple B in the pol-RT and pol-RNase regions (Ple-349,
Ple-373, Ple-583, Ple-584, Ple-593, Ple-599, Ple-603, Ple-605,
Ple-606, Ple-608, Ple-611, Ple-614, Ple-623, Ple-630, Ple-915)
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all show a single FIV-Ple B in gag sequences as well. The same
concordance for pol-RT and gag sequences is true among lions
singly infected with FIV-Ple C (Ple-355, Ple-621, Ple-624 and
Ple-923), those coinfected with FIV-Ple A and FIV-Ple B (Ple-
385 and Ple-513), those coinfected with FIV-Ple B and FIV-Ple
C (Ple-241, Ple-254, Ple-268, Ple-389, Ple-569, Ple-601, Ple-
612, Ple-636, Ple-648, and Ple-942), and one lion infected with
all three strains (Ple 350) (Table 1 and Fig. 3c).

With four exceptions (Ple-276, Ple-342, Ple-475, and Ple-
619), there is a striking concordance of clade disposition in the
40 lions sampled, suggesting that strain or subtype recognition
generally extends across the three FIV-Ple gene regions. These
four exceptions retain the strain C pol-RT sequence but strain
B sequences in the pol-RNase and/or gag regions (Table 1 and
Fig. 3a). These lions may contain rare recombinants or, alter-
natively, the strain discrepancies may be a result of disparate
primer affinities for the different strains, leading to inconsistent
PCR results.

The infection of lions with multiple FIV-Ple strains is ap-
parent in all three gene regions (Table 1) and is most clearly
illustrated by the pol-RT sequencing results. Forty-three per-
cent of the pol-RT PCR-positive lions were infected with more
than one FIV-Ple strain, of which two individuals (Ple-262 and
Ple-350) were infected with all three subtypes (Table 1). In this
sample set, FIV-Ple B was most common (infecting 82% of
PCR-positive lions), while FIV-Ple A was rare (infecting only
12% of PCR-positive lions) and FIV-Ple C had intermediate
prevalence (infecting 53% of PCR-positive lions). Based on
the frequency of each FIV-Ple strain in the population, ob-
served coinfections (2 individuals with all three strains, 3 with
strains A and B, 20 with strains B and C, and 1 with strains A
and C) were not significantly different by Chi-square analysis
than expected values (0.995 > P > 0.975).

Demonstrating coinfection was more difficult in the pol-
RNase and gag regions because of the use of universal primers.
In most cases, one subtype was amplified preferentially over
the others. This result could be due either to differences in viral
load between the subtypes present in the individual or to dif-
ferences in primer affinity to the different strains. Direct se-

quencing reflected the best-amplified FIV-Ple subtype, and
cloning was needed to isolate secondary FIV-Ple subtypes.
This preferential amplification also resulted in a skewed dis-
tribution of cloned sequences, where the majority of clones
from an individual were one subtype, and only one or two
clones contained sequences from the second subtype (Fig. 3b
and c). This effect was particularly pronounced in the longer
pol-RNase amplification product, which was more difficult both
to amplify and to clone. In this region, seven individuals were
confirmed to have multiple infections. Biased amplification
also explains why the phenomenon of coinfection was not ob-
served in earlier studies, where only four clones from each of
15 animals in this population were sequenced (6). Despite
these difficulties, coinfection was confirmed at more than one
gene region for 17 lions (Table 1).

Genetic divergence between FIV-Ple strains. The level of
phylogenetic distinctiveness among clades A, B, and C is ap-
parent in several comparative aspects of the three FIV-Ple
gene segments. First, there is very high bootstrap support in
the separation of the three clades in the pol-RT and gag regions
(Fig. 3a and c) and for FIV-Ple B versus FIV-Ple C in the
pol-RNase region (Fig. 3b). The C strain is the basal lineage in
all three phylogenies, with FIV-Ple A being 1.5 to 4 times
closer to FIV-Ple B sequences than either is to FIV-Ple C,
based on the phylogenetic analyses of FIV genes (Fig. 3a and
c; Tables 2 to 4).

The mean percent difference between FIV-Ple clade se-
quences in terms of both nucleotide and amino acid pairwise
alignments is presented in Tables 2 to 4. For each gene the C-A
or C-B strain divergence is nearly as great as the genetic dis-
tances that occur between FIV sequences from any lion versus
domestic cat (or puma) FIV gene sequences. This is true for
both nucleotide and amino acid comparisons for each gene.
For example, in the gag region, FIV-Ple A and FIV-Ple B differ
on average by 11% (nucleotide) and 7% (amino acid). Nucle-
otide differences from FIV-Ple A to FIV-Ple C and FIV-Ple B
to FIV-Ple C are 46 and 35%, respectively, which is similar to
the difference seen between FIV-Ple and FIV-Fca (33 to 44%).
Amino acid differences from FIV-Ple A to FIV-Ple C (37%)
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TABLE 2. Mean percent nucleotide and amino acid sequence differences between FIV-Ple strains in the pol-RT gene region (337 bp)

Mean percent (range) sequence differences of viral strains in the pol-RT region”

Strain (no. of

FIV-Ple A FIV-Ple B FIV-Ple C FIV-Fca FIV-Pco
sequences)
aa nt aa nt aa nt aa nt aa nt
FIV-Ple A (7) 2 (0-4) 3(0-4) 19 (15-22) 28 (24-31) 32 (30-34) 30 (28-32)
FIV-Ple B (31) 7 (1-13) 4 (0-12) 10 (1-17) 27 (18-34) 33 (29-39) 28 (28-24)
FIV-Ple C (26) 24 (18-27) 24 (17-31) 4 (0-8) 5(0-9) 32 (30-35) 35 (31-35)
FIV-Fca (2) 31 (29-33) 32 (28-36) 38 (31-45) 7 13.7 29 (28-30)
FIV-Pco (1) 27 (25-29) 28 (23-32) 34 (33-37) 26 (23-28)

¢ Distances for FIV-Fca are calculated across subtypes A and D of FIV-Fca. FIV-Pco distances are based on PLV-14. aa, amino acids; nt, nucleotides.

and FIV-Ple B to FIV-Ple C (53%) are also much higher,
approaching those from FIV-Ple to FIV-Fca (60 to 62%).
Similar trends are seen in the pol-RT and pol-RNase genes.
Results from pol-RT sequencing confirm those seen earlier
with a smaller data set (6). However, both the pol-RNase and
gag sequences reveal a greater genetic distance between FIV-
Ple B and FIV-Ple C than that seen with the pol-RT sequence.
Conversely, the gag sequence shows a much smaller distance
between FIV-Ple A and FIV-Ple B than that seen with the
pol-RT sequence.

The striking divergence among FIV-Ple clades is also appar-
ent when we examine the number of fixed amino acid substi-
tutions between clades (Fig. 2). Strain A differs from strain B
by three fixed differences in the pol-RT region, confirming
earlier results (6), and three fixed differences in the gag region
(strain A is unresolved in the pol-RNase region) (Fig. 2b). By
contrast, there are 18 and 45 fixed amino acid differences
between FIV-Ple A and FIV-Ple C in the pol-RT and gag
sequences, respectively, and 12, 37, and 39 fixed amino acid
differences in the pol-RT, pol-RNase, and gag sequences be-
tween strains B and C. Five of the differences in the pol-RT
sequence (at positions 47, 78, 84, 99, and 100) (Fig. 2a) rep-
resent nonconservative changes in amino acid charge or polar-
ity. Clearly, the C strain is basal, older, and reflective of the
greatest evolutionary divergence of the three FIV-Ple strains.

The breadth of evolutionary divergence is also illustrated by
comparing the extent of synonymous and nonsynonymous nu-
cleotide substitutions apparent within the FIV-Ple strains, be-
tween strains, and between the three FIV genes. In Fig. 4, the
plot of K, /K, distances illustrates the quantitative distinctions

that define sequence divergence. The pol-RT analysis illus-
trates the patterns seen with all three genes (Fig. 4A). Within
clades a swarm of sequence comparisons within each FIV-Ple
strain shows small distances, while sequence comparisons of
FIV-Ple A to FIV-Ple B show higher synonymous substitution
but less nonsynonymous divergence. The comparisons of FIV-
Ple C to FIV-Ple A or FIV-Ple C to FIV-Ple B show a sub-
stantial increase in nonsynonymous amino acid-altering substi-
tution, again approaching the divergence of FIV comparisons
between different cat species.

In contrast to the patterns of divergence observed in the
pol-RT gene sequence, comparison of nonsynonymous and
synonymous changes in the gag region indicates that a
greater proportion of nucleotide substitutions encode amino
acid changes for subtype A and subtype B than for subtype C.
FIV-Ple A and FIV-Ple B are distinguished from FIV-Ple C by
a shared 39-bp (13-amino-acid) insertion (position 88 to 100)
(Fig. 2¢), as well as by multiple fixed sequence differences (Fig.
2c). Seven of the polymorphic amino acids seen within the
FIV-Ple B sequences and three polymorphic sites in FIV-Ple A
occur within the shared insertion (Fig. 3c), partially explaining
the lower diversity in FIV-Ple C, which lacks these amino acids.
The 30 residues following the insertion, representing the tran-
sition to the core protein (p26) region of gag, are highly con-
served within each strain but quite divergent between FIV-Ple
C and the other two strains (15 fixed differences, 7 of which
represent changes in either charge or polarity). As in pol-RT,
the majority of changes occur between FIV-Ple C and the
other two strains (a total of 32 fixed differences) with only 2
fixed differences between FIV-Ple A and FIV-Ple B.

FIG. 3. Phylogenetic tree for FIV-Ple nucleotide sequences. Shown here in each case is the single maximum likelihood (ML) tree. Branch
lengths represent percent sequence divergence based on the model of sequence evolution specified by ModelTest (39). Minimum evolution
estimated by neighbor-joining (NJ) and maximum parsimony (MP) trees gave similar topologies, and bootstrap values are included at all nodes
with bootstrap support of >70 (ML/NJ/MP). Taxa are designated with the source lion identification number. Boxed taxa indicate individuals with
FIV sequences that fall into more than one clade. Cloned sequences are followed by an asterisk, and the number of clones with that sequence is
given in parentheses. Pride affiliations are designated by color. (a) pol-RT, 337 bp. Maximum likelihood tree under the HKY+I+G model of
sequence evolution with an estimated shape parameter of 0.6272, an estimated transition/transversion ratio of 4.0911, and an estimated proportion
of invariant sites of 0.3750 (—In likelihood = 3,978.9614). Taxa are followed by a lowercase letter indicating the internal subtype-specific primer
used (a, b, or ¢) (Fig. 1A). In most instances, an RT-subtype “a” primer set produced an RT-subtype A sequence, RT-subtype “b” primers produced
an RT-subtype B sequence, and “c” primers produced a C sequence. Reference sequences for the three previously identified FIV-Ple subtypes are
as follows: A (Ple-241 and Ple-385), B (Ple-254 and Ple-272), and C (Ple-355 and Ple-389). (b) pol-RNase, 730 bp. The maximum likelihood tree
under the GTR+1+G model of sequence evolution has an estimated shape parameter of 0.4274 and an estimated substitution matrix as follows:
A/C = 2.0073, A/G = 7.902, A/T = 1.4491, C/G = 2.6080, C/T = 14.7031, and an estimated proportion of invariant sites of 0.1153 (—In likeli-
hood = 6,951.6733). (c) gag cloned sequences, 444 bp. Boxed taxa with no numbers in parentheses are the result of different sequences obtained
at different temperatures in a gradient. The maximum likelihood tree under the GTR+G model of sequence evolution has an estimated shape
parameter of 0.3584 and an estimated substitution matrix as follows: A/C = 2.3398, A/G = 9.8759, A/T = 2.6700, C/G = 2.8285, C/T = 16.5121
(—In likelihood = 3,582.6128). Deletion of 13 amino acid residues in FIV-Ple C is excluded in this analysis (see text).
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TABLE 3. Mean percent nucleotide and amino acid sequence differences between FIV-Ple strains in the pol-RNase gene region (730 bp)

Mean percent (range) sequence differences of viral strains in the pol-RNase region®

Strain (no. of

FIV-Ple B FIV-Ple C FIV-Fca FIV-Pco
sequences)
aa nt aa nt aa nt aa nt
FIV-Ple B (55) 4 (0-12) 8 (0-14) 43 (36-49) 43 (39-48) 54 (43-67)
FIV-Ple C (14) 35 (28-45) 4 (0-10) 4(0-14) 47 (44-51) 61 (58-65)
FIV-Fca (2) 30 (18-27) 47 (43-59) 20 15 56 (55-57)
FIV-Pco (1) 45 (38-53) 51 (47-54) 51

¢ Distances for FIV-Fca are calculated across subtypes A and D of FIV-Fca. FIV-Pco distances are based on PLV-14. aa, amino acids; nt, nucleotides.

Population dynamics of FIV-Ple subtypes. Diverse patterns
of FIV transmission among lions are evident within the viral
phylogenies. First, geographic concordance is demonstrated by
monophyletic FIV lineages within the Campsite pride individ-
uals. Specifically, eight lions from the Campsite pride are in-
fected with a pol-RT strain C that forms a monophyletic lin-
eage within the pol-RT phylogeny (Fig. 3a). In addition, four of
eight Campsite lions are coinfected with pol-RT B sequences
that form a common lineage, suggesting a shared transmission
event for both FIV-Ple B and FIV-Ple C within this pride. As
observed in the pol-RT phylogeny, the clustering of these five
Campsite lions (Ple-241, Ple-254, Ple-268, Ple-272, and Ple-
262) within clade B is recapitulated by the pol-RNase se-
quences (Fig. 3b).

Second, the phylogenies show that lions with the most
closely related FIV sequences may also be related to each
other. For example, three sibling pairs, Ple-619 and Ple-621
(Sangere pride), Ple-633 and Ple-634 (Transect pride), and
Ple-613 and Ple-614 (Maasi pride), each share nearly identical
pol-RT sequences (Fig. 3a), indicating a common origin of the
infecting strains. A similar level of identity is found in pol-RT,
pol-RNase, and gag sequences of the mother-daughter pair
Ple-373 and Ple-609 (Gol United pride) (Fig. 3a and b; data
not shown for gag). In contrast, we also observed closely re-
lated FIV strains in individuals from different prides. For ex-
ample, the FIV-Ple C sequences of Ple-621 and Ple-619 from
the Sangere pride also group closely with those of Ple-506 and
Ple-618, also from the Sangere pride, Ple-648, a lion from
Simba East pride, and Ple-591, a lion from the Naabi pride.
The close relationship of the Ple-621 and Ple-648 clade C
sequences is maintained in all three gene regions (Fig. 3a and
b; data not shown for gag). All three strains are observed across
multiple prides, and FIV-Ple from all three divergent FIV-Ple
strains can be found in 6 of the 13 prides (Campsite, Lolindo,
Kibumbu, Plains, Simba East, and Transect).

DISCUSSION

Lions within the Serengeti National Park, Tanzania, 90% of
which are infected with FIV, offer a unique opportunity to
examine patterns of lentiviral evolution, transmission, and dis-
semination in the wild. Analyses of three gene regions of the
FIV-Ple genome indicate that distinct FIV-Ple strains circulate
freely within the population. Moreover, an unusually high
number of lions (43%) are coinfected with these distinct sub-
types.

Phylogenetic analyses of FIV-Ple sequences within this pop-
ulation provide evidence for the transmission of infection both
between and within prides. Even with small within-pride sam-
ple sizes, all three FIV-Ple strains are observed across multiple
prides, and FIV-Ple A, FIV-Ple B, and FIV-Ple C are all
circulating in at least 6 of the 13 prides (Campsite, Lolindo,
Kibumbu, Plains, Simba East, and Transect). Only the Camp-
site pride showed monophyletic clustering of FIV-Ple se-
quences, and this was seen in clades B and C. However, FIV-
Ple sequences from other prides were also included with those
of the Campsite lions. In three cases, sibling pairs had the most
closely related FIV-Ple sequences, either reflecting transmis-
sion between cubs or infection from a common third source. In
addition, one mother-offspring pair was observed to have close-
ly related FIV-Ple sequences, suggesting the possibility of ver-
tical transmission, although infection from a common third
source cannot be ruled out.

Among pol-RT PCR-positive lions in this sample set, FIV-
Ple A was rare (12%), FIV-Ple B was most common (82%),
and FIV-Ple C had intermediate prevalence (53%). FIV-Ple B
strains had the most nucleotide diversity in all three gene
regions: 10% in pol-RT (Table 2), 8% in pol-RNase (Table 3),
and 11% in gag (Table 4). FIV-Ple subtype A can be identified
in two gene regions, pol-RT and gag, and has less nucleotide
and amino acid diversity than the other two strains (Tables 2

TABLE 4. Mean percent nucleotide and amino acid sequence differences between FIV-Ple strains in the gag gene region (444 bp)

Mean percent (range) sequence differences of viral strains in the gag region”

Strain (no. of

FIV-Ple A FIV-Ple B FIV-Ple C FIV-Fca FIV-Pco
sequences)
aa nt aa nt aa nt aa nt aa nt
FIV-Ple A (7) 3 (1-5) 4 (1-5) 11 (8-15) 46 (44-51) 44 (42-46) 69 (67-71)
FIV-Ple B (31) 7(3-11) 5(0-12) 11 (0-28) 35 (29-45) 33 (27-40) 68 (63-72)
FIV-Ple C (26) 37 (34-41) 53 (50-59) 2 (0-5) 4(0-7) 41 (37-44) 65 (62-71)
FIV-Fca (2) 60 (57-62) 61 (58-68) 62 (60-67) 11 23 69 (66-71)
FIV-Pco (1) 93 (91-94) 91 (85-97) 94 (91-97) 97 (94-99)

¢ Distances for FIV-Fca are calculated across subtypes A and D of FIV-Fca. FIV-Pco distances are based on PLV-14. aa, amino acids; nt, nucleotides.
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and 4). Given that subtype A is most distinct from subtype B in
the pol-RT region, fairly similar to subtype B in the gag region,
not found with these primers in the pol-RNase region, and only
appears as a coinfection with FIV-Ple B and/or FIV-Ple C,
three possibilities for its origin exist. It is possible that FIV-Ple
A is a recombinant form, a truncated form, or merely a mono-
phyletic clade within the highly diverse subtype B. Full-length
sequences as well as sequences from the more variable env
region (not yet available for FIV-Ple) will help to clarify sub-
type designations and define the levels of strain divergence.
Observed patterns of nucleotide and amino acid divergence
suggest different natural histories among FIV-Ple strains de-
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spite concordant distributions within Serengeti lions. By all
measures, FIV-Ple C is most divergent, as differences between
FIV-Ple C and FIV-Ple A or FIV-Ple B approach those seen
between FIV sequences isolated from different species. These
comparisons, affirmed by comparisons of synonymous and
nonsynonymous nucleotide substitutions within and between
strains, illustrate the stepwise evolution of viral strains, with
synonymous substitution becoming saturated or “blinking”
earlier within strains, while the slower time-dependent accu-
mulation of amino acid-altering variants continues to increase
to a maximum level seen in FIV isolated from separate species
(7). The simplest interpretation of this pattern is that the three
FIV-Ple strains likely derive from separate lion populations,
although it cannot be excluded that they originally evolved
within a distinct African cat species (e.g., leopard or cheetah)
also known to harbor their own species-specific FIV strain (5;
J. L. Troyer et al., unpublished data) to emerge recently in the
Serengeti lions.

In the Serengeti lions, infection with one FIV-Ple subtype
may not be protective against secondary infection with a dif-
ferent FIV-Ple subtype (i.e., the probability of coinfection with
multiple strains is directly correlated with the product of the
frequencies of those strains in the population). This data set
does not include time point data that would confirm that su-
perinfection, rather than simultaneous coinfection, is occur-
ring. However, many pairs of lions share a common sequence
for one subtype but have quite divergent sequences in another
subtype, suggesting that distinct transmission events have
taken place. These include lions with similar FIV-Ple C se-
quences but having extremely distinct FIV-Ple B sequences for
pol-RT: Ple-942 and Ple-943, Ple-350 and Ple-941, and Ple-241
and Ple-389 (Fig. 3a). Further, Ple-262 and Ple 626 share
similar FIV-Ple A and FIV-Ple C sequences, but Ple-262 has a
unique FIV-Ple B sequence not found in Ple-626, raising the
prospect of superinfection of Ple-262.

Multiple infection with divergent FIV strains is not unprec-
edented: coinfection with highly divergent strains of FIV-Pco
has been demonstrated in two free-ranging pumas (8), and
FIV-Fca subtypes A and B have been shown to coinfect do-
mestic cats in both wild (24) and laboratory (20, 32) settings.
However, the high incidence of coinfection seen in this popu-
lation of lions is unprecedented, with potential implications for
patterns of HIV type 1 (HIV-1) strain dispersal. Infection with
multiple HIV-1 subtypes, once considered to be a rare occur-
rence (41, 52), is now clearly established as a common, albeit
low-frequency, event (21, 41). In addition, coinfections with
HIV-1 and HIV-2 are reported in surprisingly high frequency
in Guinea-Bissau and Cote d’Ivoire and in Brazil (1, 15, 38).

The high genetic diversity between FIV-Ple subtypes (19 to
28% in the conserved pol-RT region, which is similar to that
seen between HIV-1 and HIV-2 (1, 6), combined with 90%
FIV-Ple seroprevalence in the population, may relate to the
high incidence of multiple infection in this population (43%).
For superinfection to occur, genetic divergence of the second
viral strain must allow it to evade the host immune responses
mounted against an initial infection. Although it is not clear
what genetic changes allow this evasion, studies of coinfection
and superinfection in wild populations will help define the
genetic divergence limitations for effective HIV inoculations in
human populations.
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Genetic diversity is an acknowledged barrier to vaccine de-
velopment for HIV (21, 31, 34), and it has been suggested that
vaccination with one HIV subtype will not protect against
infection with another subtype (13, 17, 31). This parallels lab-
oratory vaccine trials for FIV-Fca and SIV and HIV vaccine
trials in simian models, where vaccines may be successful
against homologous challenge but ineffective against heterol-
ogous challenges. For example, in domestic cat a single subtype
vaccine is protective against homologous challenge but inef-
fective against heterologous challenge with a different subtype
(19). Additionally, a dual-subtype vaccine was completely pro-
tective against homologous challenge but only partially protec-
tive against heterologous challenge (40). In simian models,
vaccine results have varied from partially protective to ineffec-
tive against heterologous HIV and SIV challenges (13, 17, 22).

A possible outcome of coinfection is recombination between
subtypes. HIV studies show that recombination between diver-
gent viral subtypes occurs frequently and contributes signifi-
cantly to viral diversity and to increased virulence (3, 12, 21, 41,
43, 53, 57). Eleven HIV-1 circulating recombinant forms have
been defined, and in some countries these contribute signifi-
cantly to the AIDS epidemic (1, 2, 3, 10, 14, 23, 29, 41, 46, 47,
49, 50, 56). While we present no data here that directly ad-
dresses recombination in FIV-Ple, there are indications that it
occurs. In four lions (Ple-276, Ple-342, Ple-475, and Ple-619),
results from gag and pol-RNase sequencing do not correspond
to those seen in pol-RT sequences, suggesting that these genes
may harbor a circulating recombinant form of FIV-Ple. It is
also possible that subtype A is itself a recombinant form.

While the effect of FIV-Ple infection on the health of
Serengeti lions has not yet been determined, the high sequence
divergence between FIV-Ple strains indicates an ancient
association between the virus and its host species that likely
predates the human-HIV association (7, 8). Thus, it is hy-
pothesized that coevolution between lion immune systems
and FIV-Ple has led to partial adaptation between the virus
and its host (6, 7). Whether this adaptation is complete for
each of the circulating subtypes is, as yet, unknown. The
different patterns of nucleotide and amino acid divergence
between FIV-Ple strains, the multiple infection status of
several lions within the population, and the ability of these
viruses to transmit freely between prides, suggest a dynamic
evolutionary milieu for FIV-Ple and its host species.
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