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Factors that restrict a virus from establishing productive infection in a new host species are important to
understand because cross-species transmission events are often associated with emergent viral diseases. To
determine the evolutionary pressures on viruses in new host species, we evaluated the molecular evolution of
a feline immunodeficiency virus derived from a wild cougar, Puma concolor, during infection of domestic cats.
Analyses were based on the coding portion of genome sequences recovered at intervals over 37 weeks of
infection of six cats inoculated by either intravenous or oral-nasal routes. All cats inoculated intravenously, but
only one inoculated orally-nasally, became persistently viremic. There were notable accumulations of lethal
errors and predominance of G-to-A alterations throughout the genome, which were marked in the viral
polymerase gene, pol. Viral structural (env and gag) and accessory (vif and orf4) genes evolved neutrally or were
under purifying selection. However, sites under positive selection were identified in reverse transcriptase that
involved residues in the nucleotide binding pocket or those contacting the RNA-DNA duplex. The findings of
extensive G-to-A alterations in this cross-species infection are consistent with the recently described editing of
host cytidine deaminase on lentivirus genomes. Additionally, we demonstrate that the primary site of hyper-
mutation is the viral pol gene and the dominant selective force acting on this feline immunodeficiency virus as

it replicates in a new host species is on key residues of the virus polymerase.

Viruses responsible for many new human and animal dis-
eases are themselves not new but are resident in wild animal
populations (8, 20). A cross-species transmission event may
result in infection, and possibly in disease, in an exposed indi-
vidual, but transmission of the virus between members of the
new species does not necessarily occur. For example, human
diseases caused by viruses such as Sin Nombre (Bunyaviridae)
and Nipah (Paramyxoviridae) viruses result from exposure to
infected reservoir species but infected humans do not transmit
the virus effectively to other humans (10, 27, 29, 32, 33). In
contrast, human immunodeficiency virus types 1 and 2 (HIV-1
and HIV-2, respectively), which derive from simian immuno-
deficiency viruses (13, 15) (all lentiviruses in the family Retro-
viridae), are readily transmitted from human to human and are
effectively maintained in the human population. Despite the
success of HIV-1 and HIV-2 in their new host, there is evi-
dence that, in regions where contact among primates and hu-
mans occurs, humans are infected with, but do not transmit, a
variety of primate retroviruses (55). Thus, barriers imposed by
the new host individual may present a suboptimal environment
for virus production that curtails subsequent spread in the
population.

The ability of lentiviruses to establish infection in a new host
species is of substantial interest for several reasons. Lenti-
viruses infect many mammalian species and, despite high mu-
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tation and recombination rates (18, 38, 43), are considered to
be highly host specific. There is no apparent disease associated
with endemic lentivirus infections (1, 2, 4, 5, 31), but the con-
sequences of lentivirus transmission to a new host species can
be devastating (30). Lentiviruses establish persistent infections
in their hosts in the face of robust immune responses, which
suggests that components of the acquired immune system are
not exclusive barriers to successful cross-species transmission.
Finally, lentiviruses are distinguished from other members of
the retrovirus family by carrying accessory genes that modulate
virus infectivity. Although lentiviruses differ in the type of
accessory genes that they carry, most have a vif gene (25). vif
protects the virus from host RNA editing enzymes that cause
extensive G-to-A hypermutation of the viral genome and can
render a virus defective (11, 14, 23, 28, 41, 42, 59, 60). The
discovery that vif is necessary for productive viral infection
highlights the importance of innate responses in controlling
lentivirus infections (39). In accord with the premise that len-
tiviruses are host specialists, the protection conferred by viral
vif is specific for the editing enzymes of the primary host
species (3, 21, 40, 44, 56). Given the extent of the current HIV
pandemic, there is a significant incentive to understand fea-
tures that constrain lentiviruses from establishing infection in a
new host.

Lentiviruses can infect new host species by experimental
exposure (26, 47) in spite of the formidable barriers imposed
by host defenses. In some cases, viremia is transient and virus
extinction is attributed to host immune defenses, although the
actual mechanism of immune clearance is not always deter-
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mined. For example, domestic cats are host to a newly de-
scribed feline immunodeficiency virus (FIV) but can be exper-
imentally infected with FIVpco, which is derived from cougars
(Puma concolor) (47, 49-51). Of interest, a recent study dem-
onstrated that cats inoculated orally-nasally (o.n.) were less
likely to sustain infection than cats inoculated intravenously
(iv.) (47). In this experimental cross-species infection, there
were no features of host immune responses that correlated
with viral persistence or clearance.

The goal of this study was to investigate mechanisms that
account for successful or abortive lentiviral infection in a new
host. Our data are based on samples from FIVpco infection of
domestic cats. This model system of cross-species feline lenti-
virus infection is well established (49-51), and longitudinal
studies on immunological profiles and virus distribution in
these FIVpco-infected cats have been reported (47). Here, we
evaluated the molecular evolution of FIVpco isolate PLV-1695
in domestic cats to determine (i) the evolutionary forces on the
virus in this new host and (ii) viral features that distinguish
successful from abortive virus infection in the new host.

MATERIALS AND METHODS

Samples. Four cats were inoculated by oral-nasal (ON1 to ON4) or intrave-
nous (IV1 to IV4) routes as described previously (47). Cats IV2 and ON3 were
not evaluated in this study. Peripheral blood mononuclear cells (PBMC) were
obtained at weeks 4, 11, 19, and 37. Virus could not be amplified after week 11
from cats ON1 and ON2 and after week 19 from ON4.

Limiting dilutions of genomic DNA template from each time point for all cats
were amplified, and where possible, amplicons from two different PCRs were
cloned and sequenced. Only one clone of the 5" half-genome was obtained from
the week 11 sample for cat ON2 and of the 3’ half-genome from the week 19
samples for IV3 and IV4 and the week 37 sample for IV1. Additional clones were
evaluated from the week 4 samples of IV1 (five clones of the 5’ half-genome and
six clones of the 3'-half genome) and ONI1 (four clones of the 5’ half-genome) to
optimize heteroduplex mobility assay (HMA) conditions.

PLV-1695 amplification and cloning. The source of the virus used in this study
was the biological isolate puma lentivirus 1695 (PLV-1695), derived from con-
canavalin A-stimulated PBMC from an infected cougar (51). The virus stock
used to inoculate cats was produced in MYA-1 cells (47). Virus was recovered
from a 2-ml aliquot of MYA-1 supernatant by centrifugation at 100,000 X g for
1.5 h. The virus pellet was treated with DNase I (Roche Applied Science,
Indianapolis, IN) for 1 h. Viral RNA was purified using the QTAGEN QiaAmp
viral RNA kit (Valencia, CA). cDNA was synthesized using 2 pmol of a virus-
specific primer, COLTR (CTCAGGCAGATGTCAGGGTTCAAT), in a reac-
tion with SuperScript II RNase H-minus reverse transcriptase (RT) (Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol. Three clones of the 5
half-genome and four clones of the 3’ half-genome of the inoculum virus were
derived and sequenced as described below. In addition, two clones of both 5" and
3’ half-genomes were derived from the original infected cougar PBMC (PLV-PB).
The ancestral full-length clone was derived a year prior to this experiment from
PLV-1695 passaged in 3201 cells.

The proviral sequences evaluated in this study were derived from genomic
DNA prepared from 1 X 10° PBMC of each infected cat using the QlAamp
DNA blood minikit (QIAGEN, Valencia, CA). The PLV-1695 genome was
amplified using nested PCR in two overlapping half-genome fragments. The 5’
half-genome spanned from gag through the first 30 bp of dUTPase and was 3.5
kb in length. First-round primers for the 5’ half-genome were SPLV7F (TCCTTT
TCAGCGGCGTTCGT) and 5PLV6R (TGGGCTACTTTCTGTCCTTGTTCG),
and second-round primers were SPLVIF (CGAGGGACGTGCGAACA) and
SPLV8R (CTGCTGCTACCAAATCATAACCTG). Conditions for the first-
round 5" half-genome amplification were 94°C for 3 min, then 35 cycles of 94°C
for 30 s and 53°C for 30 s, and extension at 70°C for 4 min. Second-round PCR
conditions were 94°C for 3 min, then 35 cycles of 94°C for 30 s and 54°C for 30's,
and extension at 70°C for 3.5 min. For the 3’ half-genome, which was 4.3 kb and
included dUTPase through the end of env, first-round primers were 3PLV11aF
(GCCGGAACCTACAGACCCCTT) and 3PLVI2mR (ACTTTGTTCTGCCCA
TTCTCCTA) and second-round primers were 3PLV13F (GCAGGTTATGAT
TTGGTAGCA) and 3PLV14bR (CCCATTCTCCTATTGTAGCACTT). Condi-
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tions for the first-round 3’ half-genome amplification were 94°C for 3 min, then
35 cycles of 94°C for 30 s and 53°C for 30 s, and extension at 70°C for 4.5 min.
Second-round PCR conditions were 94°C for 3 min, then 35 cycles of 94°C for
30 s and 51°C for 30 s, and extension at 70°C for 4.3 min. Takara Mirus Bio
(Madison, WI) ExTaq DNA polymerase was used for all PCRs. PCR products
were gel isolated, purified with the QIAGEN QIAquick gel extraction kit, and
cloned into the pDrive vector using the QIAGEN PCR cloning kit. One Shot
TOP10 chemically competent Escherichia coli cells (Invitrogen Corporation,
Carlsbad, CA) were transformed and plated on LB agar plates with antibiotic
selection. Plasmid DNA was recovered from overnight liquid cultures using a
QIAGEN Spin Miniprep kit and sequenced. The PLV genomic sequence has
been deposited in GenBank (DQ192583). Composite data sets of the 5’ and 3’
half-genome sequences are available from the authors upon request.

HMA. Viral diversity and evolution studies are often conducted on multiple
sequences derived from an individual at several time points. The location of the
sequence fragment for evaluation is based on viral genes presumed or known to
be important to infection or pathogenesis; for example, HIV-1 env carries de-
terminants for viral entry and neutralization. In this analysis, we made no as-
sumptions as to the regions of the viral genome that would be key for establishing
infection or would be under selection. Therefore, we evaluated the complete
coding region of the PLV-1695 genome derived from infection of six cats.
However, the increased length of the sequenced product precluded analyses of
multiple fragments from each cat. We developed a modified heteroduplex mo-
bility assay to determine how representative the sequenced clones were of the
genetic diversity within each PCR-amplified sample. To determine the type of
migration pattern to expect for a given combination of sequences, the insert was
excised from a sequenced clone. DNA was digested with Asel (5’ fragment) or
Avall (3' fragment), and the digested fragments were purified. Each isolated
band was mixed with the digested insert of a different clone to determine the
patterns of hetero- and homoduplexes that would arise due to sequence or
restriction fragment size differences. Digests were mixed with annealing buffer
consisting of 100 mM NaCl, 10 mM Tris HCl, pH 7.8, and 2 mM EDTA.
Reaction mixtures were denatured at 95°C for 3 min, cooled for 4 min at 4°C,
heated to 55°C for 4 min, and chilled again for 4 min at 4°C. Products were
resolved on a 5% polyacrylamide TBE Ready gel (Bio-Rad, Hercules, CA) for 60
min at 170 V. Ethidium bromide-stained gels were visualized with a 520-nm
excitation laser on a Fujifilm FLA 3000G fluorescent image analyzer by using
Fujifilm Image reader V4.22.

All PCR products derived from infected cats were evaluated using this mod-
ified HMA and compared to the patterns determined from clone sequences. No
novel HMA patterns were discerned in PCR products.

Phylogenetic analysis. Sequences were aligned using ClustalW (48) with man-
ual adjustment. The complete 5’ (3,477 bp) and 3’ (4,316 bp) half-genome
fragments from the virus stock used to inoculate the cats, from PLV-PB, and
from all infected cats were subjected to phylogenetic analysis. The optimal model
of evolution based on the hierarchical likelihood ratio test was determined in
Modeltest (36) to be a Tamura-Nei model including invariant sites and rate
variation among sites (TrN+I+G). Phylogenetic trees were estimated in PAUP*
v4.0b10 (45) using maximum likelihood under the TtN+I+G model, and 100
bootstrap replicates were obtained using the fast-heuristic search algorithm.
Mutation rate estimates and 95% confidence intervals were determined using
maximum likelihood based on serial samples and the optimized model of evo-
lution for the data set as implemented in PEBBLE (12).

Frequency distribution of codons under neutral evolution. A phylogenetic tree
was estimated for the ancestral PLV sequence and sequences from the last time
point for all cats that sustained infection (all i.v. inoculated cats and ON4). The
appropriate model of evolution was determined for a sequence data set of
FIVpco genomes, which included the ancestral PLV-1695 sequence, using Mod-
eltest (36) to account for the normal base frequencies and substitution rates in
these feline lentiviruses. The expected frequency distributions of codons occur-
ring under the null hypothesis of selectively neutral evolution were obtained from
1,000 simulation replicates across a tree of each gene containing the ancestral
PLV sequence and the last sequences from cats that sustained the infection
(week 37 sequences from IV1, IV2, and IV4 and week 19 sequences from ON4)
by using Seq-Gen (37). The frequency of each codon was summed across evolved
sequences at the tips of the tree, and the cumulative frequency distribution was
determined for 1,000 replicates. Then the observed codon frequency for each of
the sequences from infected cats was computed, and its position on the cumu-
lative frequency distribution was determined. A matrix was generated that con-
tained the number of sequences that fell in the <5%, 5 to 95%, and >95%
regions of the frequency distribution. This matrix of expected and observed
codon frequencies was analyzed using a Fisher exact test for each of the 13 pairs
of codons that contain A or G in the third position. If the frequency of any codon



2730 POSS ET AL.

A V1wa-1
NAw37-C1
iV Iw11-F1
Viwd-7
Wiwa 8
W3w11-£1
ONTw11-C2
ON4w11F1
ON1TW1T1-F1
V3wa-81
Waw4-131

ONdw4-3

WV4aw4-171

Viw1i-E2
ON4w19-F1

100 — VIWITEL
_(:f__ IN3W37F2
PB-A1

ON4w4-7
ONAw19-£1

Viwl1-F2
ONaw11-D1
MAW37-E1
IVAw11.Fi

S YR
PLV-14

b———— ON2w44
‘C ON2w4-C2
ON2w11-C2
Vaw19 83
100 ON1Twd F1
ON1IwaF3

W3w11D3
IVAwW37 B1
PLV-12
PB-B1
Vw411
V1wa-12
ON1w4-82
ON1wd-B3
pPLV-31
10 changes

J. VIROL.

_’— NViwd-17

Viw37.C

———— PLV-D13
PLV-6
Viws-121

WViw11-F1

IViw4.-27
s VIW4-26

ON4w11-F1
ON4w4-191
ON4w3-241
ON4Aw10-F7
ON4w19-E3

Vaw10-A1

ON2w4-21

V3wd-11

Vaw4.141
Vaw4-181

IViw11-E4
! Q;E wWaw11-£1
ON4w11-E1

1V3wd-72
L wawieE

Viw4-18

vaw11-F1

Viw11-E1
Viw19-A1

IViw19-A2

W3Iw11.F4

1V4w37-D2

INAW37-D4

PLV-018

ON2W4-11
ONZ2w11-C1
ON2w11.C2

97 ON1w4-29
89 ON1w4-30
8 ON1w11-A1
ONIw11-A4

Viwd.24

PB-A2
PB-B2

FIG. 1. Phylogenetic relationship of sequences obtained over 37 weeks from six cats inoculated with PLV-1695. (A) 5" half-genome. (B) 3’
half-genome. Clone names indicate route of inoculation, cat identification number, date on which the sample was obtained in weeks postinocu-
lation, and a clone number. Trees were generated by maximum likelihood using a TrN+I1+G model of evolution. Branches with bootstrap values
greater than 80% are shown. Sequences from the PLV inoculum or PBMC of the infected cougar from which PLV-1695 was obtained are boldface
in the figure. The final sequences obtained from the cats that sustained infection (IV1, IV3, IV4, and ON4) are underlined.

from the PLV inoculum sequences did not fall in the 5 to 95% region, the codon
was excluded from the analysis. This analysis was repeated on the PRT portion
of pol from 10 individual FIVpco isolates (DQ308412 to -21) in order to compare
codon usage of FIVpco in the natural cougar host to those detected during
experimental infection of domestic cats.

Frequency of substitutions by position. The frequency of each type of muta-
tion (e.g., A to C, C to A, A to G, etc.) was determined for each sequence
position for each gene. This analysis was performed using phylogenetic trees esti-
mated as described above from all FIVpco and PLV sequences using the model of
evolution identified by Modeltest (36) as most appropriate. First, the ancestral
sequence at each of the interior nodes was estimated using the BASEML module
of PAML (57) under the GTR+G model of evolution. Then, the frequency of
each type of substitution at each gene position was summed across all branches
in the clade of infected cat and PLV inoculum sequences, from the basal node to
the terminal nodes. This analysis was repeated on the protease and RT (PRT)
portion of pol from nine individual FIVpco isolates described above and on a
previously described data set consisting of FIVpco pol fragments (4) in order to
compare substitutions that arose during FIVpco infection of the natural cougar
host to those detected during experimental infection of domestic cats.

Distribution of substitutions. The frequency with which multiple substitutions
at a site were observed was compared with the frequency obtained when substi-
tutions are distributed randomly. This analysis was conducted only for each of
the common mutations (A to G, G to A, and T to C). To generate the frequency
distribution for substitutions in each gene, the frequency of sites with 0, 1, 2, . ..
substitutions was determined for each gene/substitution type. Using the number
of substitutions and sequence length for each combination of gene/substitution
type, the appropriate number of substitutions was distributed at random and the
frequency of sites with 0, 1, 2, . . . substitutions was recorded. This was repeated
1,000 times for gag, 5" and 3’ pol, and env to determine the proportion of sites
expected to have a given number of substitutions under a model of random
substitution. In each gene, multiple substitutions were rare under random ex-

pectation, reaching the greatest expected frequency of only 0.055 for G-to-A
mutations in PRT. Significant deviation from random distribution was assessed
using a chi-square test among genes and among substitution types.

To determine whether substitution sites were randomly distributed along the
sequence, the observed frequency distribution (F,) of distances between substi-
tution sites of the common mutations (A to G, G to A, and T to C) in each of
four genes was compared with the distribution for randomly placed substitutions
in 1,000 replicates. For each replicate i, the number of observed substitution sites
was distributed at random on a sequence of appropriate length, and the fre-
quency distribution (f;) of the distances between substitution sites was computed.
These 1,000 instances of f; were summed to give an overall frequency distribution
F,. Each distribution, f;, F,, and F,, was converted to a cumulative frequency
distribution, ¢;, C,,, and Cj, respectively. The Kolmogorov-Smirnov D statistic was
used to compare these cumulative frequency distributions. This statistic is the
absolute value of the greatest difference between two cumulative frequency
distributions, f;(X) and f5(X), for any given X. The sampling variation of D for
random substitutions was estimated by computing D; for each c; against C,. The
difference between the observed distribution and the distribution for random
substitutions was summarized by computing D,, for the comparison of C,, against
C,. The probability of the observed value of D,, or one more extreme, was
inferred by comparison with the empirical distribution of D;. The distribution of
A-to-G, G-to-A, and T-to-C mutations was assessed at all substitution sites and
for just those sites having multiple (=2) substitutions.

Selective profiles. The selection pressures were determined for each gene in the
PLV genome except for rev. A maximum likelihood tree was produced for each gene
based on the optimized model of evolution determined in Modeltest (36). The
sequence alignment and tree were submitted to the Hyphy package available from
DataMonkey (http://www.datamonkey.org), and the single-likelihood ancestor
counting (SLAC) and fixed effects likelihood (FEL) methods using the REV (gen-
eral time reversible) model of evolution were used to assess selection (34, 35). In
addition, several models of codon-based substitution available in the CODEML
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FIG. 2. A representative HMA of the 5" half-genome of ON2, ON4, and IV3. PCR products from different weeks postinfection were digested
with Asel and prepared for HMA as described in Materials and Methods. The Asel sites and resultant fragment sizes are shown schematically at
the top of the figure in relation to the genomic structure. Each fragment is given a letter designation to indicate its position on the gel.
Heterogeneity at the Asel site that flanked fragment C in pol resulted in different fragment sizes and is indicated as C to C2. Heteroduplex
formation occurred in fragments B and D in o.n. inoculated cats, and Asel fragment C was the most common. In contrast, sequences from IV3
had variants C and C2, which were identified at each time point. Heteroduplex formation in all fragments was more noticeable in all IV3 PCRs
except at the week 37 time point. The numbers at the top of the gel indicate the week of the sample, and the lowercase designation represents

an individual PCR product.

module of PAML (57, 58) were considered that allowed different values for the
parameter w, the ratio of the rates of nonsynonymous and synonymous substitutions.
Model MO assesses the fit of a single value of o to the data. Model M1 is contrasted
with model M2, which includes an estimate of the proportion of sites having a value
of w > 1, to give a test for positive selection. A second such test is achieved by
contrasting M7, in which a beta distribution is used to model the frequency of sites
with w = 1, with M8, which has an additional site category with » > 1. A likelihood
ratio test with the Bonferroni correction for multiple tests was used to determine the
model that best fit the data. The Bayes empirical Bayes (BEB) calculation of
posterior probabilities for site classes was used to calculate the probabilities of sites
under positive selection (58).

Nucleotide sequence accession number. The PLV genomic sequence has been
deposited in GenBank (DQ192583).

RESULTS

Phylogenetic relationship of sequences. We evaluated the
phylogenetic relationship among sequences obtained from in-
fected cats to determine if there were common genetic features
that distinguished viruses that persisted or were cleared. The
maximum likelihood estimates of evolutionary rate for the 5’
and 3’ half-genomes were similar, 0.26% (0.012 to 0.475%)
and 0.37% (0.167 to 0.567%) per site per year, respectively.
There were no significant differences between rate estimates
for i.v. group and o.n. group half-genomes. The branch lengths
of sequences from both the 5’ and 3’ half-genomes derived
from experimentally infected cats are in general longer than
those of the inoculum PLV sequences and those derived from
PBMC of the infected cougar (shown in boldface in Fig. 1).
Despite evidence of diversification in PLV sequences in in-
fected cats, there was weak phylogenetic signal in the 5" por-

tion of the genome (Fig. 1A), which spanned through the end
of the viral polymerase. Only the branch containing sequences
from the week 4 ON1 and week 37 IV3 samples had support.
However, there was strong support for phylogenetic affiliation
of 3’ genome sequences (Fig. 1B) obtained from both time
points from ON1 and the final samples from ON2 (week 11)
and IV4 (week 37). There was no relationship between inter-
time point sequences in any of the cats except ONI.

Viral diversity. Because it was cost-prohibitive to sequence
multiple full-length clones from an animal at each time point,
we used an HMA to determine how well the sequenced clones
represented the overall viral diversity in each sample. The 5’
and 3’ half-genomes obtained from PCR of serial dilutions of
genomic DNA were digested with Asel and Avall, respec-
tively, as described in Materials and Methods. The diversity
within the 5" half-genome was due to both point mutations and
the acquisition of new Asel sites in pol (Fig. 2). There was no
evidence of other major variants in any of the 5" PCR products,
indicating that our clones were representative of the diversity
within a cat. The 3’ half-genome PCR products were more
variable in all infected cats. The Avall sites were conserved in
all sequences in the alignment. Thus, the majority of the HMA
diversity arose from length variation of up to 15 bp at the 5’
region of orfA4 (shown schematically in Fig. 3C and D). Again,
the 3’ half-genome clones appeared to represent the diversity
seen in the PCR products for all animals.

Distribution of lethal mutations. We determined the distri-
bution of mutations that would lead to a frameshift or stop
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FIG. 3. Distributions of insertions, deletions, and stop codons in PLV-1695-infected cats. Panels A and B are the 5’ half-genome. Panels C and
D represent the 3’ half-genome. Panels A and C are from intravenously inoculated cats, and panels B and D are from orally-nasally inoculated
cats. Stars represent stop codons, and small upright and inverted triangles represent single nucleotide deletions and insertions, respectively. The
larger triangles represent a 21-bp deletion in ON4 integrase, a 66-bp insertion in ONT1 integrase, and a 63-bp deletion in ON1 envelope. White,
gray, and black symbols indicate sequences from the first, middle, and final samples, respectively. ON1 and ON2 did not have detectable virus after
week 11, and ON4 did not have virus after week 19. Therefore, these dates represent the final samples (in black) for those animals. The genes are
displayed to represent their position in the genome and are labeled on the figure as follows: NC, nucleocapsid; C, capsid; M, matrix. The parallel

lines in orf4 in panels C and D represent a region of length variation.

codon within coding regions and render the virus defective
(Fig. 3). The number of lethal mutations in sequences from all
cats was remarkably high and was not evenly distributed across
the genome. There were no lethal mutations in matrix (M) and
only one in nucleocapsid (NC) in the 38 sequences evaluated.
In contrast, lethal mutations were common in pol, which is
represented in both the 5’ (PRT) and 3’ (dUTPase and inte-
grase [UI]) half-genomes. Stop codons were numerous in se-
quences from all cats and clustered in the RNase H region. Cat
IV1 sustained a particularly high number of stops in pol despite
the fact that this cat maintained infection throughout the 37-
week experiment. Larger insertions or deletions occurred only
in sequences from ON1 and ON4 and were located in the
integrase region of pol and in env. The length variation de-
tected in orf4 in most infected cats maintained the coding
frame.

Molecular evolutionary parameters. Because the distribution
of lethal mutations appeared to be concentrated in certain areas
of the genome, we determined the base frequencies for each gene
based on the optimized model of evolution from Modeltest (36).
There were no differences between base frequencies of genes
derived from o.n. and i.v. inoculated cats. Similar to other retro-
viruses, there was a high prevalence of adenosine (A) residues in
these sequences but the relative proportion of A was significantly
higher in 5" pol than in other coding regions (Student ¢ test, P =
0.03; Table 1). The ratio of transitions to transversion was also
significantly higher in 5’ pol.

Codon bias. The nucleotide frequency bias towards A in
HIV-1 can be attributed, in part, to the recently described
action of a host cytidine deaminase, APOBEC3G (42, 60).
During reverse transcription, this enzyme deaminates cytidine
on the single-stranded DNA produced as the RNA template is
degraded and results in incorporation of A instead of G in the
proviral plus-sense DNA strand. Recently, the action of a fe-
line cytidine deaminase with homology to human APOBC3F
has been reported on feline foamy viruses (19). We reasoned
that, if there was an increase in G-to-A mutations resulting
from the action of domestic cat cytidine deaminase on a for-
eign lentivirus, then codons that were degenerate for A or G at

TABLE 1. Evolutionary genetics parameters for each PLV gene
obtained from infected cats

Parameter Gag PRT“ urr Vif ORF*‘ A Env

Freq/ A 0.3859 0.4368 0.4065 0.3679 0.3498 0.3773
Freq C 0.1825 0.1406 0.1471 0.1503 0.1326 0.1632
Freq G 0.2113 0.1870 0.2090 0.2157 0.2470 0.2001
Freq T 0.2203 0.2355 0.2374 0.2661 0.2705 0.2594
Ts/Tv¢ 237904  45.0098  18.4540  16.5405 259121  23.9770
Selection? M1, M7 M2, M8 M2, M8 MO MO M1, M7

“5' region of pol containing protease and reverse transcriptase.
b3’ region of pol containing dUTPase and integrase.

¢ Transition-to-transversion ratio.

4 Model of selection determined in PAML.

¢ ORF, open reading frame.

/Freq, frequency.
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TABLE 2. Codons with a synonymous third-position A that fell
in the 95% tail of a codon frequency distribution

Codon Gene Amino acid
TTA Gag and PRT“ Leu
TCA Env Ser
GTA Env Val
GAA PRT Glu
AAA PRT Lys
AGA PRT and UT” Arg

“5' region of pol containing protease and reverse transcriptase.
b3’ region of pol containing dUTPase and integrase.

the third position would be represented by a higher frequency
of codons with third-position A. We tested the null hypothesis
that these codons would be distributed randomly based on a
frequency distribution generated from the sequence data. The
observed frequency of 6 of the 13 codons that are represented
by NNR (where N is any nucleotide and R is either A or G;
Table 2) was significantly different than expected from the
frequency distribution. In all six cases, the frequency of NNA
fell in the 95% tail of the distribution. The codon bias was not
equally distributed across all genes, as four of the six codons
biased for third-position A were found in pol.

To ascertain that this codon bias was due to replication of
the cougar-derived PLV isolate in domestic cats, we utilized
the same method described above to evaluate the codon fre-
quency in the PRT region of nine FIVpco isolates. The only
codon in PRT from FIVpco that occurred at a higher-than-
expected frequency was GGG, which encodes Gly.
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Substitution frequencies. As a second test of the random-
ness of substitutions, we determined the frequency of each
nucleotide state change for each gene along branches of the
phylogenetic tree (see Materials and Methods). G-to-A muta-
tions represented 41.5% (range, 33.0 to 51.4%) of all substi-
tutions. There was no correlation between the relative numbers
of G and the location of G-to-A mutations in any of the genes.
Notably, the 124-bp region in UI devoid of G-to-A mutations
(Fig. 4) contains five GG and eight GA dinucleotides, which are
the preferred target for APOBEC3 modification of HIV-1 (59).
Of significance, this site is immediately 3" of the central poly-
purine tract (cPPT), which also is lacking G-to-A mutations.

We evaluated the nucleotide substitution frequency in the
FIVpco PRT sequences used above to ascertain that the high
frequency of G-to-A mutations was not an intrinsic property of
cougar lentivirus replication. G-to-A changes comprised 13.6%
of all substitutions while 30% of all changes were A to G. We
also evaluated a previously described data set (4) of sequences
that span the region of PRT with the highest incidence of
G-to-A changes (shown by an inverted bracket in Fig. 4). The
sequences were derived from between two and four sequential
PBMC samples of six individual cougars (Table 3). Whereas
purine transitions comprise between 50 and 82% of all point
substitutions that occurred in this fragment of the FIVpco
genome, the number of A-to-G changes was equal to or greater
than the number of G-to-A mutations in five of the six animals.
Thus, the frequency of G-to-A changes reported here for PLV
replicating in a new host relates to the host environment and
not to intrinsic features of FIVpco replication.

U e

FIG. 4. Distribution of G-to-A mutations across the PLV genome. The frequency of G-to-A mutations was determined for each sequence
position for gag, 5" pol (PRT), 3" pol (UI), and env as described in Materials and Methods. The nucleotide position for each gene is given on the
x axis, and the y axis shows the number of sequences in which a G-to-A mutation arose at that position in the gene. The bracket in the panel showing
the UI gene is immediately 3’ of the cPPT. The inverted bracket in PRT shows the region evaluated for nucleotide substitution in sequential

FIVpco isolates.
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TABLE 3. Nucleotide substitution in a fragment of pol in sequential
FIVpco samples from naturally infected cougars

No. of mutations

Animal Interval® Nucleotides” Mutation®
Gto A Ato G

SF617 2 (3yr) 11,040 32 (0.29) 11 10
SF618 2 (1.5 yr) 11,040 22 (0.20) 5 13
SF620 4 (2yr) 11,500 27 (0.23) 16 5
SF623 2 (1yr) 9,660 13 (0.13) 4 4
YF125 4 (4yr) 8,100 10 (0.12) 3 3
YM131 2 (2yr) 6,480 8(0.12) 1 3

“ Number of sequential samples from which sequences were derived and the
interval over which the samples were collected in years.

® Total number of nucleotides evaluated. Fragment size varied from 460 to 540 bp.

¢ Number of single nucleotide substitutions in the alignment. Heterogeneous
sites were not included in the total count. The number in parentheses is the
percentage of the total number of sites that sustained a substitution.

Distribution of substitutions. To determine if some sites are
more likely to have multiple substitutions than others (e.g.,
whether are there “hotspots” for the location or type of sub-
stitution), we compared the frequency with which multiple
substitutions were observed with the frequency obtained when
substitutions are distributed randomly. Multiple substitutions
were rare for randomized substitutions with the greatest ex-
pected frequency of only 0.055 for G-to-A mutations in PRT.
Within our sequences, there was significant heterogeneity ob-
served among genes in the frequency of multiple substitutions
for A to G, P < 0.005, and G to A, P < 0.017, but not T to C.
G-to-A mutations had the most extreme nonrandom distribu-
tion in all genes, but this was especially pronounced in PRT. In
addition, the highest incidence of multiple substitutions (0.58)
occurred for G-to-A mutations within PRT.

We also determined if there was clustering of substitution
sites in each gene by determining if sites acquiring substitutions
were distributed randomly on the sequence. A-to-G and T-
to-C mutation sites were randomly distributed in all genes.
However, there was a nonrandom pattern of G-to-A mutation
at single hit sites for both gag and PRT (P < 0.001 and P <
0.0001, respectively). When only sites with multiple substitu-
tions were considered, then PRT was the only gene to have a
nonrandom distribution (P < 0.02). Thus, there are hotspots

E89
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within PRT for G-to-A mutations, and these sites tend to
cluster.

Selection profiles. We utilized several methods to determine
the primary evolutionary forces on each of the viral genes and to
identify sites in each gene under positive selection. From the
PAML analysis, the model of selection that best fit the data was
the same for the i.v. and o.n. group data sets for all genes (Table
1). The accessory genes vif and orf4 were evolving under a puri-
fying model of evolution. For both gag and env, approximately 65
to 75% of sites were neutrally evolving with the remainder under
purifying selection. Whereas the likelihood ratio test indicated
that the UI region was under positive selection, the estimated
proportion of sites under positive selection was zero under the
M2 model and Bayes empirical Bayes identified only one selected
site under M8. No sites in UI were identified to be under positive
selection by FEL or SLAC. The only gene with convincing evi-
dence for positive selection was 5’ pol. Three sites that fell in the
region encoding RT were identified by all methods (BEB, SLAC,
and FEL) to be under positive selection. Two sites in RT and two
in the cleaved leader sequence to protease were identified by
BEB and FEL, and an additional site in RT was identified only by
BEB. All of the positively selected sites in RT fell at residues
important for enzyme-ligand contact (Fig. 5). Two of these sites
fell within the nucleotide binding domain, and they correspond to
HIV-1 RT residues G112 and S68 or T69 (the FIV RT sequence
is one amino acid shorter in this region than the HIV-1 RT).
Three sites under selection were at positions that contact the
RNA template, corresponding to E89, G231 (in the “primer
grip”), and K353 in the HIV-1 RT sequence (9, 16, 17) (Fig. 5).
The amino acids at these sites in inoculum PLV sequences were
G69, E89, G112, G231, and R353. Thus, the residues at positions
89, 112, and 231 are conserved between primate and feline len-
tiviruses. Mutations identified in sequences derived from PLV-
infected cats were R, K, or E at site 69; K at site 89; R or E at site
112; R or E at site 231; and K at site 353. All amino acid changes
resulted from G-to-A mutations.

DISCUSSION

This report provides the first detailed analysis of the evolu-
tionary genetics of a feline lentivirus during in vivo infection of

FIG. 5. Model of reverse transcriptase showing the locations of positively selected sites in PLV-1695 RT. The model is based on the crystal
structure of HIV-1 RT (1rOa). Sites under positive selection are indicated in white (supported by BEB, SLAC, and FEL), yellow (supported by
BEB and FEL), and pale green (supported by BEB). The amino acid residue in the parental PLV-1695 sequence and the position relative to the
crystal are shown. Only the p66 chain is shown for clarity. (A) Nucleotide binding site. (B) Longitudinal view with polymerase catalytic domain

to the left and RNase H domain to the right.



VoL. 80, 2006

a new host species. Our data indicate that there are significant
accumulations of fatal mutations in the PLV-1695 genome, as
this cougar-derived feline immunodeficiency virus replicates in
domestic cats and the most common mutation throughout the
genome was G to A. Our previous report on the molecular
evolution of FIVpco (4) and data presented herein demon-
strate that a high frequency of lethal mutation and G-to-A bias
were not properties of FIVpco in the natural cougar host.
There are three mechanisms that could account for these data.
An imbalance in the pyrimidine nucleoside pool of infected
cells can enhance G-to-A mutation frequency (24, 53). Thus,
the target cell supporting replication of a virus in a new host
could affect the nature and frequency of nucleotide substitu-
tions. Second, the most common error made during reverse
transcription of HIV-1 in single replication cycle experiments
is a G-to-A mutation (22). This finding suggests that intrinsic
properties of the viral RT can be responsible for a nucleotide
bias. Most recently, editing of viral minus-strand DNA by a
host cytidine deaminase, APOBEC3G, has been reported for
HIV-1 (14, 42, 59, 60). The HIV-1 vif protein is essential to
mitigate the effect of host editing enzymes by targeting them
for degradation (7, 23), although additional mechanisms may
also be involved (11, 46). In the absence of vif, APOBEC3G is
packaged into virions. In the next round of infection, this
enzyme deaminates cytidine to uracil during first-strand DNA
synthesis, which leads to incorporation of A instead of G at the
edited site in the plus-sense DNA strand. In vitro, vif is specific
to the editing enzymes from the host of origin, which may
provide one explanation for the host specificity of lentiviruses
(3, 21, 40, 56). It is likely that all three mechanisms contribute
to the marked G-to-A hypermutation observed in some HIV-1
and other lentivirus infections. In the cross-species feline len-
tivirus infection discussed herein, the data are most consistent
with the significant impact of the innate defense of host editing
on a new virus.

The distribution of errors and the sites of G-to-A mutations
were not uniform over the genome. The pol gene had the
highest base pair frequency of A, the highest transition-to-
transversion ratio, the most stop codons, and the highest fre-
quency of sites associated with G-to-A changes and was the
only gene in which the distribution of G-to-A mutations exhib-
ited a nonrandom pattern. The action of host cytidine deami-
nases has only recently been described, and there are few
reports to indicate differential susceptibility of sites on the
lentivirus genome in natural (52) or experimental (59) infec-
tions. Indeed, we would not have detected this phenomenon if
we had not evaluated the entire coding region of the PLV-1695
genome from these cats. Yet, the replication strategy of lenti-
viruses provides an explanation for susceptibility of pol. The
process of reverse transcription converts the viral single-
stranded RNA genome into double-stranded DNA. During
synthesis of the minus-strand DNA, the viral RNA genome is
degraded by RNase H activity in the RT but RNA primers are
retained to initiate second-strand DNA production. There are
at least two polypurine tracts in the lentivirus genome that
provide the primer templates for second-strand synthesis. In
both FIV and HIV-1, there is a polypurine tract near the 3’
long terminal repeat and a cPPT in the integrase coding region
at the end of pol (6, 54). The preferred initiation site for
second-strand synthesis in HIV-1 is the PPT. However, if the
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cPPT is used, the 3’ end of the genome including the end of
pol, accessory genes, and env will be the first genes to be
converted to double-stranded DNA. Thus, these genes should
sustain the fewest mutations from a host cytidine deaminase
because it acts only on single-stranded DNA (59). In support of
this thesis, the region of UI that is devoid of G-to-A mutations
(Fig. 4) lies directly 3’ of the cPPT described for FIV (54). This
region is replete with the dinucleotide repeats that are the
targets identified for human cytidine deaminases. Protection of
the region at, and 3’ of, the cPPT has also been reported for a
hypermutated HIV-1 group O isolate (52) and near the PPT of
HIV-1 clone NL4-3 under experimental conditions (59). To
complete second-strand synthesis, there is a strand transfer to
the 5’ portion of the genome and gag and finally pol are du-
plexed. pol may be the most susceptible gene in the lentiviral
genome because it is exposed as single-stranded DNA the
longest. Thus, the patterns of G-to-A mutation observed in our
PLV genomes during infection in the new cat host are in
accord with those predicted from host cytidine deaminase ed-
iting. It is also noteworthy that, across the entire coding region
of the PLV genome, five of the seven sites most strongly sup-
ported to be under positive selection fell in RT and were
located at highly conserved areas of lentiviral RT. The effect of
these substitutions on RT function will require further study.
However, these data suggest that RT residues contacting the
RNA template and in the nucleotide binding pocket may be
important in the evolution of a lentivirus in a changing envi-
ronment.

One of the objectives of this study was to determine if the
virus evolutionary history could provide insight as to why in-
fections initiated by intravenous routes were successful, while
three cats infected orally-nasally were only transiently infected.
Our analysis of selection profiles demonstrated that few sites in
the PLV genome were under positive selection and most were
located at functional positions in the RT-encoding regions of
pol. Thus, there was no apparent signature of immune selec-
tion on the virus obtained from either i.v. or o.n. inoculated
cats, which is consistent with immunological findings (47).
Clearly there were no marked differences in the number or
distribution of lethal mutations in the genome that correlated
with viral fitness in these infections. However, the phylogenetic
profiles may indicate that there was a similar trend towards
virus extinction in both i.v. and o.n. inoculated cats that oper-
ated at different rates. For example, the sequences with the
highest intrasample relatedness were obtained during the first
12 weeks of infection from the two cats with abortive infection,
ONI1 and ON2, and from the week 37 samples of two of the
four cats evaluated with persistent viremia, IV3 and IV4. Pro-
viral loads were 10-fold higher in IV1 to IV4 and ON4 at the
onset of detectable infection cells and declined in all cats at
week 11 by at least an order of magnitude, and infected cells
were not detectable thereafter in ON1 and ON2 (47). Viral
genomes sampled over time in cats with higher proviral loads
would not appear to be related, even if they derived from the
same infected cell, because the genomes of each progeny
would be differentially edited during the next cycle of infection.
The higher relatedness among sequences from cats with low
viral loads may reflect the increased probability of sampling a
remnant population of cells that do not contribute substantially
to the virus pool. Thus, the additional burden of lethal muta-
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tions imposed on the virus from host editing enzymes increases
the threshold of viable particles needed to establish a success-
ful cross-species infection. These data demonstrate that, even
under optimized experimental infection conditions, host innate
defenses can provide important barriers to cross-species infec-
tions. However, our data also highlight the resilient nature of
lentiviruses, which can be host specific and still adapt quickly to
a changing environment.
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