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The emergence of pathogenic viruses in new species offers an unusual 
opportunity to monitor the coadaptation of viruses and their hosts in a 
dynamic ongoing process of intense biological selection. Tracking lentivirus 
epidemics in man, monkeys and cats reveals genomic struggles at three levels: 
quasispecies divergence within an individual; coadaptation of virus and host 
genomes subsequent to disease outbreaks; and transmission, spread and 
pathogenesis in related host species. Aspects of each level are revealed by 
examining the genetic diversity of feline immunodeficiency virus in domestic 
and wild cat species. This approach has been facilitated by the recent genetic 

characterization of a novel lentivirus in lions. 
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Introduct ion 

Feline mmmnodeficiency virus (FIV) causes an acquired 
inmmnodeficiency syndrome in domestic cats, involving 
depletion of  the CD4 subset of  T lymphocytes, 
susceptibility to opportunistic infections, and frequently 
death [1-6]. The presence of FIV-reactive antibodies 
in a number of  other felid species has revealed the 
widespread occurrence of  related viruses throughout the 
world [7,8"',9]. There is as yet no persuasive evidence, 
however, that FIV-related viruses cause disease in any 
of  the wild cats. If  FIV-infected wild cat species are 
healthy, then what differences among the viruses, their 
hosts, or virus-host interactions determine the lack of  
pathogenicity of  FIV in various species? In this review, 
we address this question by looking at recent studies of  
feline viruses and by examining parallels from human and 
simian immunodeficiency virus studies that relate to the 
delicate balance of  pathogenic viruses and their hosts in 
natural disease outbreaks. 

Genetic variation of FIV among host species 

O f  twenty-seven felid species that have been examined, 
seventeen revealed the presence of  FIV-reactive anti- 
bodies (Table 1). Lentiviruses genetically similar and 
morphologically analogous to F1V have been isolated 
from lions and pumas [8",9]. (We refer to all the 
fehne lentiviruses as FIV in this review, although in 
vivo all are not known to cause imnmnodeficiency.) 
Comparison of  the complete D N A  sequence of puma 

FIV with that of  FIV from domestic cats [10",11,12] 
revealed the same major genes and genome organization 
with varying levels o f  gene sequence similarity (Fig. 1). 
The sequence similarity of  the env gene and two open 
reading frames (o0C2 and o0C3) between FIVs of pumas 
and domestic cats was very small (<39% nucleotide and 
<10% amino acid sequence identity) [10"]. This level of 
genetic divergence is substantial when compared to the 
divergence of  viral genes in primate lentiviruses [13,14]. 

The amount of  genetic variation among viruses from the 
same felid species was estimated by comparing sequences 
from the highly conserved pol gene isolated from 
several individuals (Table 2). The degree of intra-species 
variation was very high with as nmch variation within 
lions and within pumas as is observed between human 
imnmnodeficiency virus type 1 (HIV-1) and sinfian 
imnmnodeficiency virus (SIV) from chimpanzee, or 
between HIV-2 and SIV from small African monkey 
species [8"',9]. Overall, pol sequence variation in felids 
was lowest among FIV isolates from domestic cats. 
Assuming that viral genetic variation increases over time, 
this indicates a more recent infection of  domestic cats 
than other feline species. 

Phylogenetic analyses of  sequences from the pol gene 
of FIV isolated from lions, pumas and domestic 
cats revealed that each feline species has its own 
species-specific strain of  FIV [8",9] (Fig. 2). These data 
indicate that there are significant differences between the 
viral strains, some of  which may account for differences 
in pathogenicity among the feline species. Sinfilarly, the 
large difference in etn, gene sequences among domestic 
cat FIV isolates offers a plausible explanation for the 
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Table 1. Seroprevalence of FIV antibodies in felids. 

Number Number % 

Species positive tested Positive References 

Lion (Panthera leo) 540 711 76 [7,20,35l (a) 

Leopard (Panthera pardus) 7 169 4 [7,20,35] (a) 

Tiger (Panthera tigris) 3 162 2 [7,20] (a) 

Snow leopard (Panthera uncia) 3 77 4 [7,20] (a) 

Jaguar (Panthera onca) 9 63 14 [7,20] (a) 

Cheetah (Acinonyx jubatus) 17 473 4 [7,20,35] (a) 

Puma (Puma concolor) 88 447 20 [7,20] (a) 

Leopard cat (Prionailurus 1 55 2 [7] (a) 

bengalensis) 
Jaguarondi (Herpailurus 6 33 18 (a) 

yagouaroundl~ 
Bobcat (Lynx rufus) 2 30 7 [7] (a) 

Lynx (Lynx so.) 0 3 0 [20] 

C louded leopard (Neofelis 0 21 0 [7] (a) 

nebulosa) 
Serval (Leptailurus serval) 0 10 0 [7,20] 

Flat headed cat (Ictailurus 1 6 17 [7] (a) 

planiceps) 
Marbled cat (Pardofelis 0 2 0 [7] (a) 

marmorata) 
Caracal (Caracal caracal) 0 1 0 [7] 

Pallas cat (Otocolobus manul) 3 7 43 (a) 

Domestic cat (Fells catus) 31 96 32 [7] (a) 

European wild cat (Felis 0 8 0 [7] (a) 

silvestris) 
Jungle cat (Fells chaus) 0 6 0 (a) 

Sand cat (Fells margarita) 0 5 0 [7] 

African wild cat (Fells libyca) 0 3 0 [a] 

Ocelot (Leopardus pardalis) 10 85 12 [7,20] (a) 

Margay (Leopardus wie&~ 4 67 6 [7] (a) 

Tigrina (Leopardus tigrina) 2 32 6 (a) 

Geoffroy's cat (Oncifelis 3 44 7 (a) 

geoffroyl) 
Pampas cat (Lynchailurus 0 3 0 (a) 

colocolo) 

(a) MA Carpenter, EW Brown, SI O'Brien, unpublished data. 

reported distinction in cell tropism and host range and 
may also determine the eflqciency of each strain in 
disease induction [2,15",16]. 

Table 2. Comparison of levels of pol gene sequence divergence in 

felid species. 

Species 

% Nucleotide % Amino acid 

divergence divergence 

No. cats Mean Range  Mean Range References 

Domestic cat 15 8 0-17 5 0-11 [9,12,16, 

38] (a) 

Lion 27 16 0-26 I 3 0-26 [8**] 

Puma 26 18 0-27 10 0-24 [9] (a) 

(a) MA Carpenter, S10'Brien, unpublished data. 

Virus-host interaction 

It is likely that differences in lentivirus infectivity are only 
part of  the story. Variations in the host immune response 
to the virus would also affect the disease outcome, 
as has been demonstrated in studies of  HIV and SIV. 
Unlike humans, chimpanzees persistently infected with 
HIV-1 fail to develop imnmnodeficiency, suggesting a 
difference between hmnans and chimpanzees in the 
host species permissiveness to disease [17]. Several 
strains of  SIVsm have been isolated which are not 
pathogenic in their natural hosts, sooty mangabeys, but 
which cause AIDS-like disease when inoculated into 
species which have no natural SIV infection, such as 
Asian macaques [18°]. In addition, macaques develop 
AIDS when infected with some strains of  SIV from 
sooty mangabey and African green monkey but not 
from others [18",19]. These SIV studies indicate that 
pathogenicity is characteristic o f  specific virus-host 
combinations, suggesting dynamic coadaptation of host 
and viruses in the African monkey species in which SIV 
infection is widespread and non-pathogenic. 

The effect of  FlV-host interaction on pathogenicity 
might be evaluated by experimental infection of felids 
with FIV from a different species. For example, infection 
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Fig. 1. Genome organizat ion of fel ine 
lentiviruses. Shaded bars denote potential 
cod ing regions in each of  the three read- 
ing frames. Numbers shown are the per- 
centage of identical amino acids shared 
by the homologous genes of  puma FlY 
and domestic cat FlY in each region [10]. 
MA,  cnatrix; CA, capsid; NC, nucleocap- 
sid; PR, protease; RT, reverse transcrip- 
tase/RNase H; DU, deoxyur id ine triphos- 
phatase; IN, integrase; SU, surface en- 
ve lope glycoprotein;  TM, transmembrane 
envelope glycoprotein.  
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Fig. 2. Phylogenetic tree showing re- 
lationships between felid and primate 
lentiviruses, constructed from pol gene 
amino acid sequences using the neighbor 
joining method [53]. Branch lengths rep- 
resent % genetic distance calculated us- 
ing Dayhoff's PAM matrix. The number of 
bootstrap iterations out of 100 which sup- 
port each node are shown in parenthe- 
ses at the node. The felid sequences in- 
clude representatives of the two domestic 
cat (fca) clades for which pol sequences 
are available, the three lion (pie) clades 
and two puma (pco) clades. BIV, bovine 
immunodeficiency virus; EIAV, equine in- 
fectious anemia virus. 

of  a specific pathogen free domestic cat with puma FIV 
resulted in the establishment of  a persistent infection, 
but no pathogenicity was observed [9]. Inoculation of  
domestic cats with lion FIV failed to produce detectable 
infection [20]. Spontaneous occurrence of  cross-species 
transmission could also prove informative; for example, 
FIV pol sequences characteristic of  a domestic cat were 
recently detected in a captive puma (MA Carpenter, SJ 
O'Brien, unpublished data). It is not yet clear whether 
differences in disease outcome are determined primarily 
by characteristics of  the strain of  FIV or of  its feline hosts. 

The influence of host selective pressures on viral 
pathogenicity has been demonstrated by changes in the 
virulence of  SIV strains that occur after passage through 
different hosts or cell types. For example, an SIVsm strain 
was observed to become more virulent after a macaque 
passage than after a passage through its natural host, 
the sooty mangabey [18"]. This suggests that the natural 
host can deter the evolution of  more pathogenic strains, 
thereby avoiding inmmne deficiency. 

Viral  populat ion  dynamics 

What is it about a pathogenic virus-host combination 
that distinguishes it from a non-pathogenic association? 
One key factor that appears to influence disease 
progression is viral load [18"]. Long-term survivors of  
HIV-1 infection who resist progression to AIDS for 
more than 10 years have been shown to maintain a 
reduced viral burden compared to people who rapidly 
progress to AIDS [21",22"]. Similarly, naturally infected 
free-ranging African green nlonkeys, which do not 

develop immunodeficiency, have a much lower viral load 
than mmmnodeficient SIV-infected macaques or AIDS 
patients [18°,19,23]. In addition, the more pathogenic 
strains of  SIV tend to produce a higher in viuo viral titer 
than milder strains [24,25]. 

There is indirect evidence that viral load is similarly 
correlated with pathogenicity in felids. Amplification 
of FIV DNA from domestic cat lymphocytes usually 
requires only a single round o f  PCR, whereas the 
more sensitive nested PCtL is generally required for 
samples from lions, pumas, and leopards ([8"',10°']; 
MA Carpenter, SJ O'Brien, unpublished data). This 
observation is consistent with a lesser viral load in the 
wild cats, in which FIV is not pathogenic. 

The viral load of H'IV (and probably FIV) is a product 
of continuous high viral replication balanced by an 
equally rapid virus removal through turnover of CD4 
cells [26",27"]. This dynamic process characterizes the 
asymptomatic phase of the disease, during which the 
inmmne system, far from being compromised, is actually 
extremely active. AIDS results when the innnune system 
is eventually overwhehned by the continuous barrage 
of virus. The decline of inmmne function in AIDS 
patients apparently reflects the overtaking of  immune 
responses by virus evolving #1 situ until 'escape mutants' 
occur and predonfinate the viral population [28-30]. 
Viral escape l~om immune surveillance may be due to 
mutational acquisition of  viral peptide motifs less easily 
recognized by the host major histocompatibility complex 
(MHC) [31,32]. Under such a model of viral load 
being a dynamic equilibrium between viral replication 
and removal, it would only take small alterations in 
either the rate of  viral replication or in the efficiency 



742 Genomes and evolution 

of  virus removal by the imnmne system to change the 
disease outcome. 

It may also be important that, in a situation with such 
rapid viral mutation and destruction, chance would have 
an enormous role in determining which viral mutations 
survived. Numerous functionally neutral new mutations 
would be carried along with the immune-selected 
variant in a viral version of  molecular hitch-hiking. 
Empirical identification of  the functionally operative 
mutation in the presence of all the hitch-hiking neutral 
variants is a difficult challenge that has yet to be 
accomplished. 

Within an individual host, a rapidly replicating viral 
strain would soon predominate over a slower replicating 
strain. If a strain replicated too rapidly, however, it 
would risk killing the host prior to being transmitted 
to a new host. Therefore the rate of  viral replication 
may be determined by a compronfise between these 
two selective forces. If  a virus mutated such that it 
were transmitted more readily between hosts, the rate 
of  viral replication would be able to increase, together 
with the pathogenicity of  the virus. Sinfilarly, if the 
characteristics of  the host population changed such 
that viral transmission was facilitated, rapidly replicating 
strains would be favored, and an increase in pathogenicity 
would result [33"]. It follows that the emergence 
of  pathogenic immunodeficiency viruses in humans 
and domestic cats could be related to the population 
characteristics that these two domesticated species have 
in common, such as high population density and high 
population mobility. The lower pathogenicity of  FIV 
in the wild cats could be seen as a nlore stable or 
'normal '  situation, which occurs in populations of  a 
relatively low density and limited mobility. This may 
be true for the solitary cat species which appear to 
have low FIV seroprevalence [7,34]. It seems unlikely, 
however, to apply to lions in which the seroprevalence 
is high (80-90%) and social behavior would facilitate 
transnfission of  the virus [8"°,35]. 

Developing host resistance to viral infection 

By what mechanisms can a host species become 
resistant to a viral infection? The resistance is often 
already there among the natural genetic variation 
present in any population, but only in a proportion of  
the individuals. Resistance becomes endemic through 
selective elimination of  the susceptible individuals and 
consequent increased reproductive success of  the resistant 
individuals. 

The relative virulence of  a pathogenic agent in a species 
may be determined by the time that has been available 
t'or coadaptation of  virus and host populations. Some 
estimates suggest that HIV-1 has been in the human 
population for less than 100 years [18"]. The severity 
of  the HIV-1 epidemic therefore reflects the emergence 
of a novel virus into a large population of  mostly 

susceptible individuals, probably from a long infected 
but resistant primate host species, such as chimpanzees 
or other non-hunlan primates [36,37]. 

The FIV pathology in domestic cats, but not in lions 
or pmnas, may have a similar explanation. FIV sequence 
variation is lower in domestic cats than in lions or pumas 
([38]; Table 1). I f  acquisition of  genomic diversity is 
time dependent (as we believe it is) then the domestic 
cat probably became infected with FIV more recently 
than did pumas or lions. Yet the present world-wide 
prevalence of  domestic cat FIV [2,39"], plus the high 
rate of  synonymous substitution in the env  gene, suggests 
that its introduction to cats preceded the emergence of 
HIV-1 in humans [39"%40]. A candidate for the donor 
species may become clear when nmre felid FIV strains 
are analyzed. In wild cat populations the susceptible 
individuals have been (or are being) eliminated, leaving 
a resistant population. The same outcome is likely for 
domestic cats and humans: the difference is that medical 
and veterinary clinicians are documenting the process. 

There are several aspects o f  the host physiology which 
could conceivably confer resistance to viral infection, 
such as the degree of  susceptibility of  individual cells 
to viral replication, or by the ability of  the M H C  to 
mount  an appropriate immune response [41]. Domestic 
cats have been shown to produce neutralizing antibodies 
to FIV, but these are only partially effective and do not 
prevent immunodeficiency [42"], possibly because of 
the production of  neutralization escape mutants [43]. 
Perhaps the production of  neutralizing antibodies is 
more effective in wild cats thus preventing H V  from 
causing imnmne suppression. Long-term survivors of  
macaque SIV infection (non-progressors to AIDS) have 
higher antibody titers than macaques which succumb to 
disease earlier [43], suggesting that the disease outcome 
is correlated with the strength of  antibody production. 
An additional mechanism for achieving disease resistance 
is demonstrated by the CD8 cells of  African green 
monkeys, which secrete a substance that suppresses SIV 
replication [44]. 

Studies of  maternal transmission of  HIV-1 suggest a way 
in which individuals can develop resistance to lentivirus 
infection. A number of  healthy seronegative children 
born to seropositive mothers have HIV-1 infection 
detected by PCP,,, in situ hybridization or virus isolation 
[45",46]. It was suggested that exposure of  a fetus 
to HIV-1 could lead to a form of tolerance, such 
that no antibodies to HIV-1 are produced, and no 
destruction of  infected CD4 cells occurs [45°]. As HIV-1 
replicates only in activated cells this would provide 
fewer cells for HIV-1 to infect, thereby slowing viral 
replication. Healthy seronegative domestic cats which 
carry FIV nucleic acids have also been observed [47]. 
If  this phenomenon is found ill wild cats, this is another 
mechanism by which they may have developed resistance 
to FIV-associated pathogenesis. 

Disease resistance can also be conferred by infection with 
a non-pathogenic strain of  the same virus, which acts as a 
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vaccine. For example, it has been suggested that infection 
with HIV-2,  which takes nmch longer to cause disease 
than HIV-1,  may confer resistance to HIV-1 infection 
[48"]. A non-pathogenic variant could originate through 
mutation or deletion, and if the deletion were substantial, 
would have little chance of  reverting to a pathogenic 
strain. An example of  such a deletion mutant is provided 
by a nef-deleted SIV isolate which successfully protected 
its hosts from infection by pathogenic SIV strains [49]. 

It is difficult to see how a non-pathogenic strain would 
ever originate from a rapidly replicating strain as it 
would be quickly outnumbered [50]. However, there 
is evidence for replication deficient deletion mutants 
that can compete effectively against rapidly replicating 
viruses. Known as defective interfering particles (DIPs), 
these spontaneous deletion mutants manage to replicate 
at the expense of  the parent virus, while depending 
on the parent virus to enable them to complete their 
replication cycle. The advantage of  the DIPs may reside 
in their shorter genomes being replicated more rapidly, 
but it has been suggested that more active means o f  
interference occur, such that only DIPs are released from 
the infected host cell. The interaction of  the parent virus 
and DIPs can theoretically result in a spontaneous cure 
through the elimination of  the parent virus [51]. 

A non-pathogenic virus which becomes integrated in 
the germline of  the host, an endogenous retrovirus, 
would be transnfitted vertically from parent to offspring 
as a chromosomal element. If  it conferred resistance to 
infection by related pathogenic viruses then it could 
easily spread through the population as a result o f  
selection for disease resistance. At this stage, it is not 
even necessary for the complete viral genome to be 
present. This appears to have happened in a California 
wild mouse population in which a transcriptionally 
active truncated retrovirus has become a part of  the 
genome [52]. The insertion consists of  part of  the pol 
gene, a transcriptionally active env gene, and the 3' long 
terminal repeat, and has 90% homology to an exogenous 
pathogenic retrovirus present in the nlouse population. 
It is thought to confer resistance to the lethal virus by 
producing proteins which block the cell surface receptors 
normally used by the virus. Similar genomic adaptations 
may be found to confer resistance to FIV in the wild 
cats. 

Conclusion 

The information currently available suggests that wild 
cats are resistant to the FIV strains they carry, and 
that this immunity is likely to be due to coadaptation 
of the virus and host. There is no indication yet which 
parts of  the felid and virus genomes were involved in 
coadaptation. Clues about the pathogenicity of  FIV in 
wild cats may be obtained by exanfining other viruses, 
such as HIV-1 and SIV, in which parallel processes are 

occurring. Information about the mechanisms which 
allow wild cats to tolerate FIV infection may be useful 
in finding ways to control infectious disease, particularly 
FIV in domestic cats and HIV-1 in man. 
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