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Feline immunodeficiency virus (FIV) is the Lentivirus responsible for an immunodeficiency-like disease in
domestic cats (Felis catus). FIV is divided into five phylogenetic subtypes (A, B, C, D, and E), based on genetic
diversity. Knowledge of the geographical distribution of subtypes is relevant for understanding different
disease progressions and for vaccine development. In this study, viral sequences of 26 infected cats from Rio
de Janeiro, 8 undergoing treatment with zidovudine (AZT) for at least 5 years, were successfully amplified from
blood specimens. gag capsid (CA), pol reverse transcriptase (RT), and env gp120 (V3-V4) regions were analyzed
to determine subtypes and to evaluate potential mutations related to antiretroviral drug resistance among
treated cats. Subtyping based on phylogenetic analysis was performed by the neighbor-joining and maximum
likelihood methods. All of the sequences clustered with subtype B in the three regions, exhibiting low genetic
variability. Additionally, we found evidence that the same virus is circulating in animals in close contact. The
analysis of FIV RT sequences identified two new putative mutations related to drug resistance located in the
RT “finger” domain, which has 60% identity to human immunodeficiency virus (HIV) sequence. Amino acid
change K3R at codons 64 and 69 was found in 25% and 37.5% of the treated animals, respectively. These
signatures were comparable to K65R and K70R thymidine-associated mutations found in the HIV-1 HXB2
counterpart. This finding strongly suggests a position correlation between the mutations found in FIV and the
K65R and K70R substitutions from drug-resistant HIV-1 strains.

Feline immunodeficiency virus (FIV) is the Lentivirus that
infects members of Felidae family. FIV isolates from domestic
cats have been detected all over the world. Five pure subtypes
of FIV (A, B, C, D, and E) and their mosaic forms have been
identified, based on analysis of V3-V5 env gene and p25 gag
gene (12, 28, 33, 39). Subtypes A and B are the most common
worldwide isolates. Subtype A has been reported in the United
States, Canada, Europe, Australia, and New Zealand (3, 8, 11,
33, 34, 39, 41). Subtype B has been reported in the United
States, Canada, Europe, and Japan (3, 11, 17, 29, 33). Subtype
C has been reported in the United States, Canada, Europe,
New Zealand, Taiwan, and Vietnam (3, 11, 15, 27, 33). Subtype
D has been reported in Japan and Vietnam (17, 27), and
subtype E has been reported in Argentina (28). The prevalence
of FIV-positive animals varies among countries, depending on
the groups of animals tested. Among sick cats tested, some

authors found about FIV prevalences of 47% in cats in En-
gland (6), 43.9% in cats in Japan (16), and 52.7% in cats in
France (26). There are few data about the prevalence of FIV-
positive domestic cats in Brazil—mostly from studies of sick
cats done in veterinary clinics which detected FIV infection in
14% of infected cats in São Paulo (32) and 37.5% of infected
cats in Rio Grande do Sul (5). Overall rates of infection of cats
were 2.7% in Minas Gerais (7) and 16.66% in Rio de Janeiro
(40) in random sampling studies with sick and healthy cats.

The infection in domestic cats is characterized by a long
period without symptoms, followed by increased susceptibility
to opportunistic infections leading to AIDS-like disease. A
vaccine based on subtypes A and D was developed in 2002 in
an attempt to control new infections (45). When the animal is
already infected, one possibility to reduce viral replication is
antiretroviral (ARV) therapy. This ARV therapy is based on
nucleoside reverse transcriptase (RT) inhibitors (NRTIs) such
as zidovudine (AZT) and lamivudine (3TC). These therapies
can lead to immunological and clinical improvement and may
prolong the life expectancy of treated animals. Drug classes
that inhibit human immunodeficiency virus type 1 (HIV-1)
have been tested on FIV, and the real effectiveness is still
controversial (1). FIV is not inhibited by non-NRTIs and pro-
tease inhibitors but responds to NRTIs and, more recently, to
integrase strand-transfer inhibitors (36). The emergence of
drug resistance mutants in infected cats is believed to result in
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clinical failure of antiviral therapy, based on AIDS treatment
knowledge (19). In the 1990s, some virus resistance mutations
associated with ARV in cats were characterized by in vitro
assays. FIV RT mutations V47I (51), M183T/V (37), P156S
(38), and D3H (24) were described. There have been no re-
ports in the literature evaluating in vivo resistance mutations in
cats receiving ARV for a long period of time. More informa-
tion about RT gene resistance mutations in the FIV model is
relevant, and it could be useful as an ARV therapy model for
human AIDS treatment.

In this work, we describe the genetic profiles of 26 FIV
isolates infecting domestic cats in Rio de Janeiro, Brazil. We
found that 100% of the isolates were subtype B, based on
phylogenetic analysis targeting three different coding regions
throughout the FIV genome: p25 capsid (CA), RT, and the
V3-V4 loop of envelope. Some of the cats were undergoing
NRTI-based ARV therapy, and the genotypic profiles of drug
resistance were also analyzed for the pol RT region.

MATERIALS AND METHODS

Study population. Samples were collected between May 2006 and August 2007
from different locations at Rio de Janeiro city and vicinity. The locations were
different selected areas represented herein by letters A to E, where locations A
to D represent samples from Rio de Janeiro and location E represents samples
from Niterói, a city about 13 km away from Rio de Janeiro. All 26 cats were
rescued from the street: 23 cats were in private shelters, and 3 were individually

rescued and adopted by different people. Eleven cats came from location A, 3
from location B, 10 from location C, and 1 from location D, and 1 kitten was from
location E. Neighborhoods A and B are adjacent. Eight cats from location A had
started the NRTI treatment by the time they arrived at the shelter (Table 1).

Sample collection. Whole blood from 26 domestic cats, positive for FIV in
serological tests, was drawn with 3-ml sterile EDTA tubes. Serum and peripheral
blood mononuclear cells (PBMCs) were separated by centrifugation and stored
at �80°C until use. A second sample draw was performed with animals RJ03,
RJ04, RJ05, RJ06, RJ10, RJ13, and RJ24 to confirm the similarity between
samples and discard the possibility of contamination. The genomic DNA from
200 �l of each whole-blood sample was extracted with QIAamp DNA blood mini
kit (Qiagen, Germany), according to the manufacturer’s protocol. The viral RNA
was extracted from 140 �l of collected plasma using the QIAamp viral RNA mini
kit (Qiagen, Germany), only for samples from cats RJ08, RJ09, RJ12, and RJ18.
These plasma samples were used to confirm the sequence profile and discount
contamination problems. New samples from these cats were not possible as they
died sometime after the first blood sample withdrawal.

Nested PCR amplification and sequencing. Primers were designed based on
sequence of isolate TM2 (subtype B) from Japan. Nested PCR outer and inner
primers were made to amplify DNA coding sequences of p25 CA, RT, and the
V3-V4 loop of envelope. The nested PCR fragments generated were 405, 603,
and 554 bp, respectively (Table 2).

The PCR conditions were 1.25 U of Taq polymerase Platinum (Invitrogen), 2.5
mM MgCl2, 1� Taq Platinum buffer (Invitrogen), 0.2 mM of each deoxynucleo-
side triphosphate (dNTP), and 1.25 pmol of each primer to a final volume of 50
�l, using 5 �l of extracted genomic DNA (DNAg; eluted volume from extraction,
50 �l). The first round of reaction performed for DNAg was 98°C for 5 min,
followed by 35 cycles of 95°C for 40 s, 55°C for 45 s, and 72°C for 90 s, with one
final cycle of 72°C for 7 min; an ABI9700 Thermocycler (Applied Biosystems)
was used. For nested PCRs and the first round using cDNA, the cycling condi-
tions were 95°C for 5 min, followed by 35 cycles of 95°C for 40 s, 56°C for 45 s,

TABLE 1. Clinical characterization of samplesa

Sample
Collection

date
(mo/yr)

Sex Neighborhood Location
ARV treatment

Clinical symptom(s)b Outcome
1st (mo/yr begins–ends) 2nd (mo/yr begins)

RJ01 5/06 M Vila Isabelc A Clinically healthy
RJ02 5/06 M Vila Isabelc A Clinically healthy
RJ03 7/06 M Vila Isabel A AZT (5/02–2/07) AZT � 3TC (3/07) Clinically healthy
RJ04 7/06 M Vila Isabel A AZT (11/00–2/07) AZT � 3TC (3/07) Clinically healthy
RJ05 7/06 M Vila Isabel A AZT (9/01–2/07) AZT � 3TC (3/07) Clinically healthy
RJ06 7/06 F Vila Isabel A AZT (11/00–2/07) AZT � 3TC (3/07) Clinically healthy
RJ07 6/06 M Guaratiba C MI, URTI
RJ08 6/06 F Guaratiba C MI, URTI, pyothorax Death 2/07
RJ09 6/06 M Guaratiba C MI, URTI, mycoplasma Death 8/06
RJ10 6/06 M Guaratiba C MI, URTI
RJ11 6/06 M Guaratiba C MI, URTI, opisthotonus
RJ12 6/06 F Guaratiba C MI, URTI Death 3/07
RJ13 6/06 F Guaratiba C MI, URTI
RJ14 6/06 M Guaratiba C MI, URTI
RJ15 6/06 F Guaratiba C MI, URTI
RJ16 6/06 M Guaratiba C MI, URTI
RJ17 6/06 M Tijucac B Clinically healthy
RJ18 7/06 F Vila Isabel A AZT (11/00–6/06) Anemia, diarrhea Death
RJ19 9/06 F Niteróid E URTI, seizures,

mycoplasma, anemia
RJ20 10/06 M Alto Boa Vista D URTI
RJ21 9/06 M Vila Isabel A Abscess, cachexia Death 9/06
RJ22 10/06 F Vila Isabel A AZT (11/00–2/07) AZT � 3TC (3/07) Clinically healthy
RJ23 10/06 F Vila Isabel A AZT (11/00–11/06) Neoplasy Euthanized
RJ24 10/06 F Vila Isabel A AZT (11/00–2/07) AZT � 3TC (3/07) Clinically healthy
RJ34 7/07 M Tijuca B Cutaneous infection,

myiasis
RJ35 9/07 M Tijuca B Diarrhea

a Shown are the isolate names, date of total blood collection for this study, domestic cat sex (M, male; F, female), neighborhoods where the animals were captured,
classification of place according to neighborhood borders, date of first NRTI therapy introduction and end of regimen, date of second NRTI therapy introduction,
clinical symptoms presented by each animal on the date of sample collection, and clinical outcome.

b Neurological disorders: MI, motor incoordination; URTI, upper respiratory tract infection.
c Cat that was adopted after capture.
d Kitten.
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and 72°C for 60 s, with one final cycle of 72°C for 7 min. The PCR was purified
with Montage PCR centrifugal filter devices, according to the manufacturer’s
protocol. The material was quantified by comigration into a 1% agarose Tris-
borate-EDTA gel with a DNA mass ladder (low-DNA-mass ladder; Invitrogen),
before being submitted to the sequencing reaction.

Each primer used for the second round of amplification was also used sepa-
rately for sequencing of each FIV genomic region. The sequencing was per-
formed by an “in-house” methodology using the ABI big dye terminator v.3.1 kit
and ABI3100 sequencer (Applied Biosystems).

Virus subtyping and sequence analysis. The sequences generated were man-
ually edited with SeqMan software. Primer locations were excluded for the
analysis: fragment lengths obtained to final analysis were 362 bp for CA, 554 bp
for RT, and 487 bp for the V3-V5 regions. Each region was aligned with refer-
ence sequences available at the GenBank website using the ClustalW tool (44).
The phylogenetic analysis of all the sequences was made by using the neighbor-
joining method performed with MEGA 3.1 software (18). The distance matrix
was generated by Kimura’s two-parameter model for nucleotides. The statistical
strength of the neighbor-joining method was assessed by bootstrap resampling
(1,000 replicates). To build the trees of CA and RT, we used as the outgroup a
sequence from Pallas’ cat (Otocolobus manul), FIVOMA. To calculate the overall
genetic distances of each subtype group and between groups, we used Kimura’s
two-parameter model in MEGA 3.1 software. The pairwise matrix was generated
and then plotted in a graph in Sigmaplot 9.0 software.

To determine the substitution models that would best fit our data sets for
maximum likelihood (ML) analysis, program Modeltest 3.06 (30) was performed
which gives the best model for the hierarchical likelihood ratio test (hLRTs) (42)
and for the Akaike information criterion (AIC). The models suggested for gag,
pol, and env by the hLRTs were HKY�I�G, K81uf�G, and TrN�I�G, respec-
tively. For AIC, the models selected were HKY�I�G, TrN�I�G, and
GTR�I�G. The ML trees were inferred using PAUP*, version 4.0b10 (43). All
models suggested were tested, with the exception of K81uf�G, which was sub-
stituted for by GTR�G. The TrN�I�G and the GTR�G scripts were gener-
ously provided by Artur Trancoso Lopo de Queiroz, and the other scripts were
obtained from the Bioafrica.net website (M. Salemi and T. de Oliveira, PAUP*
scripts and tutorials section at http://www.bioafrica.net). ML phylogenetic trees
constructed with the models suggested by hLRT are available in the supplemen-
tal material.

The following subtype-specific reference sequences of FIV, as well as the
outgroup sequence from Pallas’ cat, were downloaded from GenBank (accession
numbers given in parentheses): subtype A, Petaluma (M25381), PPR (M36968),
and Sendai1 (D37820 and D37813); subtype B, isolate from the United States,
USIL2489_7B (U11820), isolates from Italy, M2 (X69501) and M3 (X69502),
and isolates from Japan, TM2 (M59418), Sendai 2 (D37821 and D37814),
Aomori 1 (D37823 and D37816), Aomori 2 (D37824 and D37817), and Yoko-
hama (D37819 and D37812); subtype C, isolates from Canada, C (AF474246)
and C36 (AY600517), and isolates from Taiwan, Ti1 (AB027298) and Ti3

(AB027300); subtype D, isolates Fukuoka (D37822 and D37815) and Shizuoka
(D37818 and D37811); and subtype E, isolates LP3 (AB027302 and D84496),
LP20 (AB027303 and D84498), and LP24 (AB027304 and D84500). The acces-
sion number for the selvage isolate from Pallas’ cat is AY713445.

Nucleotide sequence accession numbers. All sequences generated in this work
have been submitted to GenBank. Their accession numbers are EU375620 to
EU375645 for the CA gag region, EU375568 to EU375593 for the RT pol region,
and EU375594 to EU375619 for the V3-V4 env region.

RESULTS

Sampling of infected cats. In this study, 26 samples from
FIV-positive domestic cats (Felis catus) were collected from
five different sites in Rio de Janeiro state (Table 1). There were
16 males and 10 females, with 1 female kitten. From 11 cats
that were rescued in location A (Vila Isabel neighborhood), 3
have been adopted and 8 were maintained in a private shelter.
The latter eight cats had been undergoing treatment with AZT
starting from 2000 to 2002. One cat died in July 2006, and
another was euthanized due to cancer. In March 2007, the six
remaining animals undergoing AZT monotherapy had their
ARV treatment switched to AZT (5 mg) plus 3TC (4 mg/kg of
body weight) twice a day due to the availability of a capsule
formulation by that time. Those cats undergoing treatment
were clinically healthy from the beginning of therapy until the
submission of the manuscript for this article. At location C
(Guaratiba neighborhood), 10 positive animals were selected:
all of them presented with motor incoordination and upper
respiratory tract infection. In this group, four cats have died
within the last 2 years.

For locations less represented, we found one infected cat
living in a shelter at location D and one infected female kitten
adopted by a citizen at location E. An infected cat was iden-
tified at location B, where two other cats belonging to the same
group were rescued and adopted by a veterinary clinic and
another person. All detailed clinical symptoms are presented
in Table 1.

Sample amplifications. All 26 samples collected were sub-
mitted to genomic DNA extraction, and the three regions (p25

TABLE 2. List of primers used in nested PCR and in sequencing reaction

Region and primera Sequence (5�33�) Length
Terminal position

5� 3�

CA
Gag out CA F GACTGTATCTACTGCCACAGC 21-mer 927 947
Gag out CA R TTCTTGGCAGGCCCTCAGTTTT 22-mer 1674 1653
Gag int CA F GGGATTAGACACCAGACCATC 21-mer 972 992
Gag int CA R CTGGGCTCTGCTTGTTGTTCT 21-mer 1376 1356

V3-V4
Env out F GCGCAAGTAGTGTGGAGACT 20-mer 6791 6810
Env out R CTGCATAACTTCTTCCGGCAC 21-mer 8080 8060
Hd int F GGATGGTGGAACCAAGTAGC 20-mer 7334 7353
Env int R GGTAAATCCGATGTGCAAGACC 22-mer 7887 7866

RT
RT out F GGAGTAGGAGGAGGAAAAAGAGGAAC 26-mer 2157 2182
RT out R GCCCATCCACTTATATGGGGGC 22-mer 3029 3008
RT int F GGGCCTCAGGTAAAACAGTGGC 22-mer 2391 2412
RT int R GTCTTCCGGGGTTTCAAATCCCCAC 25-mer 2993 2969

a Primers for the CA region were based on those of Hohdatsu et al. (12), and primers for the V3-V4 region, with exception of Env out R, were based on those of
Bachman et al. (3). All RT primers were based on the TM2 subtype B sequence.
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CA, RT, and the V3-V4 loop of envelope) from the genomic
provirus were successfully amplified by nested PCR as de-
scribed, and sequenced for further genetic and phylogenetic
analyses.

All samples that showed 100% similarity in any region (sam-
ples from cats RJ06, RJ08, RJ09, RJ10, RJ12, RJ13, RJ18,
RJ34, and RJ35) were submitted to a new PCR from the first
PCR round, and the amplicon product was sequenced.

The new sequencing result showed again a profile of 100%
similarity, and we performed a new genomic DNA extraction
for sequencing again. This was only possible for samples from
cats RJ08, RJ09, RJ10, RJ12, and RJ13, from which we still
kept preserved PBMCs. The results remained the same.

To confirm this profile and avoid PBMC contamination and
recover material (PBMCs) from those not yet reevaluated, we
performed a new blood collection from cats who provided
samples RJ06, RJ10, and RJ13, followed by extraction of
DNAg, PCR, and sequencing. The cats who provided samples
RJ08, RJ09, RJ12, and RJ18 died during the study, and we
could not recover any material postmortem. Cats RJ34 and
RJ35 were street cats, and we could not assess again their
material. For those samples analyzed, the results continued to
be the same.

For previously collected samples from animals already dead,
we performed the RNA extraction from plasma and than se-
quenced the cDNA (viable virus; samples from cats RJ08,
RJ09, RJ12, and RJ18). In this case, the samples also had the
same profile found before.

NRTI-treated cats RJ03, RJ04, RJ05, RJ22, and RJ24 were
also submitted to this new round of blood collection sequenc-
ing, to confirm their genomic profiles.

Virus subtyping. Genetic analysis of the gag (CA) region
comprised 362 bp (positions 994 to 1355 relative to isolate
TM2). Phylogeny showed that all samples clustered with sub-
type B sequences previously described and presented low ge-
netic variability (Fig. 1). An average of 2% genetic variability
within all 26 samples from Brazil (see Fig. 4A) was found.
Some samples collected at the same location showed 100%
intralocal similarity in the CA: samples from cats RJ08 and
RJ09 at location C; RJ10, RJ12, and RJ13 at location C; and
RJ34 and RJ35 at location B. To confirm this genetic profile
and discount for contamination, new samples were collected,
and the extraction and PCRs were performed on different
days. The profiles remained exactly the same. All samples
analyzed did not clustered monophyletically but were able to
group together with all subtype B reference sequences (99% of
bootstrap value at the defining node), possibly reflecting a high
degree of intraclade variability. Three samples (from cats
RJ15, RJ06, and RJ18), whose isolates diverged significantly
from the other clade B isolates, were analyzed for an original
founder event of recombination between different subtypes.
For that purpose, we sequenced a seminested fragment of 660

nucleotide pairs for RJ15 (using outer reverse and inner for-
ward PCR primers) to perform recombination analysis in Sim-
plot, version 3.5.1, software (20). The 660-bp fragment did not
show any evidence of recombination with known non-B sub-
types (data not shown).

Genetic analysis of the pol (RT) region was comprised of
554 bp (positions 2415 to 2968 relative to isolate TM2). We
found an average of 1.9% genetic variability within all 26 sam-
ples from Brazil (Fig. 4B). Phylogeny analysis showed that all
samples also clustered with the only two subtype B reference
isolates available for this genomic region: USIL2489_7B from
the United States and TM2 from Japan (Fig. 2). Nevertheless,
Japanese isolate TM2 positioned as a clade B outlier, different
from the North American reference sequence USIL2489_7B,
although it still kept a bootstrap value of 100% with the clade
B cluster. As well as in the gag CA region, samples from cats
RJ08 and RJ09 (location C) and RJ34 and RJ35 (location B)
from the same geographical region showed 100% similarity.
This was not observed for isolates from cats RJ10, RJ12, and
RJ13 (location C), which were identical for the gag CA region
previously analyzed. To discount again the possibility of con-
tamination, the same procedure was followed as described for
gag CA region reanalysis.

Genetic analysis of env (V3-V4) region was comprised of 487
bp (positions 7358 to 7844 related to isolate TM2). Phylogeny
showed that all Brazilian samples clustered again as subtype B
sequences, being more related to references M2 and M3 from
Italy and USIL2489_7B from the United States, than to the
Japanese references (Fig. 3). The cluster of Brazilian se-
quences presented 2.7% of mean genetic variability within all
26 samples from Brazil (Fig. 4B). Samples collected at the
same location that showed 100% similarity at the V3-V4 region
were from cats RJ10, RJ12, and RJ13 at location C (samples
also identical at gag CA region); cats RJ34 and RJ35 at loca-
tion B (samples also identical at the gag CA and pol RT
regions); and cats RJ06 and RJ18 at location A. Samples from
cats RJ08 and RJ09 (location C) that were shown to be iden-
tical to other regions analyzed were not identical at the env
V3-V4 region.

The best tree topologies found were made using neighbor
joining with Kimura’s two-parameter model. The analysis of
ML trees didn’t change the results of Brazilian sample subtyp-
ing, confirming that all samples in all regions belonged to
subtype B. For this reason, these trees generated according to
hLRT models are available as supplemental data (see Fig.
SA1, SA2, and SA3 in the supplemental material).

Genetic distance analysis. FIV isolates showed relative low
genetic variability: about 2.0% in CA, 1.9% in RT, and 2.7% in
the V3-V4 region (Fig. 4). In contrast, we observed intrasub-
type variabilities of 3.7%, 3.5%, and 9.4% at the respective
regions in subtype A sequences from GenBank; variability of
about 12.4% in CA for subtype C; and variability of 7.5% in the

FIG. 1. Phylogenetic tree from 362 nucleotides of CA gag alignment. The tree was inferred using the neighbor-joining distance method and
Kimura’s two-parameter model. Shown are bootstrap values of 1,000 replicates. Bootstrap values greater than 70% are shown. Circles represent
isolates from location A (black circles represent cats undergoing treatment), pentagons represent isolates from location B, triangles represent
isolates from location C, lozenges represent isolates from location D, and squares represent isolates from location E. The horizontal bar indicates
the nucleotide substitution scale.
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V3-V4 region of subtype B from Japan, as well as 5.8% genetic
variability in the V3-V4 region within subtype B samples from
the United States and Italy (Fig. 4C).

When intersubtype sequences were compared, Brazilian

samples showed the highest genetic similarity to samples of
subtype B to U.S. samples, as revealed by the pairwise ge-
netic distance analysis (Tables 3, 4, and 5). In CA, only 2%
distance was observed from a subtype B prototype from the

FIG. 2. Phylogenetic tree from 554 nucleotides of RT pol alignment. The tree was inferred as described in the legend to Fig. 1. The symbols
used in this figure represent different regions and treatment statuses as depicted in Fig. 1.
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FIG. 3. Phylogenetic tree from 487 nucleotides of V3-V4 env alignment. The tree was inferred as described in the legend to Fig. 1. The symbols
used in this figure represent different regions and treatment statuses as depicted in Fig. 1.
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United States (USIL2489_7B); 3% distance was observed
from subtype B samples from Japan and the United States
(TM2 and USIL2489_7B), and 4.4% distance was observed
from subtype B samples from the United States and Italy (M2,
M3, and USIL2489_7B).

Genotypic profile of resistance to ARV. The 26 sequences
analyzed were separated into two groups of origin: cats that
were undergoing ARV treatment (8 cats) and ARV treatment-
naı̈ve cats (18 cats). The pol RT sequences from virus isolates
were aligned and searched for the presence of ARV-resistance
mutations as previously described (24, 37, 38, 51). No V47I,
P156S, or M183T/V resistance mutations in RT were found
(Fig. 5). The fragments analyzed begin at amino acid 26 of RT,
excluding the substitution D3H from this analysis. All muta-
tions that were present in at least two treated isolates and were
not present in any other naı̈ve isolate were taken into consid-
eration for genotypic analysis of resistance. Amino acid
changes D35E and V153I were present in 25% of the treated
isolates, but also appeared in some subtype A, C, and Pallas’
cat reference sequences, where those polymorphisms appear to
be subtype-specific molecular signatures.

We found K64R in 25% and K69R mutations in 37.5% of
the treated samples. Arginine at positions 64 and 69 was not
found in any isolates from the treated naı̈ve cats, other subtype
reference sequences, or the Pallas’ cat selvage isolate. Those
two substitutions arose together in isolate RJ05 from the AZT-
treated group, with K64R also found in RJ24 and K69R in
RJ06 and RJ18 isolates, the same two isolates carrying the
subtype-specific polymorphisms D35E and V153I described
herein. Statistical analysis using a two-tailed (double one-
tailed) Fisher’s exact test showed a significant correlation be-
tween ARV treatment in cats and the appearance of K64R
and/or K69R (P � 0.0094, � � 0.05), inferring a possible role
of those mutations in the phenotypic resistance to nucleoside
analogs used during ARV therapy on those cats.

When the FIV RT sequences were compared to that of

FIG. 4. Box plot representation of genetic distances found within
each subtype group analyzed. Values above the bars represent the
overall mean of genetic distance found in each group. Dashed lines
indicate 2.0% genetic distance. The sequence isolates used are shown

in each box plot. (A) CA region. The following samples were used:
subtype A (Sub A), Petaluma, PPR, and Sendai1; subtype B from
Japan (Sub B JP), Sendai2, TM2, Yokohama, Aomori1, and Aomori2;
subtype B from Japan and from the United States (Sub B JP/US),
Sendai2, TM2, Yokohama, Aomori1, Aomori2, and USIL2489_7B;
subtype B from Brazil (Sub B BR), RJ01, RJ02, RJ03, RJ04, RJ05,
RJ06, RJ07, RJ08, RJ09, RJ10, RJ11, RJ12, RJ13, RJ14, RJ15, RJ16,
RJ17, RJ18, RJ19, RJ20, RJ21, RJ22, RJ23, RJ24, RJ34, and RJ35;
subtype C from Canada (Sub C CA), C and C36; subtype C from
Taiwan (Sub C Ti), Ti1 and Ti3; subtype C from Canada and Taiwan
(Sub C all), C, C36, Ti1, and Ti4; subtype D (Sub D), Shizuoka and
Fukuoka; and subtype E (Sub E), LP20E, LP24E, and LP3E. (B) RT
region. The following samples were used: Sub A, Petaluma and PPR;
Sub B JP/US, TM2 and USIL2489_7B; Sub B BR, RJ01, RJ02, RJ03,
RJ04, RJ05, RJ06, RJ07, RJ08, RJ09, RJ10, RJ11, RJ12, RJ13, RJ14,
RJ15, RJ16, RJ17, RJ18, RJ19, RJ20, RJ21, RJ22, RJ23, RJ24, RJ34,
and RJ35; subtype C from Canada (Sub C), C and C36. (C) V3-V4
region. The following samples were used: Sub A, Petaluma, PPR, and
Sendai1; Sub B JP, Sendai2, TM2, Yokohama, Aomori1, and
Aomori2; subtype B from the United States and Italy (Sub B US/IT),
M2, M3, and USIL2489_7B; Sub B BR, RJ01, RJ02, RJ03, RJ04,
RJ05, RJ06, RJ07, RJ08, RJ09, RJ10, RJ11, RJ12, RJ13, RJ14, RJ15,
RJ16, RJ17, RJ18, RJ19, RJ20, RJ21, RJ22, RJ23, RJ24, RJ34, and
RJ35; subtype C from Canada (Sub C), C and C36; Sub D, Shizuoka
and Fukuoka; and Sub E, LP20E, LP24E, and LP3E.
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HIV-1 sequence isolate HXB2 (accession no. K03455), we
found high similarity around these positions in both sequences
(Fig. 5). This FIV region, encompassing amino acids K64, K65,
K66, and K69 of the conserved KKK(X)nK domain, correlates
with HIV-1 RT positions K64, K65, K66, and K70. In HIV,
Ky3R substitutions at positions 65 and 70 of RT are strongly
related to cross-resistance to nucleoside analogs and AZT re-
sistance, respectively.

DISCUSSION

Brazilian FIV strains and their epidemic spread have not
been deeply characterized. FIV subtype B was detected in one
sample based on gag sequence in a brief report from Minas
Gerais state (7). A recently published review indicated that
subtype E was the only one prevalent in Brazil (49). In our
study, classification of 26 samples based on sequencing analysis
of viral genomic regions gag, pol, and env identified B as the
only subtype circulating in FIV-positive animals in Rio de
Janeiro State (Rio de Janeiro city and Niterói city). Our find-
ings are in accordance with the report from Caxito et al. (7) in
Minas Gerais state. Additionally, we tested sequences from
Brazilian isolates available at the GenBank database (unpub-
lished data) which represent two different states: São Paulo
and Minas Gerais. All available sequences of gag and env from
Brazilian isolates previously characterized clustered with our
subtype B strains herein described as well as with international

reference sequences of subtype B (data not shown). These
findings show evidence that subtype B is the only subtype
detected in Brazil, and the epidemiologic information gener-
ated herein contributes to the knowledge of the diversity of
FIV strains circulating in this country. This knowledge will be
instrumental for testing the efficacy of commercial vaccine
available with subtypes A and D (Fel-O-Vax FIV).

Here we found that the subtype B circulating in Rio de
Janeiro exhibits low genetic variability (about 2.0% in CA,
1.9% in RT, and 2.7% in V3-V4) in comparison to other
subtypes, such as subtype A (3.7%, 3.5%, and 9.4% variability
for CA, RT, and V3-V4, respectively) (Fig. 4). These findings
contrast with those of a previous report in which the env gene
was found to be less diverse in subtype A than in subtype B (3).
Although apparently discordant from this latter work, the
lower subtype B diversity from Brazilian isolates just reflects a
regional characteristic of recent genetic dispersion from
founder events of FIV infections occurring in Brazil (such as
the infections analyzed from cats at the same shelter), com-
pared to the high divergence among the control group se-
quences with no apparent infection case correlation and from
different countries.

In the CA region, subtype C was the most variable one, show-
ing 12.4% distance when samples from Canada and Taiwan were
analyzed (Fig. 4A). The virus circulating in animals from Rio de
Janeiro state exhibited relative homogeneity within isolates from
the same location. In location A, two samples had 100% similarity
in the V3-V4 region. In location B, two isolates (from cats RJ34
and RJ35) had 100% similarity in all regions analyzed. These
animals lived in close contact and probably were infected with the
same virus. Also, these animals were captured at the same ground
property. Analysis of full-length genome is necessary to confirm
this hypothesis. Finally at location C, a shelter with about 1,400
domestic cats (�200 FIV-positive animals), we found two isolates
sharing 100% similarity in the CA and RT regions, and three
other isolates showed the same similarity in CA and V3-V4 re-
gions. Although other genomic regions analyzed did not present
the same 100% similarity found in some regions of these isolates’
genomes (discounting clonal contamination), these data suggest
the homogeneity of these closely related isolates as a result of the
recent infection between cats living together in the same shelter.

At collection day, clinical symptoms of 26 animals included

TABLE 3. Pairwise distance matrix between groups of subtypes for the CA region

CA
subtypea

% Distance

Sub A Sub B JP Sub B BR Sub C Sub C TI Sub D Sub E Pallas’ cat

Sub A
Sub B JP 17.20
Sub B BR 17.90 2.20
Sub C 16.30 20.20 19.80
Sub C TI 18.70 18.10 17.40 16.90
Sub D 18.60 17.70 17.10 18.60 16.30
Sub E 17.40 9.20 9.20 19.60 19.40 15.70
Pallas’ cat 32.90 41.40 39.70 30.80 34.30 36.70 38.10
Sub B US 17.20 1.40 2.00 19.80 17.40 17.00 9.10 41.00

a Sub A, subtype A (Petaluma, PPR, and Sendai1); Sub B JP, subtype B from Japan (Sendai2, TM2, Yokohama, Aomori1, and Aomori2); Sub B US, subtype B from
the United States (USIL2489_7B); Sub B BR, subtype B from Brazil (RJ01, RJ02, RJ03, RJ04, RJ05, RJ06, RJ07, RJ08, RJ09, RJ10, RJ11, RJ12, RJ13, RJ14, RJ15,
RJ16, RJ17, RJ18, RJ19, RJ20, RJ21, RJ22, RJ23, RJ24, RJ34, and RJ35); Sub C, subtype C from Canada (C and C36); Sub C TI, subtype C from Taiwan (Ti1 and
Ti3); Sub D, subtype D (Shizuoka and Fukuoka); Sub E, subtype E (LP20E, LP24E, and LP3E); Pallas’ cat, Pallas’ cat selvage isolate.

TABLE 4. Pairwise distance matrix between groups of subtypes
for the RT region

RT subtypea
% Distance

Sub A Sub B BR Sub B JP/US Sub C

Sub A
Sub B BR 14.10
Sub B JP/US 15.00 3.00
Sub C 12.10 14.80 15.70
Pallas’ cat 24.80 26.00 25.20 26.00

a Sub A, subtype A (Petaluma and PPR), Sub B JP/US, subtype B from Japan
and from the United States (TM2 and USIL2489_7B); Sub B BR, subtype B
from Brazil (RJ01, RJ02, RJ03, RJ04, RJ05, RJ06, RJ07, RJ08, RJ09, RJ10,
RJ11, RJ12, RJ13, RJ14, RJ15, RJ16, RJ17, RJ18, RJ19, RJ20, RJ21, RJ22,
RJ23, RJ24, RJ34, and RJ35); Sub C, subtype C from Canada (C and C36);
Pallas’ cat, Pallas’ cat selvage isolate.
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in this study varied from clinically healthy to neurological dis-
orders. Of note, there is no correlation between ARV treat-
ment and clinical symptoms.

In the group of treated animals, the viral isolates did not
show any RT mutation (V47I, P156S, and M183T/V) previ-
ously described as associated with ARV resistance (37, 38, 51).
Nevertheless, we found two new putative mutations associated
with ARV resistance: positions K64R and K69R were present
in 25% (2/8) and 37.5% (3/8) of the NRTI-treated group,
respectively. The domestic cats had been undergoing treat-

ment for at least 5 years; this long period of treatment
contributed to the selection of resistance mutation-carrying
strains, and this fact enhances the chance to detect resis-
tance mutations. These two substitutions resemble their
HIV counterparts K65R and K70R (Fig. 5), which are located
at the RT “finger” domain. These mutations are related to the
HIV RT loss of sensitivity to 3TC, stavudine, didanosine, zal-
citabine, abacavir, emtricitabine, tenofovir, and AZT. In
HIV-1, K65R is associated with a low-multidrug-resistance
mechanism and resistance to 3TC, stavudine, didanosine, zal-

FIG. 5. Alignment of RT pol by position related to TM2 genome. Shown are positions 2415 to 2968 (554 bp; amino acids 26 to 209). For the
HXB2 HIV-1 isolate shown at the top, positions K65R and K70R of HIV-1 are highlighted in italics and boxed with their FIV RT counterparts.
Amino acids are represented by the IUPAC one-letter code. Dots in the alignment represent similar amino acids to the TM2 sequence at each
position. Dashes represent sequence gaps (related to the HIV-1 HXB2 sequence). Numbers over the sequences represent the actual position of
the amino acid in the original RT sequence. Ambiguities at certain positions of a single sequence are shown by two amino acids separated by a
dash.

TABLE 5. Pairwise distance matrix between groups of subtypes for the V3-V4 region

V3-V4 region subtypea
% Distance

Sub A Sub B JP SubB US/IT Sub B BR Sub C Sub D

Sub A
Sub B JP 19.90
SubB US/IT 22.80 7.10
SubB BR 20.70 5.80 4.40
Sub C 20.80 18.50 19.50 17.50
Sub D 21.80 16.40 18.00 16.40 21.10
Sub E 22.50 16.60 17.80 15.90 20.90 18.00

a Sub A, subtype A (Petaluma, PPR, and Sendai1); Sub B JP, subtype B from Japan (Sendai2, TM2, Yokohama, Aomori1, and Aomori2); Sub B US/IT, subtype B
from the United States and from Italy (M2, M3, and USIL2489_7B); Sub B BR, subtype B from Brazil (RJ01, RJ02, RJ03, RJ04, RJ05, RJ06, RJ07, RJ08, RJ09, RJ10,
RJ11, RJ12, RJ13, RJ14, RJ15, RJ16, RJ17, RJ18, RJ19, RJ20, RJ21, RJ22, RJ23, RJ24, RJ34, and RJ35); Sub C, subtype C from Canada (C and C36); Sub D, subtype
D (Shizuoka and Fukuoka); Sub E, subtype E (LP20E, LP24E, and LP3E).
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citabine, abacavir, emtricitabine, and tenofovir (9, 10, 21, 22,
25, 46, 47, 50). The mutation K70R in HIV-1 is associated with
a high level of resistance to AZT and stavudine, contributing to
the RT capacity of pyrophosphorolysis (2). Also, K70R was
detected as the first mutation that appears with prolonged
AZT therapy in humans (4). Although this finding indicates a
possible role of these two substitutions (K64R and K69R) in
the FIV resistance to NRTIs, further studies should support
these resistance genotypes through resistance phenotyping as-
says and mutant reversion by site-directed mutagenesis fol-
lowed by resistance phenotyping of generated viruses carrying
these mutations separately and together. Due to the results
shown above, we suggest that K64R and K69R found in treated
cats are new putative drug-associated mutations in FIV playing
the role of K65R and K70R from HIV-1.

When the region near residues 64 and 69 of RT is compared
to that in HIV-1 strain HXB2, we find high similarity between
sequences. It is already known that HIV-1 and FIV RTs differ
in their length by 1 or 2 amino acids, corresponding to residues
G112 and S68 or T69 in HIV-1 (31). Here we find that FIV has
1 amino acid less than HIV-1 in position D67 of RT: the region
63-KKKDSTK-70 of HIV-1 corresponds to 64-KKKSGK-69 in
FIV. Surprisingly, the deletion of residue D67 (	67 RT muta-
tion) in HIV is strongly related to resistance to AZT and is
usually followed by the substitution ST3SG in the subsequent
amino acids (positions 68 and 69 in HIV-1 RT) (13, 14, 23, 35,
48). This exact profile was found in all FIV sequences analyzed
in this work, as well as in all the FIV RT reference sequences
from elsewhere. Whether this FIV RT molecular signature
represents a natural genetic barrier to the effectiveness of some
NRTIs (mainly AZT) still needs to be addressed by further
studies using mutant reversion by site-directed mutagenesis
followed by a drug resistance phenotyping assay.

This work shows an innovative genetic analysis using gag,
pol, and env sequences simultaneously. This methodology can
give a better insight into the evolution of FIV circulating in an
urban setting. The use of long-term-treated cats can also lead
to better comprehension of the RT gene sequence, like the
finding of new clinically relevant thymidine analog mutations
in FIV.
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