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Feline immunodeficiency virus (FIV) is among the most common infectious agents of cats. Five well-characterized
FIV subtypes, A, B, C, D, and E, are recognized worldwide. As in HIV diagnosis, serum antibodies against FIV
classically serve as an indicator of infection status. After the introduction of an inactivated FIV vaccine, this
approach has become problematic, since antibodies generated by vaccination are indistinguishable from antibodies
in response to infection. However, PCR detection of host-cell-integrated FIV DNA will differentiate infection-derived
antibody from vaccination-derived positivity because presumably the RNA of inactivated vaccine virus will not
integrate into the host genome. In this study, we established a gag gene-based dual-emission fluorescence resonance
energy transfer (FRET) real-time PCR that amplifies single-target copies of all known FIV strains and differentiates
five FIV subtypes. All blood samples from experimentally FIV-infected cats (n � 5) were antibody positive and highly
positive in the FIV PCR. In contrast, nine cats became antibody positive after FIV vaccination but remained negative
in the FIV PCR. Of 101 FIV antibody-positive feline blood specimens submitted for FIV PCR diagnosis, 61 were
positive (60%). A total of 23 of the positive PCRs identified subtype A, 11 identified subtype B1, 11 identified subtype
B2/E, and 16 identified subtype C. FIV subtype D was not detected in any submitted specimens even though 13 blood
specimens were from cats known to have received the FIV vaccine, which contains FIV subtype A and D inactivated
virions. Therefore, this PCR quantitatively identifies FIV subtypes and unambiguously discriminates between
FIV-vaccinated and FIV-infected cats.

Feline immunodeficiency virus (FIV), first reported in 1987
after isolation from a cat in California (17), has been recog-
nized as a common feline retroviral pathogen worldwide (6, 8,
10, 11, 13, 17). FIV is also the only lentivirus that causes an
immunodeficiency syndrome resembling that of HIV infection
in the natural host, and it has served as a powerful model for
HIV infection (23). The envelope (env) gene encompasses the
epitopic determinants for cellular tropism and neutralization
of FIV (14, 15). Based on env gene polymorphisms, FIV iso-
lates have been divided into five well-characterized subtypes
worldwide (14, 15, 20). Recent studies have demonstrated,
however, that the phylogenetic trees constructed from the cap-
sid (gag) and env genes reveal a virtually identical subtype
classification (19, 22).

Isolation of FIV from peripheral blood lymphocytes is a reli-
able and definitive diagnostic test, but this test is too cumbersome,
expensive, and impractical for routine use (8, 9, 11). FIV serology
such as Western blot analysis detects antibodies recognizing viral
structural proteins and is considered the “gold standard” for FIV
diagnosis (7, 8, 9, 11). One recent challenge in FIV diagnostics is
that a veterinarian cannot rely on the presence of antibody as an

indicator of infection status in vaccinated cats (11). For presum-
able protection against FIV, the Fel-O-Vax FIV vaccine (Fort
Dodge Animal Health, Fort Dodge, IA) has been marketed since
2002 in the United States and several other countries. This is a
formalin-inactivated whole-virus vaccine containing partially pu-
rified FIV subtype A (Petaluma) and subtype D (Shizuoka) virus.
Antibodies generated by vaccination are indistinguishable from
antibodies in response to infection.

One alternative to serological diagnosis of FIV infection is
detection by PCR, a sensitive and specific assay to identify FIV
proviral DNA integrated into the genome of infected cells. In
this study, we developed a novel gag-targeted dual-emission
fluorescence resonance energy transfer (FRET) PCR that am-
plifies the target sequence of all FIV strains and differentiates
FIV subtypes A, B1, C, D, and B2/E (which have identical
target sequence). Furthermore, application of this PCR to
blood samples from vaccinated and experimentally infected
cats demonstrated that the blood samples of FIV-vaccinated
cats remain fully negative by FIV PCR, while they become
highly positive in infected cats. This FIV PCR reliably detects
and quantifies FIV infection, identifies the infecting FIV sub-
types, and thus unambiguously discriminates between FIV-
vaccinated and FIV-infected cats. In light of the potential
future vaccination against AIDS (18, 23), similar problems may
develop in HIV diagnosis, and an approach similar to the one
presented in this investigation may also be applicable.

MATERIALS AND METHODS

Experimental animals, FIV vaccination, and FIV challenge infection. All an-
imal procedures in this study were approved by the Auburn University Institu-
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tional Animal Care and Use Committee. Cats were anesthetized for blood
collection with an intramuscular injection of medetomidine (Domitor, 0.02 mg/
kg) and butorphanol tartrate (Torbugesic, 0.2 mg/kg).

Nine specific-pathogen-free (SPF) cats received three doses of the licensed
Fel-O-Vax FIV vaccine (Fort Dodge Animal Health, Wyeth, Madison, NJ) at
2-week intervals by subcutaneous injection on the dorsolateral aspect of the
thorax. Whole-blood samples were collected from each cat by jugular vein punc-
ture prior to the first vaccination and 2 weeks after the third vaccination.

FIV challenge infection in cats was performed as described previously (3). Five
cats were challenged intraperitoneally with 200 �l of cell culture supernatant
containing 104 50% tissue culture infective doses (TCID50) of virions of the
wild-type FIV clone JSY3 (3). In addition, five cats were administered a sham
inoculum consisting of 200 �l sterile saline solution. Presence or absence of FIV
infection was confirmed by reisolation of the virus from peripheral blood on the
feline CD4�-lymphoblast CRL-2417 cell line (3). Blood was collected before the
injection and 9 weeks after the challenge inoculation.

Detection of antibodies against FIV by SNAP assay. The SNAP FIV/feline
leukemia virus (FeLV) combo test (IDEXX Laboratories, Westbrook, ME) was
performed according to the manufacturer’s instructions (http://idexx.com/view/xhtml
/en_us/smallanimal/inhouse/snap/feline-combo.jsf?selectedTab�Resources#tabs)
with plasma specimens.

Design of primers and probes for FIV real-time PCR. All oligonucleotides were
designed by use of the Vector NTI software (Invitrogen Corporation, Carlsbad, CA).
All available FIV nucleotide sequences with designated FIV subtypes were obtained
from GenBank (16, 19, 22). The complete set of sequences was aligned as nucleotide
as well as translated amino acid sequences for identification of maximally conserved
regions of the FIV genome. This approach clearly identified the gag gene, in par-
ticular its upstream region, as the least polymorphic region of the FIV genome and,
thus, as the best target for PCR detection of all FIV variants. In the final analysis, the
first 164 bp of the gag coding sequence provided the optimal target, and the final
primer sequences were designed for maximum statistical fit based on the polymor-
phisms of all available FIV gag sequences (Table 1 and Fig. 1). Comparison of the
nucleotide alignments of all FIV gag sequences and of those for which the subtype
information was available revealed identical polymorphisms within the PCR target
region. Thus, the known subtypes were representative of overall FIV wild-type
polymorphisms in the gag target region. These unavoidable nucleotide substitutions
presented a challenge in probe design but also an opportunity for differentiation of
the amplification products. Steinrigl and Klein (19) and Weaver et al. (22) recently
showed conclusively that gag polymorphisms are concordant with subtype-determin-
ing polymorphisms of the FIV env gene (19, 22). Thus, variations in the gag ampli-
fication target could serve as nucleotide signatures for FIV subtypes in mismatch-
dependent differential melting profiles of FIV-gag FRET probes (Fig. 1).

The probes were designed in the noncoding sense region to avoid interference
with amplification, since they are located close to the 5� end of the amplification
product. All probes were synthesized by Integrated DNA Technologies (Cor-
alville, IA). LC Red 640- and Cy5.5-labeled probes were high-performance liquid
chromatography (HPLC) purified; 6-carboxyfluorescein (6-FAM)-labeled
probes were used unpurified. Since FIV subtype D is substantially different from
all other subtypes, a two-channel probing approach was used to detect subtypes
A, B, C, and E by LC Red 640 fluorescence in channel 2 (F2, � � 640 nm),
generated by probes F1-ABCE and F2-ABCE (Fig. 1). F1-ABCE is 6-FAM

TABLE 1. Oligonucleotide primers and probes used in this study

Primer/probe Sequence (5�33�)a

Upstream primer .................ATGGGGAAYGGACAGGGGCGAGA
Downstream primer ............TCTGGTATRTCACCAGGTTCTCGTC

CTGTA
F1-ABCE..............................(6-FAM)-TACTCTTSSCCCCTACTCCT

ACAGCA-(6-FAM)
F1-D......................................(6-FAM)-TACTTCGTTGTCCCGTACC

TACAGCA-(phosphate)
F2-ABCE..............................(LC Red 640)-CATTACTACATCTYTT

WATGGCCAYTTTCCA-(phosphate)
F3-D......................................CCATCTAAAATTTCCTTCCCCGAAC

TTC-(Cy5.5)

a Y represents C or T, R represents A or G, S represents C or G, and W
represents A or T.

FIG. 1. Alignment of gag amplification targets of FIV subtypes A to E. Dots indicate nucleotides identical to those of FIV-A. Primers and
probes are shown as uppermost boxed sequences. The upstream primer is used as shown, while the downstream primer and all probes (F1-ABCE,
F1-D, F2-ABCE, and F3-D) are used as antisense oligonucleotides. The upstream and downstream primers were designed to hybridize at the 5�
end of the gag gene, the most conserved region of the FIV genome, while the probes hybridize to the polymorphic regions of the gag amplification
target and were chosen for maximum differentiation of FIV subtypes. Y represents C or T, R represents A or G, S represents C or G, and W
represents A or T. Nucleotides in blue denote the attachment of a phosphate group to the 3� terminus of a probe, nucleotides in green indicate
6-FAM (� F1) attachment at the 3� or 5� terminus, red indicates LC Red 640 (� F2) attached to the 5� terminus, and purple indicates Cy 5.5 (� F3)
attached to the 3� terminus.
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labeled at both the 5� and 3� ends and thus also generates a FRET signal with the
Cy 5.5-labeled downstream F3-D probe in fluorescence channel 3 (F3, � � 705
nm). This probe also generates a signal for subtype D with 6-FAM-labeled probe
F1-D that hybridizes at the 58°C fluorescence acquisition temperature only with
subtype D and not any other subtype because of 10 or 11 mismatches to all other
subtypes (Fig. 1). F1-ABCE is designed to hybridize with the homologous se-
quence of all other subtypes but has 11 mismatches to D; thus, the probes are
sufficiently different so as not to compete with each other.

Extraction of nucleic acids. Total nucleic acid extraction was performed by
glass fiber matrix binding and elution with the High-Pure PCR template prepa-
ration kit (Roche Molecular Biochemicals, Indianapolis, IN) as described before
(5). For each sample, 400 �l EDTA-whole blood was mixed with an equal
volume of binding buffer (6 M guanidine-HCl, 10 mM urea, 20% [vol/vol] Triton
X-100, 10 mM Tris-HCl, pH 4.4), and eluted in 40 �l elution buffer.

Real-time PCR, color compensation, and melting curve analysis. Nucleotide
fragments representing the first 164 bp of the gag regions of FIV subtypes A, B1,
B2/E, C1, C2, and D were synthesized and inserted in the pIDTSMART cloning
vector (Integrated DNA Technologies, Coralville, IA). For use as standard
templates, the plasmid was restricted with HindIII (Promega, Madison, WI),
followed by inactivation of the restriction enzyme at 65°C for 20 min. DNA was
quantified by PicoGreen DNA fluorescence assay (Molecular Probes, Eugene,
OR) for preparation of quantitative standards (Fig. 2).

The FIV copy number was determined by FRET-PCR performed on a Light-
Cycler 1.5 real-time PCR platform with software version 3.53 (Roche Molecular
Biochemicals, Indianapolis, IN) (5, 21). The amplification of single target molecules
was verified by limiting dilution of the targets. At nominal single copies per PCR, a
Poisson sampling error was observed because only about 70% of the PCRs gave
positive results. For the positive PCRs, the linear portion of the amplification curve
showed the same slope as that for the PCRs with high template input. These data
established that the PCR was equally effective at single-copy input and verified the
robust ability of the PCR to detect single-target copies. The melting curve for the
annealing of the PCR product was determined by monitoring the fluorescence from
35°C to 75°C with a temperature transition rate of 0.2°C per second (12). The
fluorescence ratios F2/F1 and F3/F1 were analyzed, and the first derivatives of F2/F1
and F3/F1 were evaluated for determination of probe Tm (Fig. 3). Fluorescence
signals were corrected for spillover from shorter-wavelength emission by a color
compensation file that was created according to LightCycler 1.5 instructions (Roche
Molecular Biochemicals, Indianapolis, IN).

Specificity of the PCRs was confirmed by amplification of the synthesized
target genes of FIV subtypes A, B1, C1, C2, D, and B2/E (Fig. 2) and by
amplification of nucleic acids extracted from the Fel-O-Vax FIV vaccine, which
contains subtypes A and D. PCR products were verified by automated DNA
sequencing of both strands at the Genomic Sequencing Laboratory (Auburn
University, Auburn, AL) using the amplification primers (Table 2).

Clinical specimens for FIV diagnosis. Between 2008 and July 2009, 101 spec-
imens from 67 veterinary clinics/hospitals in 24 U.S. states were submitted to the
Molecular Diagnostics Laboratory for FIV detection (Table 1). These samples
were shipped as EDTA-whole blood at room temperature without prior freezing
or refrigeration.

Data analysis. All statistical analyses were performed with the Statistica 7.1
software package (StatSoft, Inc., Tulsa, OK). FIV target numbers in PCR were
logarithmically transformed. Data are shown as means � 95% confidence intervals
(CI).

RESULTS

Establishment of a generic and differential FIV PCR. Our
optimized FIV PCR was able to detect single copies of FIV
subtypes A, B1, B2/E, C1, C2, and D. The amplification curves of
subtypes A, B1, B2/E, C1, and C2 appeared only in fluorescence
channel F2 (or as a ratio of results for channels F1 and F2
[F2/F1]; Fig. 2A), while the amplification curve of FIV-D ap-
peared only in channel F3 (or F3/F1; Fig. 2B). Melting curve
analysis following the completion of the PCR provided a higher
level of differentiation. In the display of F2/F1, the mismatches
between probes F1-ABCE and F2-ABCE and the PCR amplicon
resulted in higher Tms of subtypes A and C1 (Tm � 60°C) and C2
(Tm � 58°C) than of subtypes B1 and B2/E (Tm � 54°C) (Table
1; Fig. 1; Fig. 3A). In F3/F1, the mismatches between probes

F1-D and F3-D and amplicons resulted in distinct Tms of subtypes
A (45°C), B1 (49°C), B2/E (52°C), C1 (54°C), C2 (54.5°C), and D
(68°C) (Table 1; Fig. 1; Fig. 3B).

FIV antibody positivity and gag copies in FIV-vaccinated
and FIV-challenged cats. Prior to vaccination or challenge
infection, all cats were negative for serum antibodies against
FIV (Fig. 4A) and also negative in the FIV PCR (Fig. 4B). FIV
antibodies were detectable after vaccination or challenge in-
fection of cats but not after sham inoculation with saline (Fig.
4A). The FIV PCR became positive after challenge infection
of cats but not after vaccination or sham inoculation (Fig. 4B).

FIG. 2. PCR amplification curves of FIV subtypes. Each subtype
template (100 to 1,000 copies) was amplified in a background of 200 ng
salmon sperm DNA. Fluorescence channel F2 normalized by F1 (F2/
F1) shows only the amplification curves of FIV subtypes A, B, C, and
E (A), while fluorescence F3/F1 shows only the FIV-D amplification
curve (B).
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PCR showed approximately 3 � 107 FIV copies per dose of
vaccine. The melting curve analysis demonstrated distinct dual
peaks for subtypes A and D in the FIV vaccine. Sequencing
results of the PCR products confirmed the subtyping results
obtained by melting curve analysis. Collectively, these data
unambiguously prove that blood samples from FIV-vaccinated
cats remain negative by PCR assay of blood samples. Thus,
positivity in the FIV PCR of whole-blood samples indicates
FIV infection but not FIV vaccination.

PCR diagnosis of clinical specimens. Between January 2008
and July 2009, 101 whole-blood samples from 67 veterinary
clinics/hospitals in 24 U.S. states were submitted to the Auburn
University Molecular Diagnostics Laboratory for FIV diagno-
sis (Table 2). All samples were submitted because the patient-

side SNAP test for FIV antibody detection had been positive,
and PCR was required to verify the FIV infection status of the
cats. In the FIV PCR, 61 of these samples (60%) were con-
firmed as positive. Among the FIV-positive samples, 23 (38%)
contained subtype FIV A, 11 (18%) contained subtype B1, 11
(18%) contained subtype B2/E, and 16 (26%) contained sub-
type C (Table 2). The data further indicate an easily detect-
able, very high copy number of FIV targets in all positive
specimens that did not differ significantly for individual FIV
subtypes (Table 2). FIV-D was not detected in any submitted

FIG. 3. Tm discrimination of FIV subtypes. After completion of the
PCR, the melting temperature (Tm) of probe hybridization to the
targets was determined by melting curve analysis as the peak of the sec-
ond derivative of the fluorescence released during a temperature in-
crease from 35°C to 75°C. (A) In channel F2/F1, subtypes A and C can
be discriminated by their higher Tms (58°C to 60°C) from those of the
B subtype (Tm � 54°C) and the D subtype (no melting peak). (B) Flu-
orescence F3/F1 demonstrates distinct Tm differences between FIV-A
(45°C), FIV-B1 (49°C), FIVB2/E (52°C), FIV-C (55°C), and FIV-D
(68°C) subtypes.

TABLE 2. Summary of FIV-PCR data of clinical specimens

Subtype No. of positive
specimensa

No. of FIV copies/
ml bloodb

FIV-A 23 40,422 � 81,129
FIV-B1 11 42,653 � 227,442
FIV-B2/E 11 78,439 � 281,108
FIV-C 16 21,301 � 47,908
FIV-D 0

a Of 101 submitted clinical specimens, 61 (60.4%) were FIV positive.
b Shown as geometric mean � 95% CI. The copy numbers per ml blood do not

differ significantly.

FIG. 4. FIV antibody positivity and gag copies in FIV-vaccinated
and FIV-challenged cats. SPF cats received three FIV vaccinations at
2-week intervals (n � 9) or were intraperitoneally challenged with 104

TCID50 of the wild-type FIV clone JSY3 (n � 5). Whole-blood (WB)
specimens were collected from all animals before and 9 weeks after
treatment. (A) The SNAP assay result for detection of FIV antibodies
was negative in all cats prior to treatment and became positive in all
nine FIV-vaccinated cats and five FIV-challenged cats. (B) The FIV-
PCR for detection of the FIV-gag fragment was negative in all cats
prior to treatment and remained negative in all FIV-vaccinated cats
but became highly positive in all five FIV-challenged cats (26,953 �
163,296 copies/ml blood, 95% CI).
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specimens even though 13 of the submitted samples were
known to be from cats that had received the Fel-O-Vax FIV
vaccine containing FIV-D. These results confirm the experi-
mental data indicating that FIV-vaccinated cats remain nega-
tive for FIV genomes integrated into host DNA. In addition,
this FIV subtype survey of infected cats demonstrates that
there is no dominant FIV subtype but that subtypes A to C
infect cats in the United States in approximately equal propor-
tions. The lack of a difference between copy numbers of FIV
targets further suggests that these FIV subtypes are similarly
host adapted and confirms that no subtype dominates the ep-
idemiological picture of FIV infection in the United States.

DISCUSSION

PCR has been pursued as the main alternative test to con-
firm FIV infection in cats, since the standard antibody-depen-
dent diagnosis does not discriminate between FIV-vaccinated
and -infected cats. To evaluate the sensitivity and specificity of
commercially available FIV PCR tests, Crawford et al. (4)
collected blood samples from cats that were either confirmed
free of FIV infection (n � 42) or naturally or experimentally
FIV infected (n � 41). The infection status was confirmed by
virus isolation, and blinded samples were submitted to three
reference diagnostic laboratories in the United States and
Canada. For the noninfected cats, three of four PCR tests were
FIV positive in 19% of the submitted samples (81 to 100%
specificity). Of the infected cats, 41 to 93% were FIV positive
(41 to 93% sensitivity) in the four different PCR tests. Thus,
the combined specificity and sensitivity of currently available
FIV PCR tests result in a predictive accuracy that is essentially
equivalent to flipping a coin. Differences in PCR design and
quality of PCR execution or prevention of carry-over contam-
ination may explain the markedly varied specificity and sensi-
tivity of these FIV PCR tests that are clearly not suitable for
diagnostic use.

This investigation describes a real-time PCR method for all
known FIV strains that identifies FIV genotypes by differential
melting temperatures of partially mismatched FRET probes at
two fluorescence emission wavelengths. This strategy is supe-
rior to that of multiplex PCR, which typically results in reduced
sensitivity. In clinical specimens, the ratio of multiple targets is
usually unknown, and significant reduction of PCR sensitivity
is seen when the copy number of one target is much higher or
lower than that of another target (21).

The specificity and sensitivity of a diagnostic PCR system is
largely determined by the quality of the primer and probe
design. This is particularly critical for viruses with a high mu-
tation rate, such as FIV. The primers should be designed to
amplify all FIV strains, which show as much as 26% polymor-
phism in their env and gag genes (1, 19, 22). To amplify all FIV
strains, it is extremely critical to design primers that anneal to
the conserved sequences. BLAST searches identified 76 FIV
hits for the upstream and 80 hits for the downstream primer,
both with at most one mismatch. The next-best matches were
from other organisms but had at least five mismatches at the 3�
end. This result allows the conclusion that the primers as de-
signed for this PCR, with degenerate positions at the site of
potential FIV mismatches, can amplify all known FIV strains.

In real-time detection by hybridization probes, it is equally

critical to design these probes such that they tolerate several
mismatches within their target sequences inside the amplicon.
In this study, FIV subtype A showed a Tm of 45°C in F3/F1
even though there are six nucleotide mismatches between the
28-bp F3-D probe and the corresponding FIV-A amplicon
region (Fig. 1; Table 1). Thus, even if no real-time signal
during thermal cycling is observable in F3/F1 because the
probe does not anneal at the 58°C acquisition temperature
(Fig. 2B), the specific amplification product is revealed and
differentiated in F3/F1 by melting curve analysis (Fig. 3B).

The commercial FIV vaccine is composed of inactivated
whole virus, and presumably vaccine-derived FIV RNA will be
removed quickly from circulation without integration as DNA
into the host genome. FIV vaccination will therefore not result
in PCR amplification. This hypothesis was unambiguously con-
firmed in the current study with the survey of experimentally
vaccinated and infected cats (Fig. 4). Furthermore, not a single
case in the epidemiological survey was positive for FIV subtype
D, excluding the possibility that detection of vaccine virus
resulted in a false-positive diagnosis of FIV infection. Limited
medical records, particularly the FIV vaccination history, were
available for most clinical samples in this study. The lack of
information is actually the main rationale for submission for
FIV PCR diagnosis after a positive FIV antibody test. How-
ever, out of the 13 known FIV-vaccinated cats in the epidemi-
ological study, 7 were positive for FIV subtypes A to C but not
for subtype D, again confirming the absence of vaccine-derived
FIV sequences in the blood of FIV-positive cats. Thus, the
PCR assay can conclusively differentiate FIV antibody-positive
cats with natural infection from cats that acquired antibody
positivity by vaccination, and it therefore detected FIV infec-
tion in seven of the FIV-vaccinated cats.

FIV and HIV share many distinct characteristics with regard
to their genomic structure, molecular characterization, and
pathogenesis, as well as diagnosis. The diagnostic strategy de-
scribed in this investigation applies equally to PCR genotyping
of HIV subtypes and the discrimination of HIV wild-type
strains from HIV mutants, such as those with the nonnucleo-
side reverse transcriptase inhibitor-resistant mutation (2). At
times when vaccines of limited efficacy are in use against ret-
roviral infections in cats and vaccine may be used in humans
(18), only negative results of patient-side rapid retroviral an-
tibody tests are specific if the vaccination status of the patient
is unknown. The approach described in this study may also be
applicable to determination of the infection status of HIV-
seropositive patients, separating HIV seropositivity by passive
maternal antibody transfer or after HIV vaccination from se-
ropositivity elicited by actual HIV infection.
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