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Diagnostic Uncertainty and the
Epidemiology of Feline Foamy Virus
In Pumas (Puma concolor)
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Feline foamy virus (FFV) is a contact-dependent retrovirus forming chronic, largely apathogenic,
infections in domestic and wild felid populations worldwide. Given there is no current ‘gold standard’
diagnostic test for FFV, efforts to elucidate the ecology and epidemiology of the virus may be
complicated by unknown sensitivity and specificity of diagnostic tests. Using Bayesian Latent Class
Analysis, we estimated the sensitivity and specificity of the only two FFV diagnostic tests available—
ELISA and qPCR—as well as the prevalence of FFV in a large cohort of pumas from Colorado. We
evaluated the diagnostic agreement of ELISA and qPCR, and whether differences in their diagnostic
accuracy impacted risk factor analyses for FFV infection. Our results suggest ELISA and qPCR did

not have strong diagnostic agreement, despite FFV causing a persistent infection. While both tests
had similar sensitivity, ELISA had higher specificity. ELISA, but not qPCR, identified age to be a
significant risk factor, whereas neither qPCR nor ELISA identified sex to be a risk factor. This suggests
FFV transmission in pumas may primarily be via non-antagonistic, social interactions between adult
conspecifics. Our study highlights that combined use of qPCR and ELISA for FFV may enhance estimates
of the true prevalence of FFV and epidemiological inferences.

Feline foamy virus (FFV) is a contact-dependent retrovirus that results in persistent and apparently apatho-
genic infections in domestic and wild cats globally'2. Epidemiological investigations of FFV to date have been
predominantly based on domestic cats, with few studies documenting the prevalence of FFV in wild felids®-°.
FFV in domestic and wild cats worldwide is highly prevalent and seroprevalences vary from 8-80% based on
geographic location®**. Furthermore, we have documented high FFV seroprevalences in pumas (Puma concolor),
one of the largest and most charismatic wild felids in the Americas'®. FFV transmission occurs through salivary
shedding, with biting and amicable social contact such as grooming between cats acting as possible transmission
routes'>!!7. Older cats have a higher prevalence of FFV, given the cumulative risk of infection as the cats age!'.
Sex has been suggested not to be a risk factor for FFV infection®!?, but male domestic cats in Colorado have
recently been reported to be at higher risk for infection®.

Diagnostic test accuracy is typically estimated by comparing test results from a novel assay to the results of
a test considered the most diagnostically accurate or where the misclassification error is reliably known (i.e., a
‘gold standard’ test). Several unique challenges exist in the development of well-characterized diagnostic tests for
infections of wildlife. These challenges include: field conditions that result in collected samples being less than
optimally stored or processed, the current ‘gold standard’ test cannot be performed antemortem, or no known
true positive and true negative samples are available. Consequently, these limitations can result in diagnostic
uncertainty that yields biased estimates of true disease prevalence®.

Statistical models have been developed to overcome shortcomings in defining diagnostic test accuracy. In
particular, latent class analysis (LCA) has become increasingly used for improving disease prevalence estimates
from imperfectly calibrated diagnostic tests?®. LCA describes a probabilistic model relating the outcomes of one
or more binary, imperfect diagnostic tests to the unknown, unobserved (“latent”) disease status. The likelihood
of the LCA model is then maximized to provide estimates of the respective sensitivity and specificity for each
diagnostic test included in the model as well as the overall disease prevalence. Application of LCA methodology
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has become increasingly common in veterinary epidemiology and has often been coupled with Bayesian and
hierarchical modelling?'-2>.

While many veterinarians rarely screen felids for FFV due to its apathogenic nature, the virus’s cosmopolitan
prevalence and persistent infection makes it a ‘model infectious agent for wildlife veterinarians and researchers
studying landscape genetics or modeling the transmission dynamics of more virulent pathogens among wild
felids. Thus, an accurate understanding of the ecology and epidemiology of FFV would be foundational knowl-
edge for future research. This understanding, however, is intrinsically reliant upon the diagnostic accuracy of the
tests used to determine FFV status. Our study’s objective was to compare the results of the only two FFV diagnos-
tic tests available—qPCR and ELISA—from pumas tested by both assays to determine the diagnostic agreement
between the two tests and to use Bayesian LCA to determine the sensitivity and specificity of each test as well as
the prevalence of FFV. We tested pumas for FFV exposure by both quantitative PCR (qPCR), which detects and
quantifies FFV viral genomes in DNA extracts of blood, and an enzyme-linked immunosorbent assay (ELISA),
which detects FFV antibodies in serum or plasma. Since foamy viruses are generally considered to induce lifelong
infection without elimination of viral genomes, pumas would presumably test positive for both assays following
exposure, viral replication, and seroconversion. Risk factors for infection, specifically puma sex and age, were also
analyzed and compared for qPCR or ELISA to determine if the epidemiological inferences differed between the
two diagnostic tests.

Methods

Puma sampling. From 2005-2014, blood samples and demographic information (sex and age) were
collected as previously described from pumas in two locations in Colorado: the Western Slope and the Front
Range?®. One hundred pumas on the Western Slope and 71 pumas on the Front Range were sampled, yielding a
sample population of 171 animals for this study. All pumas were sampled in accordance with relevant guidelines
and after appropriate Institutional Animal Care and Use Committee approvals were obtained from Colorado State
University and Colorado Parks and Wildlife. qPCR testing targeting the FFV gag gene was performed using DNA
isolated from either whole blood or clot as described”-%°. Capture ELISA was performed on sera to detect anti-
FFV Gag using serum or plasma as previously described!>'®%. Sera were tested at a 1:50 dilution, with a positive
result being defined as an absorbance of two times the average of the duplicate wells of the negative control plus
three times the standard deviation.

Both gPCR and ELISA were run with known FFV positive and negative samples validated by multiple labo-
ratory personal using standardized protocols to ensure the rigor of our results. The qPCR and ELISA compared
in this study were chosen due to their accepted use in the FFV literature'>%%-3! and the unique opportunity
that a large cohort of pumas were tested for FFV by both assays. Owing to the apparently benign nature of FFV
there are no commercial FFV assays available at this time. Currently there are also no other research laboratories
performing FFV assays for pumas. Nonetheless QPCR and ELISA are the standard viral diagnostics for FFV (and
many other feline viruses), as evidenced by previous literature, and have been used to provide population-level
surveillance of FFV infection!>!%28-31, The qPCR and ELISA datasets analysed during the current study are avail-
able from the corresponding author on reasonable request.

gPCR and ELISA diagnostic agreement. Diagnostic agreement between qPCR and ELISA was eval-
uated using Cohen’s kappa statistic, a correlation coefficient indicating the proportion of agreement beyond
that expected by chance®. Given that low or high disease prevalence, as well as bias, can affect kappa, a
prevalence-adjusted bias-adjusted kappa (PABAK) was also calculated®®. A McNemar’s test was used to further
detect if any bias present was significant®. A bias index equal to the difference in FFV positive (FFV+) results
between qPCR and ELISA, and a prevalence index equal to the difference between the probability of a puma being
FFV+ and FFV negative (FFV—) were also calculated to aid in the interpretation of reported kappa values®.
Statistics were calculated using the ‘epiR’ package® in the free software program R version 3.4.2 (R Core Team,
Vienna, Austria).

Latent class analysis. qPCR and ELISA sensitivity (Se) and specificity (Sp) as well as FFV prevalence were
estimated using Bayesian LCA methods and code adopted from Lewis and Torgerson (2012). Given Se, Sp,
and prevalence can range from 0-1, a beta prior distribution was used to model parameter uncertainty*’. Both
non-informative and informative prior distributions were run. Our non-informative priors used a beta (1, 1)
distribution, assuming the true value of all three parameters was between 0-1. Our informative priors made the
following assumptions: gPCR Se is >0.70 with a mode of 0.75 and an 80% certainty, leading to a beta (52.65,
18.22) distribution; qPCR Sp is >0.95 with a mode of 0.99 and an 80% certainty, leading to a beta (42.99, 1.42)
distribution; ELISA Se is >0.90 with a mode of 0.95 and an 80% certainty, leading to a beta (40.58, 3.08) distri-
bution; ELISA Sp is >0.95 with a mode of 0.99 and an 80% certainty, leading to a beta (42.99, 1.42) distribution;
FFV prevalence is >0.50 with a mode of 0.60 and an 80% certainty, leading to a beta (12.23, 8.48) distribution.
Given FFV in domestic cats is 95-100% genetically similar to FFV in pumas on a full genome level?®*8 and the
current lack of sensitivity/specificity data for either test in pumas, informative priors were based on authors’
expert experience using these assays for domestic cat FFV infections®. Priors for Se and Sp were also informed by
values from FFV experimental inoculations in domestic cats in* (see also Supplementary Table 1). Beta distribu-
tions were calculated using the ‘epiR’ package in R. To account for possible conditional dependence between PCR
and ELISA, an LCA model with covariance between Se and Sp of the two tests were run with both sets of priors.
LCA models were fitted using Markov chain Monte Carlo (MCMC) estimation using the free software JAGS
(Just Another Gibbs Sampler) version 4.3.0* and the ‘coda’ package*’ in R. Our MCMC estimation ran three
independent chains for 20,000 iterations, after a burn-in of 10,000 iterations and thinning of 10, yielding 1,000
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qPCR ELISA
Model Se (%) Sp (%) Se (%) Sp (%) Prevalence (%) | DIC ADIC w
UIP & Cov 66.1+4.2 42.3+21.4 65.4+4.3 459+21.8 94.8+5 241.2 0 1.0
IP & Cov 742+3.3 94.6+£3.5 80.2+5.1 95.0+3.2 85.0+4.5 261.2 20 0.0
uIp 83.0+8.5 87.5+8.4 95.3+£3.3 67.9+£16.5 69.0+8.8 272.9 31.7 0.0
1P 745+3.4 96.5+2.7 943422 96.3+3 77.6+£3.8 282.2 41 0.0
Model Average 66.1+£4.2 42.3+21.4 65.4+4.3 459+21.8 94.8+5

Table 1. Latent Class Analysis estimates true prevalence of FFV to be 94.8%. Average model

coefficients + standard deviation for the sensitivity (Se) and specificity (Sp) of qPCR and ELISA as well as true
prevalence of FFV based on Bayesian Latent Class Analysis. Deviance Information Criterion (DIC) values
and model weights (w) suggest uninformative priors and covariance between qPCR and ELISA to be the most
parsimonious model. UIP = uninformative priors; IP = informative priors; Cov = covariance.

qPCR Model DIC | ADIC w ELISA Model DIC | ADIC w

Age + Sex + Age*Sex 3.0 0.0 0.38 | Age+ Sex+ Age*Sex 1.6 0.0 0.27
Age + Sex 3.7 0.7 0.27 | Age+Sex 1.7 0.1 0.26
Age 4.1 1.1 0.22 | Age 2.1 0.5 0.21
Sex 5.1 2.1 0.13 | Sex 22 0.6 0.20
Null 295 | 265 0.00 | Null 43 2.7 0.07

Table 2. Age, sex, and their interaction best predict FFV infection. Deviance Information Criterion (DIC)
values and model weights (w) suggest the predictor variables age, sex, and the interaction between age and sex
provide the most parsimonious model for FFV infection for both qPCR and ELISA. Age*Sex = the interaction
between age and sex.

values to derive parameter posterior means. Gelman-Rubin statistics*! were used to assess convergence through
the ‘coda’ package.

Risk factor analysis. Sex (male/female) and age (young/adult) were evaluated as potential risk factors for
FFV infection, as determined by qPCR and ELISA, using Bayesian Generalized Linear Mixed Models (GLMMs)
with sex and age as fixed effects and location as a random effect to control for potential sampling bias. Pumas
with an unknown or unrecorded sex and age were excluded from risk factor analyses. Coefficients were estimated
using MCMC through the ‘MCMCglmm’ package*? in R. Models ran for 50,000 iterations, after a burn-in of
10,000 iterations and thinning of 10, yielding 4,000 values to derive parameter posterior means. Convergence was
assessed visually by comparing the posterior distributions of multiple runs of each model. LCA and GLMM mod-
els were compared using the Deviance Information Criterion (DIC); models with lower DIC values were better
supported by our data and subsequently had greater model fit. Models within 2 DIC units were considered indis-
tinguishable. Model weights and averaged coefficients were also calculated to examine the effect sizes of variables.

Results

Due to variation in sample quantity, quality, and availability, 171 pumas were tested for FFV with qPCR and 128
were concurrently tested with ELISA. Overall, QPCR and ELISA showed a 75.8% (97/128) agreement and a 24.2%
(31/128) disagreement in pumas tested for FFV. Twenty-four pumas (18.8%) tested FFV— and 73 (57.0%) tested
FFV+ by both qPCR and ELISA. Twenty-six pumas (20.3%) were seropositive but JPCR negative and five pumas
(3.9%) were qPCR positive but seronegative. The kappa statistic for qPCR and ELISA was 0.45, with a bias index
of 0.16 and a prevalence index of —0.38. The PABAK statistic was 0.52, showing that mathematical adjustments
accounting for bias and prevalence improved the reported agreement between qPCR and ELISA. A McNemar’s
test comparing qPCR and ELISA yielded a test statistic of X* (1, N =128) = 14.23, p-value < 0.001 further indi-
cating there was significant bias between the two diagnostic tests.

Gelman-Rubin statistics indicated all Bayesian LCA models adequately converged, with each parameter’s
upper 95% confidence limit approximately equal to 1. Our LCA model with uninformative priors and covariance
between qPCR and ELISA was deemed the most parsimonious model (Table 1). Weighted averages of the LCA
models found qPCR and ELISA had similar Se, whereas ELISA had a greater Sp than qPCR (Table 1). The esti-
mated true FFV prevalence (94.8%) was substantially greater than the apparent FFV prevalence determined by
either qPCR (60.9%) or ELISA (77.3%). Plots of posterior distributions of multiple runs indicated that GLMMs
adequately converged. For both qPCR and ELISA, model weights indicated that the predictor variables age, sex,
and the interaction between age and sex provide the most parsimonious model (Table 2). Neither sex nor age were
significant risk factors for FFV infection as determined by gPCR; however, age (but not sex) was significant risk
factor for FFV infection as determined by ELISA (Fig. 1).

SCIENTIFIC REPORTS |

(2020) 10:1587 | https://doi.org/10.1038/s41598-020-58350-7


https://doi.org/10.1038/s41598-020-58350-7

www.nature.com/scientificreports/

350

300

250

200

150

-
[~
2
=
&=
3
o Age
K

100

?'EP W Sex

g 5
=z Age*Sex
()
° 0 T
o
=3

-50

-100

-150

qPCR ELISA

Figure 1. FFV ELISA and qPCR differ in predictions of age as a risk factor for infection. Average model
coefficients of risk factors for FFV infection as determined by qPCR and ELISA. Although qPCR and ELISA
both found sex not to be a significant risk factor, ELISA (but not qPCR) found age to a significant risk factor.

Discussion

While the ecology and epidemiology of a putatively apathogenic virus in wildlife may seem moot, FFV and
other pathogens that cause persistent, apathogenic infections are ‘model’ infectious agents for landscape genet-
ics because infected individuals at any time post-infection and continue normal behaviors*’. Consequently, the
accuracy of currently employed FFV diagnostic tests has downstream impacts on the accuracy of FFV land-
scape genetics exploring wild felid social structure and movement patterns. as well as the potential transmission
dynamics of pathogens with higher virulence such as feline leukemia virus, a major threat to the critically endan-
gered Florida panther (Puma concolor coryi)*. To aid future landscape genetic studies, we estimated the Se and
Sp of two common FFV diagnostic tests—qPCR and ELISA—within a large sample of Colorado pumas. For our
study, Se is the ability to correctly identify FFV+ pumas and Sp is the ability to correctly identify FFV— pumas.

Our results suggest ELISA and qPCR had similar estimated Se, whereas ELISA had a higher estimated Sp than
qPCR implying that ELISA is a stronger confirmatory test for assessment of FFV infection. It should be noted
that the Se and Sp estimates reported here are currently the only ELISA and qPCR assays available for FFV, not
currently being used by other labs and thus in-house. It is possible that the Se and Sp of the ELISA and qPCR used
in our study could vary if performed by other laboratories, researchers, or in a different cohort of pumas. To min-
imize this potential limitation in reproducibility both our QPCR and ELISA were run with known FFV positive
and negative samples using the standardized protocol validated by multiple laboratory personal to ensure rigor
of results. Nevertheless, future comparative studies evaluating the diagnostic agreement between different labo-
ratories or personnel running the same FFV assay on mutual samples may be valuable for both epidemiological
investigation and diagnostic purposes.

Although pumas could be qPCR positive while seronegative during early infection or if antibody titers are
below the limit of ELISA detection, it is more likely that low levels of FFV replication and antigenemia would
cause antibody titers to persist, even during the quiescent phase of viral infection when FFV proviral load falls
below the limit of qPCR detection or if viral genetic mutations occurred in the gPCR primer or probe binding
sites. This finding is important, as it indicates to researchers and wildlife managers that a seropositive puma is
more likely to be truly FFV+ and should be included in subsequent landscape genetic modeling efforts. However,
neither qPCR and ELISA’ estimated Se or Sp approached 100%, indicating diagnostic uncertainty in either test’s
results and offering an explanation for why the estimated true prevalence of FFV was higher than the apparent
FFV prevalence determined by either method. Our analysis reinforces that reliance on a single imperfect diag-
nostic test likely underestimates disease prevalence. Future research could seek to confirm early FFV infection
in qPCR-positive, ELISA-negative pumas by looking for anti-FFV IgM to confirm the qPCR as a true positive as
well as quiescent FFV infection in qPCR-negative, ELISA-positive pumas by quantifying FFV RNA to confirm
the ELISA was a true positive. However, recent work suggests plasma RNA is often below limits of detection and
therefore less sensitive for detection of infection than PBMC proviral load*' and that FFV RNA is more likely to
be isolated from saliva than blood** making the confirmation of qPCR-negative, ELISA-positive pumas poten-
tially difficult. Overall, research may benefit from simultaneous use of both diagnostics.

Our low kappa statistic implies there is diagnostic disagreement between qPCR and ELISA, a finding sup-
ported by the associated bias and prevalence indexes and PABAK. Given our prevalence index is larger than our
bias index and our PABAK is greater than our kappa statistic, prevalence has a greater effect on our kappa statistic
than bias. Prevalence in this context is the probability of a puma being FFV+, which is high given the widespread
occurrence of FFV infection in this cohort of pumas. Consequently, a high prevalence means the potential chance
agreement between qPCR and ELISA is also high and our kappa statistic is reduced accordingly. The bias affect-
ing our kappa statistic and detected by the McNemar’s test is the difference in FFV+ results between qPCR and
ELISA. This bias is significant due to the large number of pumas determined to be FFV+ by ELISA, but FFV—
by qPCR. This discordance could be due to infected pumas remaining seropositive, despite having circulating
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proviral loads that fall below the limit of qPCR detection or clearing the infection®. Fewer pumas were deter-
mined FFV+ by qPCR and FFV— by ELISA, a discrepancy more reflective of acute infections that were measured
before the development of detectable antibodies.

Given their Se and Sp covariance, our models suggest that qPCR and ELISA are not conditionally independ-
ent and neither test provides independent evidence of the presence/absence of FFV infection. This is plausible
because although qPCR and ELISA determine FFV infection via different mechanisms (DNA vs. antibody), per-
sistently FFV— infected pumas can be seropositive and provirus-positive simultaneously, making a qPCR FFV+
result not mutually exclusive to an ELISA FFV+- result. A larger Se than Sp covariance suggests qPCR and ELISA
would have a greater reduction in Se when interpreting the two tests in parallel, but less of a reduction in Sp
when interpreting the two tests in series*. Consequently, researchers and wildlife managers could have greater
confidence in classifying a puma as truly FFV+ by running ELISA after qPCR identifies the puma as FFV+ or
vice versa.

Neither qPCR or ELISA associated sex as a significant risk factor for FFV infection, supporting previous
studies of FFV in domestic cats®!? and pumas in other states'®, but contrasting recent FFV studies in domestic
cats in Colorado'®. This difference in risk factors within Colorado suggests an underlying difference in the risk of
FFV exposure in pumas and domestic cats. Interestingly, a similar pattern has been noted between domestic cats
infected with feline gammaherpesvirus (GHV), with male cats being at greater risk for infection?, versus GHV
infections in bobcats or pumas, which show males and females of these nondomestic species at equal risk for
infection*”*8. It is possible that FFV transmission in pumas is primarily via social contact between familial groups,
whereas transmission in feral domestic cats is more likely to occur via male cat interactions. Although regarded as
solitary apex predators, pumas can frequently interact with adult conspecifics, supporting the possibility of path-
ogen transmission through social contact®. It is also possible there is a biological susceptibility of male domestic
cats to these infections or an unidentified aspect of their life history that places them at greater risk for infection.

ELISA, but not qPCR, found age to be a significant risk factor for FFV infection in pumas with adults being
more likely to be seropositive due to the cumulative risk of infection over a puma’s lifetime. Unsurprisingly, this
risk association was found with ELISA which is better able to detect historical FFV infection compared to gPCR.
Given the estimated differences in Sp between qPCR and ELISA, we believe ELISA to have fewer false positives
and subsequently the ELISA GLMM:s to be more accurate. Age has been previously noted to be a risk factor for
FFV infection, suggesting exposure occurs during conspecific interactions that occur after birth and weaning'>'¢.
This epidemiological discrepancy in age as a risk factor for FFV infection underscores that diagnostic uncertainty
can confound our ability to infer the transmission dynamics of wildlife diseases. Our work highlights the need to
select the appropriate diagnostic test based upon the objective of the study being conducted. ELISA has a higher
Sp, making it more accurate for descriptive epidemiological studies and risk factor analyses, whereas qPCR allows
estimates of proviral load, which may be more relevant for determining infection kinetics, viral replication rates,
or transmission dynamics.

Our estimated true FFV prevalence in Colorado pumas is markedly higher than the range of FFV prevalences
found in other wild felid species®°. This variance in prevalence between host species could potentially be due
to differences in sample size or the unaccounted diagnostic uncertainty of the FFV tests employed by previous
studies. This analysis illustrates the importance of understanding diagnostic uncertainty when interpreting dis-
ease parameter estimates and making epidemiological inferences. Given the broad and established literature on
estimating diagnostic accuracy and disease prevalence in the absence of a ‘gold standard’ diagnostic test, disease
ecologists and wildlife epidemiologists should continue to use flexible and robust statistical frameworks when
using imperfect diagnostic tests to study pathogens in wild populations.

Received: 17 June 2019; Accepted: 3 January 2020;
Published online: 31 January 2020

References
1. Linial, M. Why aren’t foamy viruses pathogenic? Trends Microbiol 8, 284-289 (2000).
2. Saib, A. In Foamy Viruses Current Topics in Microbiology and Immunology (ed Axel Rethwilm) 197-211 (Springer, 2003).
3. Mochizuki, M., Akuzawa, M. & Nagatomo, H. Serological survey of the Iriomote cat (Felis Iriomotensis) in Japan. ] Wildl Dis 26,
236-245 (1990).
4. Miyazawa, T. et al. Seroepidemiological survey of feline retrovirus infections in domestic and leopard cats in northern Vietnam in
1997. ] Vet Med Sci 60, 1273-1275 (1998).
5. Daniels, M. J., Golder, M. C., Jarrett, O. & MacDonald, D. W. Feline viruses in wildcats from Scotland. ] Wildl Dis 35, 121-124
(1999).
6. Nakamura, K. et al. Contrastive prevalence of feline retrovirus infections between northern and southern Vietnam. J Vet Med Sci 62,
921-923 (2000).
7. Flower, R. L. P, Wilcox, G. E., Cook, R. D. & Ellis, T. M. Detection and prevalence of serotypes of feline syncytial spumaviruses. Arch
Virol 83, 53-63 (1985).
8. Bandecchi, P. et al. Prevalence of feline immunodeficiency virus and other retroviral infections in sick cats in Italy. Vet Immunol
Immunopathol 31, 337-345 (1992).
9. Winkler, I. G. et al. A rapid streptavidin-capture ELISA specific for the detection of antibodies to feline foamy virus. J Immunol
Methods 207, 69-77 (1997).
10. Glaus, T. et al. Seroprevalence of Bartonella henselae infection and correlation with disease status in cats in Switzerland. J Clin
Microbiol 35, 2883-2885 (1997).
11. Winkler, I. G., Flugel, R. M., Lochelt, M. & Flower, R. L. P. Detection and molecular characterisation of feline foamy virus serotypes
in naturally infected cats. Virology (New York, N.Y.) 247, 144-151 (1998).
12. Winkler, I. G., Lochelt, M. & Flower, R. L. P. Epidemiology of feline foamy virus and feline immunodeficiency virus infections in
domestic and feral cats: a seroepidemiological study. J Clin Microbiol 37, 2848-2851 (1999).
13. Romen, E. et al. Antibodies against Gag are diagnostic markers for feline foamy virus infections while Env and Bet reactivity is
undetectable in a substantial fraction of infected cats. Virology (Lond) 345, 502-508 (2006).

SCIENTIFIC REPORTS |

(2020) 10:1587 | https://doi.org/10.1038/s41598-020-58350-7


https://doi.org/10.1038/s41598-020-58350-7

www.nature.com/scientificreports/

14.

15.

16.
17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.
36.

37.

38.

39.
40.

41.
42.

43.

44,

45.

46.

47.

48.

49.

Bleiholder, A. et al. Pattern of seroreactivity against feline foamy virus proteins in domestic cats from Germany. Vet Immunol
Immunopathol 143, 292-300 (2011).

Kechejian, R. S. et al. Feline foamy virus is highly prevalent in free-ranging Puma concolor from Colorado, Florida and southern
California. Viruses 11, 359 (2019).

Pedersen, N. C., Pool, R. R. & Obrien, T. Feline chronic progressive polyarthritis. Am ] Vet Res 41, 522-535 (1980).

Yamamoto, J. K. et al. Epidemiologic and clinical aspects of feline immunodeficiency virus-infection in cats from the continental
United States and Canada and possible mode of transmission. ] Am Vet Med Assoc 194, 213-220 (1989).

Kechejian, S. et al. Feline foamy virus seroprevalence and demographic risk factors in stray domestic cat populations in Colorado,
Southern California and Florida, USA. JEMS Open Rep 5, 2055116919873736 (2019).

Greiner, M. & Gardner, I. A. Epidemiologic issues in the validation of veterinary diagnostic tests. Prev Vet Med 45, 3-22 (2000).
van Smeden, M., Naaktgeboren, C. A., Reitsma, J. B., Moons, K. G. M. & de Groot, J. A. H. Latent class models in diagnostic studies
when there is no reference standard—a systematic review. Am J Epidemiol 179, 423-431 (2014).

Enoe, C., Georgiadis, M. P. & Johnson, W. O. Estimation of sensitivity and specificity of diagnostic tests and disease prevalence when
the true disease state is unknown. Prev Vet Med 45, 61-81 (2000).

Hanson, T., Johnson, W. O. & Gardner, I. A. Hierarchical models for estimating herd prevalence and test accuracy in the absence of
a gold standard. J Agric Biol Environ Stat 8, 223-239 (2003).

Branscum, A. J., Gardner, I. A. & Johnson, W. O. Bayesian modeling of animal- and herd-level prevalences. Prev Vet Med 66,
101-112 (2004).

Dendukuri, N., Rahme, E., Belisle, P. & Joseph, L. Bayesian sample size determination for prevalence and diagnostic test studies in
the absence of a gold standard test. Biometrics 60, 388-397 (2004).

Branscum, A. ], Gardner, I. A. & Johnson, W. O. Estimation of diagnostic-test sensitivity and specificity through Bayesian modeling.
Prev Vet Med 68, 145-163 (2005).

Carver, S. et al. Pathogen exposure varies widely among sympatric populations of wild and domestic felids across the United States.
Ecol Appl 26, 367-381 (2016).

Kraberger, S. et al. Frequent cross-species transmissions of foamy virus between domestic and wild felids, Virus Evolution 6(1),
vez058, https://doi.org/10.1093/ve/vez058 (2020).

Lee, J. S. et al. Targeted enrichment for pathogen detection and characterization in three felid species. ] Clin Microbiol 55, 1658-1670
(2017).

Ledesma-Feliciano, C. et al. Replacement of feline foamy virus bet by feline immunodeficiency virus vif yields replicative virus with
novel vaccine candidate potential. Retrovirology 15, 15-38 (2018).

Alke, A., Schwantes, A., Zemba, M., Fliigel, R. M. & Lochelt, M. Characterization of the humoral immune response and virus
replication in cats experimentally infected with feline foamy virus. Virology 275, 170-176 (2000).

Ledesma-Feliciano, C. et al. Feline Foamy Virus Infection: Characterization of experimental infection and prevalence of natural
infection in domestic cats with and without chronic kidney disease. Viruses 11, 662 (2019).

Cohen, J. A coefficient of agreement for nominal scales. Educ Psychol Meas 20, 37-46 (1960).

Byrt, T, Bishop, J. & Carlin, J. B. Bias, prevalence and kappa. ] Clin Epidemiol 46, 423-429 (1993).

McNemar, Q. Note on the sampling error of the difference between correlated proportions or percentages. Psychometrika 12,
153-157 (1947).

Stevenson, M. et al. epiR: tools for the analysis of epidemiological data. R package version 0, 9-87 (2017).

Lewis, F. I. & Torgerson, P. R. A tutorial in estimating the prevalence of disease in humans and animals in the absence of a gold
standard diagnostic. Emerg Themes Epidemiol 9 (2012).

Joseph, L., Gyorkos, T. W. & Coupal, L. Bayesian estimation of disease prevalence and the parameters of diagnostic tests in the
absence of a gold standard. Am ] Epidemiol 141, 263-272 (1995).

Kehl, T. et al. Complete genome sequences of two novel Puma concolor foamy viruses from California. Genome Announc 1, 0020112
(2013).

Plummer, M. in 3rd International Workshop on Distributed Statistical Computing. 125 (Vienna, Austria).

Plummer, M., Best, N., Cowles, K. & Vines, K. CODA: convergence diagnosis and output analysis for MCMC. R News 6, 7-11
(2006).

Gelman, A. et al. Bayesian Data Analysis. 3rd edn, (Chapman and Hall/CRC, 2013).

Hadfield, J. D. MCMC methods for multi-response generalized linear mixed models: the MCMCglmm R package. J Stat Softw 33,
1-22(2010).

Kozakiewicz, C. P. et al. Pathogens in space: advancing understanding of pathogen dynamics and disease ecology through landscape
genetics. Evol Appl 11, 1763-1778 (2018).

Cunningham, M. W. et al. Epizootiology and management of feline leukemia virus in the Florida puma. J Wildl Dis 44, 537-552
(2008).

Cavalcante, L. T. E et al. Clinical and Molecular Features of Feline Foamy Virus and Feline Leukemia Virus Co-Infection in
Naturally-Infected Cats. Viruses 10, 702 (2018).

Gardner, I. A, Stryhn, H., Lind, P. & Collins, M. T. Conditional dependence between tests affects the diagnosis and surveillance of
animal diseases. Prev Vet Med 45 (2000).

Troyer, R. M. et al. Novel gammaherpesviruses in North American domestic cats, bobcats, and pumas: identification, prevalence,
and risk factors. J Virol 88, 3914-3924 (2014).

Loisel, D. A, Troyer, R. M. & VandeWoude, S. High prevalence of Lynx rufus gammaherpesvirus 1 in wild Vermont bobcats. Peer]
6, 4982 (2018).

Elbroch, L. M., Levy, M., Lubell, M., Quigley, H. & Caragiulo, A. Adaptive social strategies in a solitary carnivore. Sci Adv 3,
€1701218 (2017).

Acknowledgements

Funding and support were provided by grants from the National Science Foundation’s Ecology of Infectious
Diseases Program (NSF EF-0723676 and NSF EF-1413925). NGD was additionally supported in this research by
an exchange program between Colorado State University and the University of Tasmania. An earlier draft of this
report was improved by the thoughtful feedback of two anonymous reviewers.

Author contributions

K.L. and M.A. collected puma blood samples and demographic information. S.Ke. and S.Kr. performed qPCR
and ELISA on the collected blood samples and interpreted results. N.D. performed statistical analyses, interpreted
results, and drafted the manuscript. K.C., S.V. and S.C. supervised the study and interpreted results. All authors
revised the manuscript.

SCIENTIFIC REPORTS |

(2020) 10:1587 | https://doi.org/10.1038/s41598-020-58350-7


https://doi.org/10.1038/s41598-020-58350-7
https://doi.org/10.1093/ve/vez058

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-58350-7.

Correspondence and requests for materials should be addressed to N.G.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:1587 | https://doi.org/10.1038/s41598-020-58350-7


https://doi.org/10.1038/s41598-020-58350-7
https://doi.org/10.1038/s41598-020-58350-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Diagnostic Uncertainty and the Epidemiology of Feline Foamy Virus in Pumas (Puma concolor)

	Methods

	Puma sampling. 
	qPCR and ELISA diagnostic agreement. 
	Latent class analysis. 
	Risk factor analysis. 

	Results

	Discussion

	Acknowledgements

	Figure 1 FFV ELISA and qPCR differ in predictions of age as a risk factor for infection.
	Table 1 Latent Class Analysis estimates true prevalence of FFV to be 94.
	Table 2 Age, sex, and their interaction best predict FFV infection.




