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Abstract: The family of paramyxoviruses has received growing attention as several new species
have been identified recently, notably two different clusters in domestic cats, designated as
feline morbillivirus (FeMV) and feline paramyxovirus (FPaV). Their phylogenetic origin and
whether wild felids also harbor these viruses are currently unknown. Kidney samples from
35 guignas (Leopardus guigna), a wild felid from Chile, were investigated for paramyxoviruses using
consensus-RT-PCR. In addition, thirteen serum samples of guignas were screened for the presence
of FeMV-specific antibodies by an immunofluorescence assay (IFA). Viral RNA was detected in
31% of the kidney samples. Phylogenetic analyses revealed two well-supported clusters, related to
isolates from domestic cats, rodents and bats. No significant histopathology changes were recorded in
infected guignas. Serology identified two samples which were positive for FeMV-specific antibodies.
Our study highlights the diversity of paramyxovirus infections in felids with special emphasis on
guignas from Chile.

Keywords: guigna; feline; morbillivirus; paramyxovirus; phylogeny; kidney

1. Introduction

The guigna (Leopardus guigna), one of the smallest felids on earth [1], along with Geoffroy’s
cat (L. geoffroyi), belongs to the genus Leopardus within the Ocelot Lineage that diverged from a
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common feline ancestor approximately 2.8 million years ago [2]. Based on morphological data,
guignas are further divided into two subspecies, L. g. tigrillo (northern subspecies) and L. g. guigna
(southern subspecies), living in separated geographical regions with different ecological landscapes
and climates of Chile and Argentina [3]. Guignas require vegetation cover, and thus mainly use areas of
Mediterranean woodlands and temperate rainforests. Due to their restricted distribution to some parts
of Chile (30°—48° S) and a small region of south-western Argentina (39°-46° S west of 70° W), habitat
loss, landscape fragmentation and human persecution have been causing a decline of this species within
the last decades. Climate change, deforestation and human—felid conflicts are the most important issues
impacting conservation of the guigna population [4]. Therefore, guignas are classified as Vulnerable on
the International Union for Conservation of Nature (IUCN) Red List and are one of the most-threatened
South American cat species [5]. Infectious agents such as feline immunodeficiency virus (FIV) and
feline leukemia virus (FeLV) [6], as well as canine protoparvovirus [7], can worsen the current situation
for guignas as these agents affect domestic and wild felids, causing significant morbidity or even
death [8]. Another carnivore virus, canine morbillivirus virus (CDV), can have even more devastating
effects in wild felids, as shown by an epidemic in Serengeti lions (Panthera leo), accounting for the
death of approximately one-third of the whole population [9]. High mortalities were also found in
Amur tigers [10]. Exposure to CDV has been documented in many other wild felids [11], including
members of the genus Lynx, Namibian cheetahs (Acinonyx jubatus) and caracals (Caracal caracal), pumas
(Puma concolor) and the Argentinian Geoffroy’s cats (Leopardus geoffroyi). However, most of these
examples reported serological evidence of exposure and were not associated with disease, raising the
question whether CDV infections in non-canid species should be reconsidered as normal rather than
incidental hosts of this virus [12].

CDV belongs to the family of paramyxoviridae, composed of enveloped, single-stranded RNA
viruses affecting a broad range of wild free-ranging and domestic animals [13]. In 2012, a new
paramyxovirus was discovered in domestic cats from Hong Kong, and received the name feline
morbillivirus (FeMV-1, formerly known as FmoPV) [14]. Initially, the virus was described to be
associated with tubulointerstitial nephritis but subsequently, detection of the virus in Europe [14-17],
Asia [18-21] and the Americas [22,23] showed that the situation is more complex, as some authors
found a connection to urinary tract disease, while others did not. Furthermore, a second genotype
of FeMV, now designated as FeMV-2, was detected in domestic cats from Germany. Strains of this
genotype showed only 71% homology to FeMV-1 based on the nucleotide level of whole genome
comparisons [24]. In addition, FeMV-unrelated paramyxoviruses were detected in domestic cats from
Germany [15], the UK [17] and Japan [25], designated as feline paramyxoviruses (FPaV). All of these
descriptions point towards the complexity of the family paramyxoviridae in cats. Our aim was to
investigate the presence and diversity of FeMV in a wild felid, for which no survey has been reported
to date.

2. Materials and Methods

2.1. Sample Collection, RNA-Isolation, PCR Amplification and Histopathology

We screened cryopreserved (at —20 °C) kidney samples from road-killed guignas and guignas that
arrived at wildlife rescue centers for various reasons (dog attacks, human persecution and fire injures)
and died after admission, collected between 2008 and 2018 in Chile. Samples originated from Chiloe
Island and the Chilean continent. RNA from kidneys was isolated using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions. Consensus one-step-nested-RT-PCR
capable of amplifying all members of the paramyxoviridae family was applied exactly as described
previously [26] using the ‘SuperScript III One-Step RT-PCR System with Platinum Taq High Fidelity”
system (Thermo Fisher Scientific, Waltham, MA, United States of America). We used the primer pairs
PAR-R and PAR-F1/F2 as wells as RES-MOR-HEN-R and RES-MOR-HEN-F1/F2 targeting two different
conserved nucleotide regions of the viral polymerase (RdRp, L gene), resulting in PCR fragments of
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approximately 610 and 495 bp, respectively. Both primer pairs were used for screening purposes as
they differ in specificity and sensitivity [26].

For histopathology, replicate kidney samples were preserved in 10% neutral buffered formalin,
processed routinely for hematoxylin-eosin staining, and were evaluated by a veterinary pathologist
blinded to molecular data. Sections were investigated for glomerular (sclerosis and mesangial
expansion), tubular (necrosis, atrophy, expansion and casts) and interstitial (inflammation and fibrosis)
changes using previously described criteria [27].

The collection of samples was done under considerations of animal welfare and ethical aspects with
the approval of Animal Ethics Committee of the Institute of Ecology and Biodiversity in Universidad
de Chile, resolution of 20 November 2015. Frozen tissues were imported to Germany under the
permission number 24-9152.81 (EFG-No.: 55/2018) provided by the ‘Saxon State Ministry for Social
and Consumer Protection’, Dresden, Germany. In addition, samples were imported in accordance
with the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES),
certificate no.: DE-E-03269/18, German Federal Agency for Nature Conservation, Bonn, Germany.

2.2. Phylogenetic Analysis

For phylogenetic characterization, PCR fragments were purified using a Gel/PCR DNA Fragments
Extraction Kit (Geneaid, Taiwan) followed by sequencing via the Sanger’s dideoxy termination method
by a commercial company (Microsynth Seqlab, Gottingen, Germany). Phylogeny was based on
sequences (409 bp) derived from the RES-MOR-HEN-primers. Chromatogram files were analyzed
with BioEdit software and edited sequences were screened at the NCBI website using the Basic Local
Alignment Search Tool (BLAST, https://www.ncbi.nlm.nih.gov/blast). Phylogenetic analyses were
conducted by calculating genetic distances employing the general time reversible model with gamma
distributed invariant sites (GTR + I) at the nucleotide level using the MEGA-X software. A phylogenetic
tree was built by the maximum likelihood method with 1000 bootstrap replicates [28].

2.3. Serological Analysis

Serum samples were investigated by using a previously established immunofluorescence assay
(IFA) for both genotypes, FeMV-1 and FeMV-2 [29]. In brief, CrFK and LLC-KM2 cells were infected
at a low multiple of infection (MOI) of 0.01 with FeMV-1 (accession no. MG563820.1) and FeMV-2
(accession no. MK182089.1) strains, respectively. Viruses were previously isolated from urine samples
of two persistently infected cats from Germany [24,30]. Five days after infection, cells were fixed
with 80% acetone, incubated with 5% (w/v) bovine serum albumin (BSA) in phosphate buffered saline
(PBS) for 30 min at 37 °C to block unspecific binding sites. Cat sera were diluted 1/100 (v/v) in PBS,
applied to the fixed and blocked cells and were incubated overnight at 4 °C. Unbound antibodies
were removed by repeated washing with PBS and specific interactions were visualized using a 1/500
diluted goat anti-cat IgG (H+L) Alexa Fluor 488 conjugated antibody (Dianova, Hamburg, Germany).
Mock-infected cells served as negative controls for each sample. Antibodies against CDV were detected
by the use of virus neutralization assay (VINT) as described previously [31].

2.4. Statistical Analysis

QuickCalcs website (https://www.graphpad.com/quickcalcs/contingency?2/) was used to determine
significance between PCR positive and negative guignas and histologic lesions by the two-tailed fishers
exact t-test.

2.5. Virus Isolation Attempts

Kidney samples were homogenized (TissueLyser II, Qiagen, Hilden, Germany) in PBS.
Homogenates were clarified by low-speed centrifugation (500 g, 10 min), supernatants were diluted
1:2 with Dulbecco’s Modified Eagle’s Medium (DMEM) and applied to sub-confluent Vero (CCL-81),
LLC-MK2 and CrFK cells. After two hours, the inoculum was replaced with Dulbecco’s Modified
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Eagle’s Medium (DMEM) including 2% heat-inactivated fetal bovine serum (FBS). Cells were grown in
a humidified atmosphere with 5% CO; for seven days with daily inspection for the presence of CPE.
Three blind passages were performed until cell culture supernatants were tested for paramyxoviruses
via consensus-RT-PCR.

3. Results

Kidneys of 35 animals (30 adults, 4 juveniles and 1 of non-determined age) composed of
19 female and 16 male guignas were subjected to PCR analysis. Eleven samples (31.4%) were
found to be paramyxovirus-positive by using the more sensitive primer pair RES-MOR-HEN-R and
RES-MOR-HEN-F1/F2. Positive animals originated from the central-south region of Chile, in which
1/15 of the southern subspecies (L. guigna tigrillo) and 9/18 of the northern subspecies (L. guigna guigna)
were paramyxovirus PCR-positive (Figure 1). This difference in subspecies prevalence was found to be
significant (Fisher’s p = 0.0094).
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Figure 1. Sampling area of guignas used for PCR and serological analysis. Individual kidney samples
of guignas are shown as green (PCR-negative) or red (PCR-positive), whereas serum samples are shown
as white (IFA-negative) or black (IFA-positive) circles.

Two samples originated from animals of the transition zone between both subspecies in which
one kidney sample was paramyxovirus PCR-positive. No significant differences in paramyxovirus
prevalence between female (6/19) and male (5/16) animals were found (Fisher’s p = 1.0). Sequences
have been deposited at GenBank, with the accession numbers MN850340-MN850350.

Sequencing of the obtained PCR products revealed two different well-supported clades of
paramyxoviruses: tentatively named ‘FeMV-related’ (7 of 35 animals, 20%) and ‘FPaV-related” (4 of
35 animals, 11.4%) clusters (Figure 2). This diversity was also confirmed by PCR results using the
primer pair PAR-R and PAR-F1/F2, although only eight samples were paramyxovirus-positive with this
protocol (GenBank accession numbers MW027007-MW027014). The guigna FPaV-related sequences
originated from four animals, three females and one male. Three samples were derived from animals
from Chiloe Island (LG 126, LG 127 and LG 184), whereas the remaining FPaV-related positive animal
(LG 182) lived on the Chilean continent. Genetic variability among sequences from Chiloe Island was
found to be low with nucleotide homologies ranging between 99.26% and 99.75%. These sequences
could be distinguished from the FPaV-related isolate of the Chilean continent having 95.56-95.80%
nucleotide homology to the strains from the island. Highest identities to known paramyxoviral isolates
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were obtained with FPaV strains from domestic cats in Germany [15], the UK [17] and Japan [25],
showing 80%, 81% and 82% homology, respectively (summarized in Table 1). In addition, these viruses
were more distantly related to paramyxoviruses found in bats and rodents, with nucleotide homologies

of 76% and 73%, respectively [32,33].
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Figure 2. Maximum likelihood phylogenetic tree of paramyxoviruses including novel viruses detected
in guignas from Chile (red dots). Accession numbers are shown in brackets. The tree is drawn to scale,
with branch lengths measured in the number of substitutions per site.

Table 1. Characteristics of paramyxovirus PCR-positive guigna samples.

Highest Nucleotide
. 1 ghes
Identity ! AI}lmals Subspecies!  Origin Homology to Relatedness t.o Other
(Accession Number) . Paramyxoviruses
(Accession No.)
LG 126 (MN850340) LGG . 76% bat paramyxovirus
Chiloe 83% FPaV
LG 127 (MN850341) LGG . (KC578587.1)
FPaV- LG 184 (MN850343) LGG Island ~ Felis catus, Japan (LC431581.1) 40/ Turrec paramyxovirus
related (KF246040.1)
Chilean 82% FPaV 73% rodent paramyxovirus
LG 182 (MN850342) LGT continent (LC431581.1) (JF828299.1)
LG 128 (MN850344) LGG Chiloe 75% FeMV 70% bat paramyxovirus
LG 137 (MN850346) LGG Island  Felis catus, Brazil (KX452077.1) (MN602070.1)
FeMV- Eg }g? Exgggggig; 11:82 70% rodent paramyxovirus
related LG 186 (MN850348) LGG Chilean 74% FeMV (AB844347.1)
LG 189 (MN850349) LGG continent  Felis catus, China (JQ411016.1) 70% bat paramyxovirus
LG 193 (MN850350) LGG (MH259211.1)

! LGG = Leopardus guigna guigna; LGT = Leopardus guigna tigrillo; LG = Leopardus guigna; FPaV = feline paramyxovirus;

FeMV = feline morbillivirus.

FeMV-related sequences were detected in seven guignas, three female and four male animals.
Based on their geographic origin, viral sequences of guignas from Chiloe Island (LG 128 and LG
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137) and isolates from the Chilean continent (LG 136, LG 181, LG186, LG 189 and LG 193) were not
as homogeneous as in the FPaV-related cluster but instead showed only 83-85% nucleotide identity,
forming two well-defined sub-clusters (Figure 2). Sequences were related to morbilliviruses found
in domestic cats worldwide, with highest homology (74-75%) to FeMV isolates from Brazil [23]
and China [14], respectively. Furthermore, FeMV-related viruses were related to paramyxoviruses
found in rodents [34] and bats [35], having a nucleotide homology of about 70%. No co-infections
of FPaV-related and FeMV-related viruses were detected in the investigated kidney samples. Virus
isolation attempts were not successful.

Histopathological analysis of kidney samples from all investigated guignas exhibited only slight
morphologic changes in glomerular architecture, e.g., faint to moderate cell proliferation and mesangial
expansion. No significant differences were detected when comparing paramyxovirus-positive versus
paramyxovirus-negative samples (Fisher’s p = 0.6871). Tubular variables (necrosis, atrophy, expansion
and casts) were inconspicuous in all samples. Minimal inflammation and fibrosis of the interstitium
were only seen in seven guignas respectively, but were unrelated to paramyxovirus PCR results.

For serological investigation, thirteen serum samples of guignas were collected in 2008 (n = 8) and
in 2012 (n = 5) and analyzed for the presence of FeMV-specific antibodies via IFA. As a result, two
samples (15.4%) were IFA-positive for both antibodies, FeMV-1 and FeMV-2 (Figure 3). No FeMV-1-only
or FeMV-2-only positive serum samples were observed. All samples were negative for CDV antibodies
by VNT.

Mock FeMV
w
[0
c
3
>
w
[
<
3
w

Figure 3. Serology of analyzed guigna serum samples from Chile. Representative result of a serological
analysis via immunofluorescence assay. FeMV-specific antibodies were detected in a guigna serum
sample (serum A) illustrated by fluorescence staining of perinuclear and cytoplasmic viral inclusion
bodies (white arrows). In comparison, an IFA-negative sample (serum B) is shown on the right. Scale
bar represents 20 pm.
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4. Discussion

In the last decade, numerous new paramyxoviruses have been described with special emphasis
on rodents and bats [32-35]. Most of these viruses were detected by consensus-nested-PCR [26] and
sequencing of partial nucleotide sequences derived from conserved regions of the viral polymerase.
In the current study, we applied this methodological approach to kidney samples (n = 35) from
Leopardus guigna with an overall PCR-positive rate of approximately 31%. Differences in the detection
rate of the two consensus primer sets used (RES-MOR-HEN vs. PAR primers) are not surprising
as the latter (family-derived) have been described to have a broader reactivity but a ten-fold lower
detection limit in comparison to genus-derived consensus primer pairs [26,36]. In our study, only
kidney samples were examined, so it cannot be excluded that other organs may also be affected
by these guigna paramyxoviruses. For the closely related feline morbilliviruses of domestic cats,
histopathological data suggest that other organs (spleen, urinary bladder and immune cells) can be
infected with FeMV-1 as well [37]. This finding was also supported by in vitro experiments showing
that epithelial cells of the lung, alveolar macrophages and brain tissues are permissive for FeMV-2
under laboratory conditions [24,37]. On the other hand, in a recently detected infection of black
leopards (Panthera pardus) with FeMV-1, only kidneys were affected [38]. Further studies addressing
surveillance of paramyxoviruses in wildlife animals should take into account that organs other than
the kidney may also be a target of viral replication and should therefore be sampled to elucidate the
complete tissue tropism of these viruses.

The viral sequences from guignas could be divided into two distinct phylogenetic clusters
resembling paramyxovirus diversity found in domestic cats [15,17,24,25]. FeMV-related and
FPaV-related clades from guignas of the Chilean continent or Chiloe Island differed in their nucleotide
sequences. This phenomenon may be explained by independent introductions of these viruses to
the two guigna populations. Since animals from the mainland should not have any current direct
contact with animals from the island (although there was some historical connection in the last glacial
maximum) [4], it is possible that the observed sequence differences are the result of a co-evolution
of the viruses with their respective hosts. On the other hand, it should be taken into account that
domestics are indeed moved between the island and the continent so that cross-species transmission
between wild felids and domestic cats could also explain the observed phenomenon. No differences in
paramyxovirus prevalence between female and male animals were encountered, pointing toward a
transmission route which is independent of the sex or sex-related behaviors. In contrast, significant
differences in the proportion of paramyxovirus-positive animals were observed between the two
guigna subspecies, in which L. guigna guigna, the southern subspecies, had significantly higher infection
compared to L. guigna tigrillo. This is probably the result of differences between central and southern
Chile in terms of bioclimatic conditions, animal densities, or other yet unknown reasons. From a
biological point of view, there is no rationale for one guigna subspecies being more susceptible to
paramyxoviruses than the other. No previous studies investigating several other pathogens in guignas
revealed any evidence to predict differences between subspecies [6,39]. In addition, sample numbers of
the current study were relatively low and therefore a statistical artefact cannot be completely excluded.
Further large-scale investigations which consider a representative sampling size are needed to draw a
final conclusion.

The detected guigna viruses were also related to paramyxovirus sequences found in kidneys of
bats (Hipposideros caffer) from South Africa [32] and in urine and feces of Microchiroptera sp., Myotis sp.
and Scotophilus sp. bats from Viet Nam and Cambodia [40]. Interestingly, rodents (e.g., Rattus exulans,
Rattus tanezumi and Lophuromys nudicaudus) from Thailand, Myanmar and Malaysia harbor several
similar paramyxoviruses but, in contrast, these viruses were detected in oral and rectal swabs of the
animals [40]. The low nucleotide homology to viral sequences from rodents, bats and other known
paramyxoviruses raises the question whether there are, yet unidentified, wild animals harboring
related viruses which can explain viral evolution. Future surveillance programs including a broader
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pool of relevant animal species from Chile and neighboring countries as well as larger sample numbers
are needed to address this issue.

The similarity of paramyxovirus diversity in guignas in comparison to domestic cats opens the
discussion for historical cross-species transmission scenarios between domestic cats and wild felids.
Transfer of infectious agents between domestic and wild cats is well-documented for several pathogens,
such as FeLV and FIV [6]. In contrast to the herein described paramyxoviruses, FeLV and FIV sequences
in guignas closely resembled known virus isolates from domestic cats. However, there are reports
about FIV isolates from several wild felids such as lions [41] and pumas [42] which were clearly
distinguishable from viruses found in domestic cats based on partial nucleotide sequence comparisons
of the viral polymerase. In contrast, CDV strains from different domestic and wild carnivores show only
limited sequence variability, mainly affecting the viral surface proteins as a consequence of receptor
usage [43]. Since clades are well-separated between world-wide domestic cat and guigna viruses, past
transmission events may have taken place by one or more interspecies virus jumps followed by a
co-evolution within the guigna populations, leading to the currently observed phylogenetic diversity.
However, Chilean domestic cats should be sampled and sequenced for paramyxoviruses, and then
compared to guigna sequences to better assess this possible situation.

Confirmation of hypothetical transmission scenarios are hampered by the lack of whole genome
sequences from paramyxoviruses of guignas, domestic cats, rodents and bats, as only short parts of
whole viral genomes are available. On the other hand, the amplified sequence segments belong to a
highly conserved region of paramyxoviruses which are widely accepted for phylogeny analyses and
proposing new species [33]. In this study, attempts for virus isolation and uncovering further viral
genome sequences were not successful, which may be explained by partial autolysis of the organs
(the majority of the animals were road-killed) and prolonged storage (several years) at —20 °C, leading
to RNA fragmentation or degradation and virus inactivation.

Although the initial description of FeMV was linked to kidney disease in domestic cats [11],
no significant differences in histopathology of paramyxovirus-positive and paramyxovirus-negative
guignas were seen. In contrast, FeMV-1 infections in black leopards (Panthera pardus) were associated
with severe azotemia and tubulointerstitial nephritis [38]. Otherwise, several reports of FeMV infections
in domestic cats could not find a distinctive connection to kidney diseases [17,20,37]. As the viruses
detected in guignas clearly differ from FeMV and FPaV in domestic cats, continued monitoring and
evaluation of complete necropsies are needed to fully ascertain whether these viruses are associated
with disease.

Serological analysis of a limited number of serum samples from guignas revealed reactivity
with FeMV-1 and FeMV-2. False-positive IFA results due to cross-reactive CDV antibodies were
excluded by screening all serum samples via CDV-VNT [44], leading to the assumption that guignas
may also be susceptible to FeMV strains of domestic cats. Recently, it was shown that domestic
cats of Chile have a high seroprevalence for both FeMV genotypes [29]. As mentioned above, black
leopards (Panthera pardus) were also shown to be susceptible to FeMV [38], which further support
a hypothesis of possible FeMV infections in guignas. The seroprevalence of FeMV in guignas is
in accordance with published results from studies of domestic cats from China [14], the UK [17]
and Japan [45], although comparison with these investigations may be difficult due to differences in
experimental techniques. In addition, it cannot be excluded that the observed IFA reactions are the
result of cross-reactive FeMV-like antibodies, as whole genome sequences from these new strains are
not yet available. Interestingly, seroprevalence of FeMV and observed prevalence of PCR-positive
FeMV-related sequences in guignas are similar (15% vs. 20%, respectively), making it difficult to
fully explore the molecular basis of the observed antibody prevalence without further information
about antigen similarity of the respective viruses. Nevertheless, this is the first study documenting
seroconversion of guignas against FeMV and/or FeMV-related strains.
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5. Conclusions

We reported the identification of novel paramyxoviruses in guignas from Chile, forming two
well-separated clades: FeMV-related and FPaV-related. Highest homologies were found to virus
strains of domestic cats and more distantly related viruses of rodents and bats. Furthermore, we
report supporting histopathological and serological data which points to the possibility of guigna
infections with FeMYV strains circulating in domestic cats. The impact of these viruses to the population
persistence and health status of guignas is currently unknown and needs to be further investigated for
this threatened wild felid.

Author Contributions: Conceptualization, C.N. and M.S.; methodology, K.A.T., M.S., ].B., KH. and D.B.; formal
analysis, M.S. and ].B.; investigation, K.A.T. and M.S.; resources, 1.S., ].C., EH.-H., ]. M. and C.N.; writing—original
draft preparation, M.S.; writing—review and editing, ] M., C.N. and M.S.; visualization, 1.S., K.A.T. and M.S;
supervision, TW.V. and C.N.; funding acquisition, C.N. and T.W.V. All authors have read and agreed to the
published version of the manuscript.

Funding: The study was supported by Boehringer Ingelheim Veterinary Research CenterGmbH & Co. KG,
Hannover, Germany. Our work was funded by ANID FONDECYT Iniciacién 11150934 (C.N.), Morris Animal
Foundation (M.A.F.) D15Z0-413 (C.N.), National Geographic Society C309-15 (C.N.), Mohamed bin Zayed Species
Conservation Fund 152510351 (C.N.), ANID PAI 77190064 (C.N.) and the Wild Felid Association (L.S.).

Acknowledgments: We are grateful to CONAF, especially Patricio Contreras and Patricia Barria; SAG, especially
to Diego Ramirez, Rodrigo Villalobos and Luis Sepulveda for logistic support and valuable samples. Special
thanks to Nicolds Galvez, Jorge Valenzuela, Eduardo Silva, Brayan Zambrano, Gerardo Morales, Ricardo Pino,
Daniel Gonzalez, Nicole Sallaberry, Angelo Espinoza, Diego Pefialoza, Mario Alvarado, Aitor Cevidanes,
Frederick Toro, Paulette Abarca, Alfredo Catalan, Gabriella Svensson, Jaime Rau, Andrea Roa, Tomas Valdés and
Manuel Valdés for their valuable support in sample collection.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Johnson, W.E; Eizirik, E.; Pecon-Slattery, J.; Murphy, W.J.; Antunes, A.; Teeling, E.; O’'Brien, S.J. The Late
Miocene Radiation of Modern Felidae: A Genetic Assessment. Science 2006, 311, 73-77. [CrossRef] [PubMed]

2. Nowell, K.; Jackson, P. Wild Cats: Status Survey and Conservation Action Plan; International Union for
Conservation of Nature: Gland, Switzerland, 1996; ISBN 2-8317-0045-0.

3. Johnson, WE,; Slattery, ].P; Eizirik, E.; Kim, J.-H.; Raymond, M.M.; Bonacic, C.; Cambre, R.; Crawshaw, P.;
Nunes, A.; Seuanez, H.N.; et al. Disparate phylogeographic patterns of molecular genetic variation in four
closely related South American small cat species. Mol. Ecol. 1999, 8, S79-594. [CrossRef] [PubMed]

4. Napolitano, C.; Johnson, W.E.; Sanderson, J.; O'Brien, S.J.; Hoelzel, A.R.; Freer, R.; Dunstone, N.; Ritland, K;
Ritland, C.E.; Poulin, E. Phylogeography and population history of Leopardus guigna, the smallest American
felid. Conserv. Genet. 2014, 15, 631-653. [CrossRef]

5. Napolitano, C.; Galvez, N.; Bennett, M.; Acosta-Jamett, G.; Sanderson, J. Leopardus guigna. IUCN Red List
Threat. Species 2015 2015. [CrossRef]

6.  Mora, M,; Napolitano, C.; Ortega, R.; Poulin, E.; Pizarro-Lucero, ]. Feline immunodeficiency virus and feline
leukemia virus infection in free-ranging guignas (Leopardus guigna) and sympatric domestic cats in human
perturbed landscapes on Chiloé Island, Chile. J. Wildl. Dis. 2015, 51, 199-208. [CrossRef]

7. Ortega, R.; Mena, J.; Grecco, S.; Pérez, R.; Panzera, Y.; Napolitano, C.; Zegpi, N.; Sandoval, A.; Sandoval, D.;
Gonzalez-Acuna, D.; et al. Domestic dog origin of Carnivore Protoparvovirus 1 infection in a rescued
free-ranging guifa (Leopardus guigna) in Chile. Transbound. Emerg. Dis. 2020. [CrossRef]

8. O’Brien, S.; Troyer, J.L.; Brown, M.A.; Johnson, W.E.; Antunes, A.; Roelke-Parker, M.E.; Pecon-Slattery, J.
Emerging Viruses in the Felidae: Shifting Paradigms. Viruses 2012, 4, 236-257. [CrossRef]

9.  Roelke, M.; Munson, L.; Packer, C.; Kock, R.; Cleaveland, S.; Carpenter, M.; O’Brien, S.; Pospischil, A.;
Hofmann-Lehmann, R.; Lutz, H.; et al. A canine distemper virus epidemic in Serengeti lions (Panthera leo).
Nature 1996, 379, 441-445. [CrossRef]


http://dx.doi.org/10.1126/science.1122277
http://www.ncbi.nlm.nih.gov/pubmed/16400146
http://dx.doi.org/10.1046/j.1365-294X.1999.00796.x
http://www.ncbi.nlm.nih.gov/pubmed/10703553
http://dx.doi.org/10.1007/s10592-014-0566-3
http://dx.doi.org/10.2305/IUCN.UK.2015-2.RLTS.T15311A50657245.en
http://dx.doi.org/10.7589/2014-04-114
http://dx.doi.org/10.1111/tbed.13807
http://dx.doi.org/10.3390/v4020236
http://dx.doi.org/10.1038/379441a0

Viruses 2020, 12, 1397 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Seimon, T.A.; Miquelle, D.G.; Chang, T.Y.; Newton, A.L.; Korotkova, I.; Ivanchuk, G.; Lyubchenko, E.;
Tupikov, A,; Slabe, E.; McAloose, D. Canine Distemper Virus: An Emerging Disease in Wild Endangered
Amur Tigers (Panthera tigris altaica). mBio 2013, 4, €00410-13. [CrossRef]

Beineke, A.; Baumgértner, W.; Wohlsein, P. Cross-species transmission of canine distemper virus—An update.
One Health 2015, 1, 49-59. [CrossRef]

Terio, K.A.; Craft, M.E. Canine Distemper Virus (CDV) in Another Big Cat: Should CDV Be Renamed
Carnivore Distemper Virus? mBio 2013, 4, e00702-13. [CrossRef] [PubMed]

Knipe, D.M.; Howley, PM. (Eds.) Fields Virology, 6th ed.; Lippincott Williams & Wilkins: Philadelphia, PA,
USA, 2013; ISBN 9781451105636.

Woo, P.C.Y.; Lau, S.K.P; Wong, B.H.L.; Fan, R.Y.Y.; Wong, A.Y.P,; Zhang, A.].X.; Wu, Y.; Choi, GK.Y,; Li, KS.M,;
Hui, J.; et al. Feline morbillivirus, a previously undescribed paramyxovirus associated with tubulointerstitial
nephritis in domestic cats. Proc. Natl. Acad. Sci. USA 2012, 109, 5435-5440. [CrossRef] [PubMed]

Sieg, M.; Heenemann, K.; Riickner, A.; A Burgener, I.; Oechtering, G.; Vahlenkamp, T.W. Discovery of
new feline paramyxoviruses in domestic cats with chronic kidney disease. Virus Genes 2015, 51, 294-297.
[CrossRef] [PubMed]

Lorusso, A.; Di Tommaso, M.; Di Felice, E.; Zaccaria, G.; Luciani, A.; Marcacci, M.; Aste, G.; Boari, A.;
Savini, G. First report of feline morbillivirus in Europe. Vet. Ital. 2015, 51, 235-237. [PubMed]

McCallum, K.E.; Stubbs, S.; Hope, N.; Mickleburgh, I.; Dight, D.; Tiley, L.; Williams, T.L. Detection and
seroprevalence of morbillivirus and other paramyxoviruses in geriatric cats with and without evidence of
azotemic chronic kidney disease. J. Vet. Intern. Med. 2018, 32, 1100-1108. [CrossRef]

Furuya, T.; Sassa, Y.; Omatsu, T.; Nagai, M.; Fukushima, R.; Shibutani, M.; Yamaguchi, T.; Uematsu, Y.;
Shirota, K.; Mizutani, T. Existence of feline morbillivirus infection in Japanese cat populations. Arch. Virol.
2014, 159, 371-373. [CrossRef]

Yilmaz, H.; Tekelioglu, B.K.; Gurel, A.; Bamac, O.E.; Ozturk, G.Y.; Cizmecigil, U.Y.; Altan, E.; Aydin, O.;
Yilmaz, A.; Berriatua, E.; et al. Frequency, clinicopathological features and phylogenetic analysis of feline
morbillivirus in cats in Istanbul, Turkey. J. Feline Med. Surg. 2017, 19, 1206-1214. [CrossRef]

Isa, N.-H.M.; Selvarajah, G.T.; Khor, K.H.; Tan, SW.; Manoraj, H.; Omar, N.H.; Omar, A.R.; Kamal, EM.
Molecular detection and characterisation of feline morbillivirus in domestic cats in Malaysia. Vet. Microbiol.
2019, 236, 108382. [CrossRef]

Chaiyasak, S.; Piewbang, C.; Rungsipipat, A.; Techangamsuwan, S. Molecular epidemiology and genome
analysis of feline morbillivirus in household and shelter cats in Thailand. BMC Vet. Res. 2020, 16, 1-9.
[CrossRef]

Sharp, C.R.; Nambulli, S.; Acciardo, A.S.; Rennick, L.]J.; Drexler, J.F.; Rima, B.K.; Williams, T.; Duprex, W.P.
Chronic Infection of Domestic Cats with Feline Morbillivirus, United States. Emerg. Infect. Dis. 2016, 22,
760-762. [CrossRef]

Darold, G.M.; Alfieri, A.A.; Muraro, L.S.; Amude, A.M.; Zanatta, R.; Yamauchi, K.C.I.; Alfieri, A.F,; Lunardi, M.
First report of feline morbillivirus in South America. Arch. Virol. 2017, 162, 469-475. [CrossRef]

Sieg, M.; Busch, J.; Eschke, M.; Bottcher, D.; Heenemann, K.; Vahlenkamp, A.; Reinert, A.; Seeger, J.;
Heilmann, R.M.; Scheffler, K.; et al. A New Genotype of Feline Morbillivirus Infects Primary Cells of the
Lung, Kidney, Brain and Peripheral Blood. Viruses 2019, 11, 146. [CrossRef]

Sakaguchi, S.; Nakagawa, S.; Mitsuhashi, S.; Ogawa, M.; Sugiyama, K.; Tamukai, K.; Koide, R.; Katayama, Y.;
Nakano, T.; Makino, S.; et al. Molecular characterization of feline paramyxovirus in Japanese cat populations.
Arch. Virol. 2019, 165, 413-418. [CrossRef]

Tong, S.; Chern, S.-W.W.,; Li, Y.; Pallansch, M.A.; Anderson, L.J. Sensitive and Broadly Reactive Reverse
Transcription-PCR Assays To Detect Novel Paramyxoviruses. ]. Clin. Microbiol. 2008, 46, 2652-2658.
[CrossRef]

Sutummaporn, K.; Suzuki, K.; Machida, N.; Mizutani, T.; Park, E.-S.; Morikawa, S.; Furuya, T.; Shigeru, M.
Association of feline morbillivirus infection with defined pathological changes in cat kidney tissues.
Vet. Microbiol. 2019, 228, 12-19. [CrossRef]

Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis
across Computing Platforms. Mol. Biol. Evol. 2018, 35, 1547-1549. [CrossRef]

Busch, J.; Sacristan, I.; Cevidanes, A.; Millan, J.; Vahlenkamp, T.W.; Napolitano, C.; Sieg, M. High
seroprevalence of feline morbilliviruses in free-roaming domestic cats in Chile. Arch. Virol. 2020. [CrossRef]


http://dx.doi.org/10.1128/mBio.00410-13
http://dx.doi.org/10.1016/j.onehlt.2015.09.002
http://dx.doi.org/10.1128/mBio.00702-13
http://www.ncbi.nlm.nih.gov/pubmed/24045642
http://dx.doi.org/10.1073/pnas.1119972109
http://www.ncbi.nlm.nih.gov/pubmed/22431644
http://dx.doi.org/10.1007/s11262-015-1232-7
http://www.ncbi.nlm.nih.gov/pubmed/26265247
http://www.ncbi.nlm.nih.gov/pubmed/26269317
http://dx.doi.org/10.1111/jvim.15097
http://dx.doi.org/10.1007/s00705-013-1813-5
http://dx.doi.org/10.1177/1098612X16686728
http://dx.doi.org/10.1016/j.vetmic.2019.08.005
http://dx.doi.org/10.1186/s12917-020-02467-4
http://dx.doi.org/10.3201/eid2204.151921
http://dx.doi.org/10.1007/s00705-016-3124-0
http://dx.doi.org/10.3390/v11020146
http://dx.doi.org/10.1007/s00705-019-04480-x
http://dx.doi.org/10.1128/JCM.00192-08
http://dx.doi.org/10.1016/j.vetmic.2018.11.005
http://dx.doi.org/10.1093/molbev/msy096
http://dx.doi.org/10.1007/s00705-020-04882-2

Viruses 2020, 12, 1397 11 of 11

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Sieg, M.; Vahlenkamp, A.; Baums, C.G.; Vahlenkamp, T.W. First Complete Genome Sequence of a Feline
Morbillivirus Isolate from Germany. Genome Announc. 2018, 6, e00244-18. [CrossRef] [PubMed]

Litster, A.; Pressler, B.; Volpe, A.; Dubovi, E. Accuracy of a point-of-care ELISA test kit for predicting the
presence of protective canine parvovirus and canine distemper virus antibody concentrations in dogs. Vet. .
2012, 193, 363-366. [CrossRef]

Mortlock, M.; Kuzmin, I.V.; Weyer, ].; Gilbert, A.T.; Agwanda, B.; Rupprecht, C.E.; Nel, L.H.; Kearney, T.;
Malekani, J.M.; Markotter, W. Novel Paramyxoviruses in Bats from Sub-Saharan Africa, 2007-2012.
Emerg. Infect. Dis. 2015, 21, 1840-1843. [CrossRef]

Drexler, J.E; Corman, V.M.; Miiller, M.A.; Maganga, G.D.; Vallo, P; Binger, T.; Gloza-Rausch, F;
Cottontail, V.M.; Rasche, A.; Yordanov, S.; et al. Bats host major mammalian paramyxoviruses. Nat. Commun.
2012, 3, 796. [CrossRef] [PubMed]

Sasaki, M.; Muleya, W.; Ishii, A.; Orba, Y.; Hang’'Ombe, B.M.; Mweene, A.S.; Moonga, L.; Thomas, Y,;
Kimura, T.; Sawa, H. Molecular epidemiology of paramyxoviruses in Zambian wild rodents and shrews.
J. Gen. Virol. 2014, 95, 325-330. [CrossRef] [PubMed]

Prada, D.; Boyd, V.; Baker, M.L.; O'Dea, M.; Jackson, B. Viral Diversity of Microbats within the South West
Botanical Province of Western Australia. Viruses 2019, 11, 1157. [CrossRef]

Kurth, A.; Kohl, C,; Brinkmann, A.; Ebinger, A.; Harper, ].A.; Wang, L.-F.,; Miihldorfer, K.; Wibbelt, G. Novel
Paramyxoviruses in Free-Ranging European Bats. PLoS ONE 2012, 7, e38688. [CrossRef]

De Luca, E.; Crisi, PE.; Marcacci, M.; Malatesta, D.; Di Sabatino, D.; Cito, F; D’Alterio, N.; Puglia, I.;
Berjaoui, S.; Colaianni, M.L.; et al. Epidemiology, pathological aspects and genome heterogeneity of feline
morbillivirus in Italy. Vet. Microbiol. 2019, 240, 108484. [CrossRef]

Piewbang, C.; Chaiyasak, S.; Kongmakee, P.; Sanannu, S.; Khotapat, P.; Ratthanophart, J.; Banlunara, W.;
Techangamsuwan, S. Feline Morbillivirus Infection Associated with Tubulointerstitial Nephritis in Black
Leopards (Panthera pardus). Vet. Pathol. 2020, 57, 871-879. [CrossRef]

Sacristan, I.; Esperon, F,; Pérez, R.; Acufia, F; Aguilar, E.; Garcia, S.; Lépez, M.].; Neves, E.; Cabello, J.;
Hidalgo-Hermoso, E.; et al. Epidemiology, molecular characterization and risk factors of Carnivore
protoparvovirus-1 infection and disease in the wild felid Leopardus guigna in Chile. Authorea Prepr. 2020.
[CrossRef]

Gilardi, K.VK.; Mazet, ].A K. The United States Agency for International Development Emerging Pandemic
Threats PREDICT Project—Global Detection of Emerging Wildlife Viral Zoonoses. In Fowler’s Zoo and Wild
Animal Medicine Current Therapy; Saunders: Philadelphia, PA, USA, 2019; pp. 110-116. [CrossRef]

Troyer, J.L.; Roelke, MLE.; Jespersen, ]. M.; Baggett, N.; Buckley-Beason, V.; MacNulty, D.; Craft, M.; Packer, C.;
Pecon-Slattery, J.; O’Brien, S.J. FIV diversity: FIVPle subtype composition may influence disease outcome in
African lions. Vet. Immunol. Immunopathol. 2011, 143, 338-346. [CrossRef]

Carpenter, M.A.; Brown, EW.,; Culver, M.; Johnson, W.E.; Pecon-Slattery, J.; Brousset, D.; O'Brien, S.J. Genetic
and phylogenetic divergence of feline immunodeficiency virus in the puma (Puma concolor). J. Virol. 1996, 70,
6682—6693. [CrossRef]

Nikolin, V.M.; Olarte-Castillo, X.A.; Osterrieder, N.; Hofer, H.; Dubovi, E.; Mazzoni, C.J.; Brunner, E.;
Goller, K.V.; Fyumagwa, R.D.; Moehlman, P.D.; et al. Canine distemper virus in the Serengeti ecosystem:
Molecular adaptation to different carnivore species. Mol. Ecol. 2017, 26, 2111-2130. [CrossRef]

Sacristan, L.; Sieg, M.; Acuiia, F,; Aguilar, E.; Garcia, S.; Lépez, M.].; Cevidanes, A.; Hidalgo-Hermoso, E.;
Cabello, J.; Vahlenkamp, T.W.; et al. Molecular and serological survey of carnivore pathogens in free-roaming
domestic cats of rural communities in southern Chile. J. Vet. Med. Sci. 2019, 81, 1740-1748. [CrossRef]
Arikawa, K.; Wachi, A.; Imura, Y,; Sutummaporn, K.; Kai, C; Park, E.-S.; Morikawa, S.; Uematsu, Y,;
Yamaguchi, T,; Furuya, T. Development of an ELISA for serological detection of feline morbillivirus infection.
Arch. Virol. 2017, 162, 2421-2425. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1128/genomeA.00244-18
http://www.ncbi.nlm.nih.gov/pubmed/29674538
http://dx.doi.org/10.1016/j.tvjl.2012.01.027
http://dx.doi.org/10.3201/eid2110.140368
http://dx.doi.org/10.1038/ncomms1796
http://www.ncbi.nlm.nih.gov/pubmed/22531181
http://dx.doi.org/10.1099/vir.0.058404-0
http://www.ncbi.nlm.nih.gov/pubmed/24189618
http://dx.doi.org/10.3390/v11121157
http://dx.doi.org/10.1371/journal.pone.0038688
http://dx.doi.org/10.1016/j.vetmic.2019.108484
http://dx.doi.org/10.1177/0300985820948820
http://dx.doi.org/10.22541/au.159250158.83984172
http://dx.doi.org/10.1016/B978-0-323-55228-8.00019-9
http://dx.doi.org/10.1016/j.vetimm.2011.06.013
http://dx.doi.org/10.1128/JVI.70.10.6682-6693.1996
http://dx.doi.org/10.1111/mec.13902
http://dx.doi.org/10.1292/jvms.19-0208
http://dx.doi.org/10.1007/s00705-017-3386-1
http://www.ncbi.nlm.nih.gov/pubmed/28470418
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Collection, RNA-Isolation, PCR Amplification and Histopathology 
	Phylogenetic Analysis 
	Serological Analysis 
	Statistical Analysis 
	Virus Isolation Attempts 

	Results 
	Discussion 
	Conclusions 
	References

