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ARTICLE INFO ABSTRACT

Keywords: Canine distemper is a highly contagious systemic viral disease, with worldwide distribution that affects a wide
Paramyxovirus variety of terrestrial carnivores. This study characterized full-length fusion (F) genes from 15 Brazilian wild-type
Cpv ) canine distemper virus (CDV) strains collected between 2003-2004 (n = 6) and 2013-2016 (n = 9). Using de-
Fusion protein duced amino acid (aa) sequence analysis, 14 strains were classified into Europe 1/South America 1 (EU1/SA1)
;Ziﬁgg:zii;?iziage lineage, with a temporal clustering into past (2003-2004) and contemporary (2013-2016) strains. One strain
Molecular epidemiology clustered to Rockborn-like lineage, showing high similarity (98.5%) with the Rockborn vaccine strain. In ana-
lyzed strains, the fusion protein signal-peptide (Fsp) coding region was highly variable at the aa level
(67.4%-96.2%). The Brazilian strains were more Fsp-divergent from the North America 1 (NA1) strains
(24.5%-36.3%) than from the Rockborn (11.2%-14.9%) vaccine strain. Seventeen cysteine residues in the full-
length F gene and four non-conserved glycosylation sites in the Fsp region were detected. The results reveal that
past and contemporary CDV strains are currently co-circulating. This first analysis of full-length F genes from
Brazilian wild-type CDV strains contributes to knowledge of molecular epidemiology of CDV viral infection and

evolution.

1. Introduction

Canine distemper virus (CDV) is a highly contagious pathogen for
domestic dogs and many wild carnivore species (Fischer et al., 2016).
CDV is the etiological agent of canine distemper (CD), a severe multi-
systemic and globally distributed disease (Panzera et al., 2015). Clinical
manifestations of CDV infections vary widely and depend on factors
such as individual immune status, vaccination history, and virulence of
the CDV field strain. The main clinical symptoms include dermatolo-
gical, respiratory, gastrointestinal, neurological, and immunological
disorders such as immunosuppression (Martella et al., 2008).

CDV is representative of Canine morbillivirus species, genus
Morbillivirus within the family Paramyxoviridae. The virus is enveloped
and exhibits a non-segmented single-stranded negative-sense RNA
genome of approximately 15.7 kb (Lamb and Parks, 2013). The CDV
genome encodes eight viral proteins, two of which are nonstructural (C

* Corresponding author.
E-mail address: alfieri@uel.br (A.A. Alfieri).

https://doi.org/10.1016/j.virusres.2019.02.009

and V) and six are structural (hemagglutinin (H), fusion (F), matrix (M),
phosphoprotein (P), large polymerase (L), and nucleocapsid (N)
(Martella et al., 2008).

The H and F glycoproteins are located on the virus envelope and are
more variable than the other CDV proteins (Bae et al., 2013; Martella
et al., 2006; Sultan et al., 2009). The H protein helps viral host cell
attachment, while the F protein mediates fusion between the virus and
infected cells (Sawatsky and von Messling, 2010). Both glycoproteins
are the antigenic determinants that induce protective immune re-
sponses against CDV (Hirama et al., 2003; Wild and Buckland, 1997).
Genetic variation in H and F envelope genes is regarded as a possible
cause of the increasing number of CDV infections in dogs (Lan et al.,
2006; Lee et al., 2010; Martella et al., 2006).

Sequence analysis of the H gene has been widely studied and em-
ployed to characterize CDV field strains worldwide (Espinal et al.,
2014; Ke et al., 2015; Negrao et al., 2013; Riley and Wilkes, 2015). In

Received 19 December 2018; Received in revised form 16 January 2019; Accepted 18 February 2019

Available online 20 February 2019
0168-1702/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/01681702
https://www.elsevier.com/locate/virusres
https://doi.org/10.1016/j.virusres.2019.02.009
https://doi.org/10.1016/j.virusres.2019.02.009
mailto:alfieri@uel.br
https://doi.org/10.1016/j.virusres.2019.02.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virusres.2019.02.009&domain=pdf

L.A. Freitas, et al.

Virus Research 264 (2019) 8-15

Table 1

Oligonucleotide primers used in the One-Step RT-PCR assay for the amplification of the canine distemper virus full-length F gene.
Primer Sequence (5’ - 3’) Genomic position Fragment length (bp) Reference
CDV-1 Fw CAGGACATAGCAAGCCA 4856-4872 588 This study
1Rev AGTTTTATGACCAAGTAC 5426-5444 Romanutti et al., 2016
2F TGGGATTATCGGGACTGA 5369-5387 558 Romanutti et al., 2016
3Rev GGGCCAAATATTGACAAC 5909-5927
4F GTCCCTGCTATGCAACAT 5829-5847 483 Romanutti et al., 2016
S5Rev GGAGTTCTGGCTACAAATG 6293-6312
6F TGTGTATTCGTCTCAGA 6270-6287 797 Romanutti et al., 2016
CDV-7Rev CTGAGCCCTAAGTTTTCT 7050-7067 This study

* Genomic position corresponding to the F gene sequence of the Onderstepoort strain (GenBank accession number AF305419).

addition, the F gene, especially the fusion protein signal-peptide (Fsp)
coding region, has been the focus of recent studies due to its high
variability. These studies have contributed to our knowledge of CDV
molecular epidemiology and characterization of CDV field strains (Lee
et al., 2010; Romanutti et al., 2016; Sarute et al., 2013, 2014b).

The F gene is synthesized initially as an inactive precursor, named
FO, which is then cleaved by furin (von Messling and Cattaneo, 2002).
Such cleavage is activated by a cellular serine protease that acts in the
Golgi complex and plays a determining role in CDV pathogenicity. The
CDV F gene open reading frame encodes 662 amino acids (aa) com-
prising the regions Fsp (aa 1-135), F2 (aa 136-224), and F1 (aa
225-662), which are produced via post-translational proteolysis
(Romanutti et al., 2016). Cleavage releases the newly formed F1 N-
terminus, thus forming the biologically active protein consisting of F1
and F2 subunits linked via a disulfide bond (Scheid and Choppin, 1977;
von Messling and Cattaneo, 2002). The F1 subunit contains two hy-
drophobic regions that are important for membrane fusion, the fusion
peptide (FP) domain on its N-terminus and the trans-membrane (TM)
domain on its C-terminus (Lamb and Parks, 2013).

In Brazil, CD is one of the most important viral diseases affecting
domestic dogs and is the principal cause of mortality in some urban
canine populations (Headley et al., 2012). Increased disease incidence
rates have been demonstrated worldwide, including in Brazil, and even
in vaccinated dog populations (Budaszewski et al., 2014; Headley and
Graca, 2000; Martella et al., 2008; Panzera et al., 2012). Most of the
CDV-based molecular epidemiological studies conducted in Brazil
analyzed the N and H genes (Amude et al., 2007b; Budaszewski et al.,
2014; Castilho et al., 2007; Negrao et al., 2013; Rosa et al., 2012). To
date, no studies have examined the full-length F gene to characterize
Brazilian CDV field, although such studies have been conducted in
other Asian and American countries (Lee et al., 2010; Romanutti et al.,
2016; Sarute et al., 2014a; Sultan et al., 2009). In this context, the aim
of this study was to molecularly characterize Brazilian CDV wild-type
strains based on full-length F gene analysis.

2. Materials and methods
2.1. Sample collection

The samples included in this study were from a collection of CDV-
positive canine biological samples collected between 2003-2004
(Amude et al., 2007a) and 2013-2016. These included whole blood,
urine, and pooled cerebrum, cerebellum, and brainstem tissue frag-
ments. The central nervous system pooled tissues were obtained from
autopsy of the animals soon after death. All samples were stored at
—80°C.

We selected samples that were positive for a 287-bp fragment cor-
responding to the CDV N gene, as determined by conventional reverse
transcription-polymerase chain reaction (RT-PCR) (Frisk et al., 1999;
Saito et al., 2006). Twenty-one samples collected between 2003-2004
(past samples; n = 7) and 2013-2016 (contemporary samples; n = 14)
from the domestic dogs of Northern Parand, Brazil were included in the

study.

2.2. Nucleic acid extraction

Nucleic acids were extracted from 250 pL of whole blood and tissue
suspension samples using TRIzol® LS Reagent (Invitrogen™ Life
Technologies, Carlsbad, CA, USA) according to the manufacturer’s in-
structions and from 300 pL of urine samples using the silica/guanidi-
nium isothiocyanate method (Boom et al., 1990). The nucleic acids
were eluted in 30pL of ultrapure RNase-free diethylpyrocarbonate
(DEPC)-treated sterile water (Invitrogen™ Life Technologies, Carlsbad,
CA, USA). During nucleic acid extraction and the subsequent proce-
dures, an attenuated CDV vaccine strain and aliquots of ultrapure sterile
water were used as positive and negative controls, respectively.

2.3. CDV F gene amplification

Four primer sets were used to amplify the full-length (2426 bp) CDV
F gene (Table 1). The amplification reactions were performed in a final
volume of 50 pL for each targeted fragment using a One-Step RT-PCR
kit (Invitrogen™ Life Technologies, Carlsbad, CA, USA) according to the
manufacturer’s instructions. The reaction solutions contained 5 uL of
extracted nucleic acid, 25pL of 2x reaction mix (buffer containing
0.4mM of each dNTP and 3.2mM MgSO,), 20 pmol of each primer
(forward and reverse), and 2 uL of SuperScript® III RT/Platinum® Taq
mix. Reverse transcription reactions were performed at 55°C for
30 min, and PCR amplifications were performed at 94 °C for 2 min for
denaturation, followed by 40 cycles at 94°C/15s, 50°C/30s, and
68 °C/1 min, prior to a final extension at 68 °C for 5min using the
thermocycler ProFlex™ PCR System (Applied Biosystems™, Foster City,
CA, USA). The nucleic acid extractions, the RT-PCR reactions to amplify
the four target fragments, and the sequencing reactions were performed
in triplicate.

2.4. CDV F gene sequencing and comparative analyses

The amplicons were purified using the PureLink® Quick Gel
Extraction and PCR Purification Combo Kit (Invitrogen™ Life
Technologies, Carlsbad, CA, USA), quantified by a Qubit® Fluorometer
(Invitrogen™ Life Technologies, Eugene, OR, USA), and sequenced in
both directions with forward and reverse primers using an ABI 3500
Genetic Analyzer Sequencer with the BigDye® Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems™, Foster City, CA, USA). Sequence
quality analyses and consensus sequences were assembled using Phred/
Phrap/CAP3 software (http://asparagin.cenargen.embrapa.br/phph/).
Similarity searches were performed with sequences deposited in
GenBank using Basic Local Alignment Search Tool (BLAST) software
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The sequence identity ma-
trix was constructed using BioEdit software version 7.1.11 (http://
www.mbio.ncsu.edu/bioedit/bioedit.html). Only full-length CDV F
gene sequences were selected for analysis (Table 2), with the exception
of a partial F gene aa sequence from a Rockborn vaccine strain
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Table 2
GenBank accession numbers and origin of the full-length CDV F gene sequences
used in phylogenetic analysis.

Origin Country Strain Accession numbers
Vaccine UK Onderstepoort AF305419
USA Onderstepoort AF378705
USA Snyder Hill JN896987
America USA 18133 AY964108
USA 21261 AY964112
USA 25,259 AY964114
USA 171391-513 KJ123771
USA 01-2689 AY649446
USA 164071 EU716337
Argentina Benito KT224731
Argentina Pampa KT224732
Uruguay Uy251 KM280689
Europe Germany 5804P AY386316
Italy CDV2784/2013 KF914669
Switzerland A75-17 AF112188
Asia China GZ2 JN381189
China GN EF596900
China HL EF596901
China SCo1 EF596902
Indian Ludhiana LC011102
Japan 55L AB475099
Japan 009L AB475101
Japan 50Cbl AB476403
Taiwan TW-TP1 EU191985
Taiwan TW-KS15 EU192026
Thailand 270Lu AB509346
Africa Tanzania Lion94SNP JN812977

(GenBank accession number AF026244). Phylogenetic trees based on aa
were obtained using the neighbor joining statistical method based on
the maximum composite likelihood model (MEGA v. 6), which pro-
vided statistical support via bootstrapping with 1000 replicates. The
GenBank accession numbers of the nucleotides (nt) sequences described
in this study are KY057345 to KY057359.

3. Results
3.1. Phylogenetic analysis of full-length F gene

Full-length CDV F genes were successfully amplified from 15 of 21
samples, including urine (n = 6), whole blood (n =5), and central
nervous system tissues (n = 4). From samples spanning the collection
period, complete F genes were characterized in 6/7 past samples and 9/
14 contemporary samples. Table 3 summarizes the sampling data ac-
cording to the collection year and the age, gender, vaccination, and
health status of 15 dogs.

Deduced full-length F gene aa sequence analysis of CDV showed that
most of the Brazilian strains clustered into the Europe 1/South America
1 (EU1/SA1) clade and separeted of the other representative strains
South America 2 (SA2), Europe 2 (EU2), Asia 1 (AS1), Asia 2 (AS2),
North America 1 (NA1), North America 2 (NA2), Rockborn-like, and
Artic-like (Fig. 1A). A comparison of the architecture of phylogenetic
trees constructed based on the deduced full-length and partial (Fsp
region) F gene aa sequences revealed similar clade patterns and boot-
strap values (Fig. 1B).

The Brazilian CDV strains were not grouped according to the vac-
cination status of the animals included in this study. Fourteen wild-type
Brazilian strains were closely related to each other, sharing the EU1/
SA1 clade. As expected, two clusters within this clade composed of CDV
strains from samples collected between 2003-2004 and 2013-2016
were noted. However, two exceptions were observed, the BRA/UEL-
BLU/13 CDV strain from 2013, which was clustered with strains col-
lected between 2003 and 2004, and the BRA/UEL-30/04 CDV strain,
which was more similar to the European 5804 P isolate than to any
other Brazilian field strains.
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A single CDV strain, BRA/UEL-FRD/15, was clustered into the
Rockborn-like clade together with the 25,259 strain, a canine CDV
strain isolated in the USA (Pardo et al., 2005). To confirm this un-
expected result, a new aa alignment and phylogenetic tree were con-
structed based on the Fsp region; these analyses included an aa se-
quence from the Rockborn vaccine strain (Liermann et al., 1998). The
results confirmed the close phylogenetic relationship between BRA/
UEL-FRD/15 and the other Rockborn strains (data not shown).

Fsp aa sequence analysis of the Brazilian wild-type strains showed
similarities ranging from 86.6% to 100%. Higher divergence (13.4%)
was observed between the BRA/UEL-30/04 — BRA/UEL-SIM/13 and
BRA/UEL-FRD/15 — BRA/UEL-BLU/13 strains. A comparison of the
deduced aa sequences in this study with CDV strains from other
countries revealed similarities ranging from 67.4% to 96.2%, with the
greatest divergence (32.6%) observed for the Italian CDV2784,/2013
strain. Most of the aa sequences were highly similar (89.6% to 92.5%)
to the Uruguayan Uy251 strain. Exceptions included the BRA/UEL-30/
04 and BRA/UEL-FRD/15 CDV strains, which presented similarities of
91.1% and 96.2% with the European 5804 P and American 25,259
strains, respectively. Alignment of the Fsp regions of the samples herein
with the CDV vaccine strains included in the NA1 clade showed an even
higher divergence, with values ranging from 24.5% to 36.3% (Fig. S1 in
the supplementary material).

When the Fsp aa sequences of the Brazilian strains were compared
with those of the Rockborn vaccine strain, lower divergence values
were obtained, ranging from 11.2% to 14.9%. An exception was the
BRA/UEL-FRD/15 strain, which presented the lowest divergence value
(1.5%) from the Rockborn vaccine strain.

Unlike the high variation observed in the Fsp region, the aa se-
quences of the F2 and F1 regions were more homogeneous. The simi-
larities among Brazilian strains for these two regions were = 96.1%.
When aligned with wild-type strains from other countries, the deduced
aa sequence similarities ranged from 94.3% to 100% for F2 and from
94.9% to 99.5% for F1. Similarities of the Brazilian strains with the
CDV vaccine strains were 93.2% to 98.8% for F2 and 94.5% to 97.4%
for F1.

3.2. Cysteine residues and N-linked glycosylation sites

Seventeen cysteine residues were identified in the full-length F
genes of the Brazilian CDV strains analyzed in this study. Of these cy-
steine residues 16 were located at the same positions of those in the
reference vaccine strains. All the Brazilian wild-type strains presented
one additional cysteine residue at aa position 67 within the Fsp region
(Fig. 2).

Four glycosylation sites (N-X-S/T) were found in the Fsp region of
the Brazilian sequences; however, none were conserved. The glycosy-
lation sites at positions 62-64 and 76-78 were common to at least one
of the vaccine strains analyzed. Two additional potential sites were
identified in this region, one between residues 88-90 (N-H-T) that was
specific to the BRA/UEL-MEL/16 strain and another between residues
108-110 (N-A-T) in the BRA/UEL-30/04 and BRA/UEL-FRD/15 strains
(Fig. 2). In the other regions, four conserved glycosylation sites were
identified, three at positions 141-143, 173-175, and 179-181 within
the F2 region (Fig. S2 in the supplementary material) and one at po-
sition 517-519 within the F1 region (Fig. S3 in the supplementary
material).

3.3. Cleavage sites and hydrophobic region analysis

The two conserved cleavage sites in the Fsp C-terminus (A|QIHW)
and the F2 C-terminus (RRQRR) regions were present in all the
Brazilian wild-type CDV strains (Fig. S2 in the supplementary material).

The FP domain located in the F1 subunit N-terminus was highly
conserved in all the CDV strains analyzed. However, the TM domain in
the F1 C-terminus showed aa differences when compared to other CDV
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Fig. 1. Phylogenetic analysis of the deduced amino acid sequences of the full-length F genes (panel A) and fusion protein signal-peptide (Fsp) coding region (panel B)
of Brazilian CDV field strains. Neighbor joining phylogenetic tree construction using the maximum composite likelihood model was employed. Bootstrap values were
determined in 1000 replications; only bootstrap values =75% are shown. The GenBank accession numbers of representative sequences and of the CDV Brazilian
strains (black circles) analyzed herein are indicated in parentheses.

sequences, including the vaccine strains. A common change at position 2014; Negrao et al., 2013; Rosa et al., 2012). The predominance of the
616 (S—I) was found in all the Brazilian isolates studied. Only the BRA/ EU1/SA1 lineage strain was identified herein, including high simila-
UEL-30/04 and BRA/UEL-SIM/13 strains presented a specific change at rities of the Brazilian CDV aa sequences with the Uruguayan Uy251

position 618 (T—I). Another common change was found at position 621 strain and their clustering in a separate Argentinean strain clade,
(A—V), except in the BRA/UEL-30/04 and BRA/UEL-FRD/15 strains, classified as SA2. The BRA/UEL-30/04 strain was closely related to the
which exhibited the same aa as the vaccine strains. The aa at position European 5804 P strain. Although there was no geographical grouping
624 was changed from L—F for all the Brazilian isolates, except in the of this strain with other Brazilian strains, a temporal pattern was ob-
BRA/UEL-FRD/15 strain (Fig. S3 in the supplementary material). served. The European 5804 P strain was obtained in 2003 after the
virulent 5804 strain was serially passaged in domestic ferrets, and the

4. Discussion wild-type 5804 strain was isolated in 1989 after a distemper outbreak
in a dog shelter in northern Germany (von Messling et al., 2003).

The available molecular data on Brazilian CDV strains are based on Considering that the strains analyzed in this study were collected

the N and H genes; this study represents the first full-length F gene through 2016 and that the virus was introduced to Brazil (the onset of
sequence analysis of Brazilian wild-type CDV strains. The phylogenetic SAl lineage) around 1989 (Fischer et al., 2016), the EU1/SA1 lineage

analysis revealed the circulation of two CDV lineages in Brazil, the has presumably been circulating in Brazilian territories for approxi-
EU1/SA1 and Rockborn-like strains, which agrees with the previous H mately 25 years. Additionally, the Brazilian full-length F gene se-
gene-based studies of Brazilian wild-type strains (Budaszewski et al., quences within the EU1/SA1 clade formed two groups according to
) . . . . * . . . - Wk w K -k
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Fig. 2. Alignment of the deduced amino acid sequences of the fusion protein signal-peptide (Fsp) coding region within the F gene of the CDV strains. Only amino
acids different from those of the Onderstepoort vaccine sequence (AF305419) are shown. Potential N-linked glycosylation sites (N-X-S/T) are shaded gray and open
rectangles indicate glycosylation sites common to at least one vaccine strain analyzed. Stars indicate cysteine residues.
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their year of collection, revealing a temporal division of the Brazilian
strains into past (2003-2004) and contemporary (2013-2016) CDV
strains. However, the clustering of strains obtained in 2003-2004 with
that of a 2013 Brazilian strain (BRA/UEL-BLU/13) suggests the likely
current co-circulation of past and contemporary CDV strains.

The high genetic identity among the strains of this study with the
European and American strains suggests that CDVs in these geo-
graphical regions have a common ancestral origin. A study suggested
that current CDV strains emerged in the United States in the 1880s and
that their ancestor diversified through time into two ancestral clades,
one that spread worldwide and originated eight current lineages and
another that produced the NA1 lineage, which comprises most vaccine
strains (Panzera et al., 2015). The Brazilian territorial extension to-
gether with increasing incidences of global animal displacement also
support the possibility of concomitant circulation of different CDV
lineages in Brazil (Negrao et al., 2013).

The Brazilian CDV strains were not grouped according to the vac-
cination status of the animals included in this survey. However, all the
wild-type CDV strains herein were distant from the NA1 lineage, in
which most vaccine strains are included. This result agrees with those
of other studies that analyzed the H and F CDV gene sequences
(Martella et al., 2006; Negrao et al., 2013; Romanutti et al., 2016; Rosa
et al., 2012; Sarute et al., 2014b). Phylogenetic analysis of the full-
length F gene was compared with that of its most variable region (Fsp);
both phylogenetic trees showed similar classifications by grouping the
analyzed CDV strains into the same clades. Our results revealed a
24.5-36.3% divergence in the Fsp region among the Brazilian CDV field
isolates and the Onderstepoort and Snyder Hill vaccine strains. The
results of the comparison of Fsp aa sequences of the Brazilian strains
with that of the Rockborn vaccine isolate revealed lower divergence
(11.2% to 14.9%), suggesting that the Brazilian strains are more closely
related to the Rockborn vaccine isolate than to the NA1 vaccine strains.
These results confirm previous reports that indicated that Fsp-coding
region sequence analysis is suitable for evolutionary studies because it
allows for the straightforward identification of CDV lineages (Sarute
et al., 2013, 2014b; Sultan et al., 2009). In contrast to the high aa di-
vergence in the Fsp region, lower variations were verified in the F1 and
F2 regions. The latter region exhibited the most conserved aa sequences
of the three F gene regions, which agrees with previous studies (Lee
et al., 2010; Sultan et al., 2009; von Messling and Cattaneo, 2002).

The Rockborn vaccine strain was isolated in the 1950s from primary
canine kidney cells (Rockborn, 1958); however, this vaccine strain is
not located within the NA1 clade. This CDV strain was withdrawn from
several markets in the mid-1990s due to suspected cases of post-vacc-
inal encephalitis and the resulting belief that this strain was less atte-
nuated and less safe than other CDV strains (Budaszewski et al., 2014;
Martella et al., 2011). However, Martella et al. (2011) suggested that
Rockborn-like strains are still available in commercial vaccines. Fsp
phylogenetic analysis revealed that the Brazilian BRA/UEL-FRD/
15 strain was grouped with the 25,259 and Rockborn vaccine isolates.
Classification of the 25,259 isolate as a Rockborn-like strain was per-
formed in previous studies based on the H gene (Espinal et al., 2014; Ke
et al., 2015; Martella et al., 2011). The phylogenetic result and high
similarity values between the BRA/UEL-FRD/15 strain with the Rock-
born vaccine isolate and the 25,259 strain (98.5% and 96.2%, respec-
tively) in the present study confirm this classification and include the
BRA/UEL-FRD/15 as a Rockborn-like strain.

The BRA/UEL-FRD/15 strain was obtained from a two-month-old
pup, and limited information regarding its clinical history was avail-
able. This animal was purchased 15 days prior to the presentation of
clinical symptoms, including excessive vocalization, dry eyes, and
bloody stools, and no vaccination history was available. Based on these
data, we formulated three hypotheses. The first was that the pup was
not vaccinated and that the reported clinical manifestations were likely
due to infection with a wild-type Rockborn-like CDV strain that was
circulating in Brazil. The second hypothesis was that the unvaccinated
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pup had natural contact with an attenuated Rockborn CDV strain of
vaccine origin that converted into the observed clinical manifestations.
Finally, the third hypothesis was that the pup was vaccinated and
presented subsequent post-vaccine encephalitis due to reversal of the
Rockborn CDV strain virulence, as previously described (Hartley, 1974;
Martella et al., 2011).

The two F gene cleavage sites (A|QIHW and RRQRR) were con-
served in all the CDV Brazilian strains. Cleavage in the Fsp region is
necessary for F gene activation and cell surface expression. The Fsp
region is cleaved at an early stage of F protein processing and is not
present in the mature F protein (von Messling and Cattaneo, 2002);
however, previous reports have demonstrated that some mutations
within the Fsp peptide can lead to changes in the fusogenicity of the
resulting protein (Plattet et al., 2007; von Messling and Cattaneo,
2002).

In this study, four non-conserved N-glycosylation sites within the
Fsp region of the Brazilian strains were found; two extra N-glycosyla-
tion sites were observed in three of the 15 Brazilian CDV strains.
Furthermore, an additional cysteine residue (at position 67) was iden-
tified in the Brazilian CDV sequences. N-linked glycosylation of viral
envelope proteins plays critical roles in viral life cycle and virulence
mechanisms, such as binding to cell surface receptors and protecting
against neutralization via antibody (Kim et al., 2008; Moeller-Ehrlich
et al.,, 2007). The various F protein glycosylation sites suggest that F
proteins have different biological and/or morphological features;
however, more studies are needed to evaluate these purposes. Cysteine
amino acids are important factors in the formation of the intra mole-
cular disulfide bonds and the steric protein structure (Romanutti et al.,
2016; Sultan et al., 2009). This additional residue was also reported by
authors who analyzed strains from other countries, indicating changes
in protein structure (Romanutti et al., 2016; Sultan et al., 2009).

The membrane-anchored F1 subunit of paramyxoviruses contains
two hydrophobic domains, the FP and TM segments. The FP domain
was conserved in all the CDV strains of this study; the TM domain of the
Brazilian strains showed aa changes when compared with the vaccine
strains. Hydrophobic FP domains are conserved regions of para-
myxovirus fusion-mediating glycoproteins that contain conserved gly-
cine residues. These residues appear to play primary roles in regulating
activation of the metastable native form of the F gene and fusion
(Russell et al., 2001, 2004). The TM domain anchors the protein to the
cell membrane; modifications in this domain can result in modulation
of viral fusion protein activity, including impairment of fusion pore
openings, enlargement, or fusion promotion efficiency alterations
(Bissonnette et al., 2009; Muhlebach et al., 2008). Further studies based
on the full-length F gene are needed to better elucidate the variable
relationship among TM domains in the CDV fusion process. Together,
the findings of this study suggest possible structural alterations of the F
gene, resulting in the potential modulation of antigenicity, or even
virulence, of these CDV strains.

The present study is the first to analyze the full-length F genes of
wild-type CDV strains infecting domestic dogs in Brazil. The results
presented herein indicate co-circulation of two CDV lineages in the
country and suggest that the EU1/SA1 strain has been circulating in
Brazil for 25 years. Co-circulation of past and contemporary CDV
strains in Brazil was also demonstrated, as the analyzed CDV Brazilian
strains were collected approximately 10 years apart. The CDV wild-type
strains described in this study presented F gene variability when com-
pared to the vaccine strains. However, comparisons of the Fsp regions
of the Brazilian strains with those of the vaccine isolates revealed that
the strains herein are more similar to the Rockborn vaccine strain than
to the NA1 vaccine isolates. Thus, we conclude that the F gene is useful
for investigating the molecular diversity of CDV, thus contributing to
understanding the epidemiology of the virus. Changes to the fusion
protein likely lead to pathogenicity and/or immunogenicity alterations;
however, additional studies based on analyses of the full-length CDV F
gene are required to elucidate the biological roles of this protein.
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