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Abstract

The canine distemper virus (CDV) is responsible for a multisystem infectious disease with high prevalence in dogs and wild
carnivores and has vaccination as the main control measure. However, recent studies show an increase in cases including
vaccinated dogs in different parts of the world. There are several reasons for vaccine failures, including differences between
vaccine strains and wild-type strains. In this study, a phylogenetic analysis of CDV strains from samples of naturally infected,
vaccinated, and symptomatic dogs in Goidnia, Goias, Brazil was performed with partial sequencing of the hemagglutinin
(H) gene of CDV. Different sites of amino acid substitutions were found, and one strain had the Y549H mutation, typically
present in samples from wild animals. Substitutions in epitopes (residues 367, 376, 379, 381, 386, and 388) that may interfere
with the vaccine’s ability to provide adequate protection against infection for CDV were observed. The identified strains
were grouped in the South America 1/Europe lineage, with a significant difference from other lineages and vaccine strains.
Twelve subgenotypes were characterized, considering a nucleotide identity of at least 98% among the strains. These findings
highlight the relevance of canine distemper infection and support the need better monitoring of the circulating strains that
contribute to elucidate if there is a need for vaccine update.
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Introduction

Canine distemper virus (CDV) is the etiologic agent of one
of the most relevant infectious diseases for domestic dogs
and wild carnivores worldwide [1-3]. The CDV genome is
composed of a negative single-strand RNA, which encodes
for six structural proteins. Of these proteins, hemagglutinin
(H) binds the virus to host cell receptors, such as the sign-
aling molecule in lymphocyte activation (SLAM/CD150)
and nectin-4. Protein H is associated with the tropism of the
virus for different hosts. Its genetic variations can result in
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modification of virulence, the ability of the virus to infect
a greater variety of hosts, and in the evasion of the host’s
immune response [4—6].

Phylogenetic and evolutionary analyses of CDV have
shown amino acid substitutions along the H gene, mainly at
positions 530 and 549 [5]. These positions are found within
the binding region of the H gene to the signaling lympho-
cytic activation molecule (SLAM) receptor, and modifica-
tions are associated with the emergence of the virus in a non-
canid host [5, 7, 8]. Due to its high variability, the H gene is
the most suitable for molecular investigations regarding viral
polymorphism and it is used as a target for the identification
and characterization of CDV [4, 8—12]. There are 17 line-
ages/genotype according to geographic distribution: North
America 1-5 (NA 1-5), South America 1/Europe (SA1/EU),
South America 2—4 (SA 2—-4), European Wildlife (EU-W),
Arctic-like (AL), Rockborn-like (RL), Africa 1 and 2 (AF 1
and 2), and Asia 1-4 (A 1-4) [9, 12-22].

Classic CDV strain vaccines are usually derived from the
North America 1 and belong to this genotype, except for
the Rockborn vaccine [23, 24]. Although immunization of

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42770-023-00971-x&domain=pdf
http://orcid.org/0000-0002-4647-2359
http://orcid.org/0000-0001-5664-5797
http://orcid.org/0000-0003-3145-1376
http://orcid.org/0000-0001-8358-9401
http://orcid.org/0000-0002-6400-046X

666

Brazilian Journal of Microbiology (2023) 54:665-678

domestic dogs through vaccination has been intensified in
recent years, vaccine failures have been reported worldwide,
suggesting the circulation of vaccine-resistant strains [8, 12,
19, 24-26].

Given the clinical importance of distemper for domestic
dogs and wild animals, studies that identify and determine
the lineage of circulating strains and how mutations in the
H gene are directly related to possible vaccine failures, are
needed. This study aimed to characterize the strains of CDV
circulating among naturally infected domestic dogs and to
conduct a comparative phylogenetic analysis between these
wild strains and the vaccine strains.

Materials and methods
Animals

This study was approved by the Committee on Ethics and
Use of Animals (CEUA - Protocols no. 065/16 and no.
106/18) of the Federal University of Goias (UFG, Goiania,
Goias, Brazil). Samples were collected from six dogs posi-
tive for distemper with progressive neurological signs at the
Veterinary Hospital, School of Veterinary and Animal Sci-
ence (UFG, Goiénia, Goias, Brazil).

RNA extraction and complementary DNA synthesis

RNA was extracted from urine and blood samples using Tri-
zol LS Reagent (Invitrogen, Carlsbad, USA) following the
manufacturer’s protocol with adaptations according to Frisk
et al. [27]. After extraction, reverse transcription (RT) reac-
tion was performed by adding 20 pL of the extracted RNA
to 30 pL of a reaction mixture containing 1 X of 5 X buffer,
0.002 pg/pL random primers (Invitrogen), 0.4 mM of each
dNTP, 4 mM MgCl,, 0.5 pL DTT (0.1 M), 20 U/pL RNAsin
(Invitrogen), 200 U/pL M-MLV RT (Invitrogen), and DEPC
water. The microtubes were transferred to an automatic ther-
mocycler (Swift TM Maxi, Esco) under the following condi-
tions: 40 min at 37 °C, followed by 10 min at 95 °C.

RT-PCR of N and H genes

Primer pairs used for amplification of partial regions of the N
and H genes were synthesized as described in previous stud-
ies [10, 27, 28]. The NPp1 and NPp2 primers targeting the N
gene were used to screen all samples for CDV by RT-PCR
with one round of amplification [27]. For the phylogenetic
analysis, amplification of the partial region of the H gene was
performed. The first amplification was performed with the
primer pairs H2F_CDV and H3R_CDV [28] and, in nested
PCR, the primers CDVF10 and CDVR10_ND were used [10].
The sequences of the primers are shown in Table 1.

For the CDV screening, the expected fragment size was
287 bp. The RT-PCR was performed according to Frisk et al.
[27] with modifications. Briefly, 3 pL of each complementary
DNA (cDNA) sample was mixed with 22 pL of a reaction mix
composed of 1 X GoTaq mastermix (Promega, Wisconsin, USA),
0.4 pM NPpl, 0.4 pM NPp2, and nuclease-free water for the
final volume of 25 pL. The microtubes were placed in the ther-
mocycler T100 Thermal Cycler (Bio-Rad Laboratories, CA,
USA) under the following conditions: 5 min at 94 °C followed
by 40 cycles of 1 min at 94 °C, 2 min at 55 °C, and 1 min at
72°C, finishing with 5 min at 72 °C.

For the detection of the H gene, amplification was per-
formed using RT-PCR to obtain the 1172-bp fragment. Sub-
sequently, nested PCR was performed to obtain a fragment
of 870 bp, according to Fischer et al. [11]. The PCR was per-
formed using 5.0 pL of cDNA sample mixed with 20.0 pL of
a mixture consisting of 1 X GoTaq mastermix, 0.4 uM H2F,
0.4 uM of H3R, and nuclease-free water for the final volume
of 25.0 uL. The microtubes were placed in the thermocycler
under the following conditions: 5 min at 94 °C followed by
40 cycles of 30 s at 94 °C, 30 s at 55 °C, and 1 min at 72 °C,
ending with 5 min at 72 °C.

Nested PCR was performed with a final volume of
25.0 pL, with 1.0 pL of the DNA template obtained in the
previous PCR and 24.0 pL of the reaction mixture con-
sisting of 1 X GoTaq Master Mix, 0.8 uM of the CDVF10
and CDVRI10 primer, and nuclease-free water for the
final volume of 25.0 pL. Using the same thermocycler,

Table 1 Primers used in polymerase chain reaction assays for amplification of canine distemper virus N and H gene fragments

Primer Oligonucleotide sequence® Target Genomic position Reference

NPpl ACA GGA TTG CTG AGG ACC TAT Gene N 769-789 Frisk et al. [27]
NPp2 CAA GAT AAC CAT GTA CGG TGC Gene N 1055-1035 Frisk et al. [27]
H2F_CDV AAT ATG CTR ACY GCT ATC TC Gene H 7730-7749 An et al. [28]
H3R_CDV TCA RGG TTT KGA ACG RTT AC Gene H 8883-8902 An et al. [28]
CDVF10 TAT CAT GAC RGY ART GGT TC Gene H 7991-8010 Hashimoto et al. [10]
CDVRI10_ND GGA CTA AAT YYT CRA YAC TGG Gene H 8842-8861 Hashimoto et al. [10]

2Sequences are displayed in the sense 5'-3'
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the conditions were 3 min at 94 °C followed by 30 cycles
of 20 s at 94 °C, 40 s at 55 °C, and 1 min at 72 °C, ending
with 5 min at 72 °C. Nested PCR products were subjected
to electrophoresis running on a 1.5% agarose gel (Invitro-
gen, Foster City, USA) in Tris—borate—-EDTA buffer with
ethidium bromide (0.1%). Subsequently, the amplified
fragments were visualized in an ultraviolet light transil-
luminator (MS Major Science, CA, USA).

Nucleotide sequencing

The products generated by nested PCR were purified using
the ExoSAP-ITTM PCR Product Cleanup reagent (Applied
Biosystems, Santa Clara, CA, USA) and quantified in Nan-
odrop 2000c (Thermo Scientific, Waltham, MA, USA).
Samples with adequate concentration and purity were sub-
mitted to sequencing using the BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems, Santa Clara,
CA, USA) in the AB 3500 Genetic Analyzer automatic
sequencer (Applied Biosystems, Foster City, CA, USA), to
read the electropherograms, with the generation of approxi-
mately 700 nucleotides each, by ACTGene Andlises Molecu-
lares Ltda (Center for Biotechnology, UFRGS, Porto Alegre,
RS, Brazil).

For phylogenetic characterization, H gene sequences of
the CDV strains available in the NCBI Nucleotide Database
(http://www.ncbi.nlm.nih.gov/) were selected. All depos-
ited sequences of strains identified in Brazil and specimens
belonging to existing strains, including vaccine strains, were
compiled. All sequences selected had complete information
regarding the year, country of origin, and the host species
from which they were isolated. In total, 65 sequences were
used to represent the 17 lineages, including the vaccine
strains: Snyder Hill (accession number: AF259552), Rock-
born-Candur (accession number: GU266280), Onderste-
poort (accession number: AF378705), and Lederle (acces-
sion number: DQ903854).

A database was set up with the H gene sequences of all
CDV strains identified in Brazil and deposited at the NCBI
to compose the phylogenetic analysis to obtain subgenotypes
in the SA1/EU linage.

For the identification of subgenotypes belonging to
the SA1/EU lineage, the strains utilized in this study and
strains previously described as belonging to this lineage
were used as a database H gene sequence of the CDV, as
proposed by Budaszewski et al. [24]. Sequences that did
not correspond to the same region of the H gene as the
sequences identified in this study were excluded. In total,
49 sequences were used to represent the subgenotypes.
Sequences belonging to the same subgenotype show
nucleotide identity of at least 98%.

Phylogenetic analysis of the H gene

The electropherograms obtained in the sequencing were ana-
lyzed to verify the quality of the bases obtained and had their
consensus sequence determined using the results of sense
and antisense sequences at the Phred/Phrap interface [29, 30]
through the website http://asparagin.cenargen.embrapa.br/
phph/ of EMBRAPA (Brazilian Agricultural Research Cor-
poration). Nucleotide identity was verified with the sequences
deposited in GenBank using the Basic Local Alignment
Search Tool (http://www.ncbi.nlm.nih.gov/BLAST).

The alignment of the consensus sequences of each sample
together with the selected sequences was performed using
the ClustalW program implemented in the Molecular Evo-
lutionary Genetics Analysis X (MEGA-X) software, ver-
sion 10.2.20 [31], and the phylogenetic tree was constructed
using the neighbor-joining method. The most suitable model
for nucleotide substitution was identified by MEGA-X as
T92 + G: Tamura parameter-3 with gamma distribution rate
heterogeneity, with five rate categories. The robustness of
the phylogenetic analysis was evaluated by bootstrap analy-
sis with 1000 replicates. The North America 1 strain and
vaccine strains were used as the outgroup for rooting the
phylogenetic tree. The consensus nucleotide sequences
obtained in this study were deposited in the NCBI GenBank
under accession numbers MZ758890-MZ758897.

Results

Detection of CDV and sequence analysis of the H
gene

Information about the dogs included in the phylogenetic
analysis (identification, sex, age, clinical signs, and vac-
cination status) and the accession number referring to the
positive sample for partial amplification of the H gene are
shown in Table 2.

In the phylogenetic tree, all partial nucleotide sequences
of the CDV strains identified in this study were grouped
with the South America 1/Europe (SA1/EU) genotype
(Fig. 1). Data from the distance analysis of paired com-
parisons between genotypes are presented in Table 3. The
paired comparisons showed that the nucleotide divergence
between the identified strains and the other variants belong-
ing to the SA1/EU genotype was estimated between 0.14 and
3.89%, showing, therefore, high nucleotide identity. High
identity was detected among the Brazilian strains, with val-
ues greater than 97.8%. Comparisons between 06U and 06S
strains (99.34% nucleotide identity) and between 04S and
04U strains (99.87% nucleotide identity) showed high iden-
tity between strains isolated from the same dog.
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Table 2 Characteristics

DogID Sex Age Clinical signs Vaccina- Type of sample Year of sam-  Accession num-
of dogs al?d samples frgm tion status ple collection ber of H gene
natufa!ly 1pfected d2g§ in the sequences
municipality of Goiania in
2017, 2019, and 2020 01 F  6m GSLRS,NS No 01B 2017 MZ758890

02 M 4y RS, NS No 02B 2019 MZ758891

03 F Ty RS, DS, NS No 03B 2019 MZ758892

04 F 5m RS, DS, NS Yes 04B 2019 MZ758893

04 F 5m RS, DS, NS Yes 04U 2019 MZ758894

05 M S5y RS, NS No 05U 2019 MZ758895

06 M S5y RS, DS, NS (¢} 06B 2020 MZ758896

06 M 5y RS, DS, NS (¢} 06U 2020 MZ758897

S blood, U urine, M male, F female, y years, m months, RS respiratory signs, NS neurological signs, DS
dermatological signs, GSI gastrointestinal signs, O outdated, vaccinated as a puppy

There was an approximately 10% nucleotide diver-
gence between the SA1/EU lineage and the NA1/Vac line-
age, which includes most strains in commercial vaccines
(Table 3). In the evaluation of the values of paired compari-
sons between the sequences of the vaccine strains with those
isolated in the study, the following data were observed: max-
imum nucleotide identities of 91.6% with the Lederle, 91.3%
with the Onderstepoort, and 90.87% with the Snyder Hill.
Some commercial vaccines use in their formulation strains
like Rockborn-Candur, grouped in the RL, which maximum
nucleotide identity was 97.68% with the isolated strains.

The distance of nucleotide with isolates from countries
neighboring Brazil, such as Argentina, Colombia, and Uru-
guay, showed approximate nucleotide variations of 4.89%,
4.99%, and 6.27% between SA1/EU with SA2, SA3, and
SAA4, respectively (Table 3). Compared to previous studies
in Brazil, the nucleotide identity with the strains MT119974
(accession number), isolated from a dog (Canis lupus famil-
iaris), and MG827088 (accession number), isolated from
small anteater (Tamandua tetradactyla), was 98.1% and
99.7%, respectively.

Amino acid analysis of the H protein

Partial amino acid sequences of the H gene from 73 CDV
strains were aligned and analyzed to identify potential occur-
rences of mutations associated with amino acid changes
(Table 4). The complete H gene sequencing of strain
EU098102 (accession number) was used as a reference for
identifying amino acid positions.

Most of the sequences from dogs presented 530S (13/46)
and 530D (12/46). The 530S was more commonly identified
in dogs of the SA1 and SA4 genotypes, while the 530D had
a greater distribution (AF2, NA4, RL, SA2, NA3, EU-W,
and A4 genotypes). Among the non-dog hosts were found
residues 530D (9/24), 530N (6/24), G (4/24), E (2/24), and
R (2/24). In the vaccine strains, residues 530N (Snyder Hill)
and 530S (Onderstepoort and Lederle) were identified.

@ Springer

The most common amino acid found at position 549 was
Y (59/70), more frequent in dogs (43/70). The substitution
for amino acid H (Y549H) was identified in dog (3/11)
and non-dog (8/11) sequences. In the vaccine’s strains,
549Y was identified in one (Snyder Hill) and 549H in two
(Onderstepoort and Lederle). In this study, we identified
one sequenced with the Y549H substitution (12S [GenBank
MZ758893]).

Regarding the other positions evaluated, the T386 amino
acid residue was identified only in the SA1/EU and SA2
genotypes, while in the other genotypes, the substitution
for S386 was found. In position 376, amino acids N, I, S,
T, and D were found, and the study strains had 1376 (01S
[GenBank MZ758890], 6S [GenBank MZ758891], 11S
[GenBank MZ758892], 12S [GenBank MZ758893], and
12U [GenBank MZ758894]) and N376 (13U [GenBank
MZ758895], 28S [GenBank MZ758896], and 28U [Gen-
Bank MZ758897]). There was no association with the host
in the substitutions found at positions 376, 422, 475, 542,
and 544.

The amino acids at positions 367 and 376 were similar
between the NA1 genotypes and the Lederle, Onderstepoort,
and Snyder Hill vaccine strains but different from the other
genotypes. The Rockborn-Candur strain was more similar
to the American genotypes when compared to other vaccine
strains (Table 5). The most found residue at position 367 was
valine (V), unlike vaccine strains, whose identified residue
was alanine (A), except in the Rockborn-Candur (V367). At
position 376, the residue most frequent was N, except for the
NAT and vaccines Lederle, Onderstepoort, and Snyder Hill
(G376), whereas 01S (GenBank MZ758890), 6S (GenBank
MZ758891), 11S (GenBank MZ758892), 12S (GenBank
MZ758893), and 12U (GenBank MZ758894) had isoleu-
cine (I) in 376. Substitutions were noted in residues D379
(28S [GenBank MZ758896]) and V381 (28S [GenBank
MZ758896] and 28U [GenBank MZ758897]). The identity
at the amino acid level between the strains identified in the
study and the vaccines Lederle, Onderstepoort, and Snyder
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Fig. 1 Phylogenetic tree con-
taining 73 strains of canine dis-
temper virus (CDV) according
to the H gene sequence, inferred
by the neighbor-joining (NJ)
method using 1000 replicates.
The GenBank accession num-
ber, the host species from which
each isolate was obtained, the
country of origin, and the year
of isolation are indicated. The
numbers indicated in the nodes
are bootstrap values > 60 for the
genotypes. The samples identi-
fied in this study were marked
with a black diamond (¢)
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Table 3 Identity matrix analysis between canine distemper virus genotypes’ nucleotide sequences

SAI/EU Al A2 NAl/Vac RL NA2 NA3 AL EU-W A3 SA2 AF1 A4 SA3 NA4 AF2 SA4

SA1/EU 0.007 0.010 0.012 0.005 0.006 0.008 0.008 0.007 0.014 0.008 0.009 0.008 0.007 0.008 0.008 0.009
Al 0.050 0.011 0.014 0.007 0.008 0.009 0.009 0.008 0.015 0.009 0.010 0.009 0.009 0.009 0.010 0.011
A2 0.074 0.085 0.014 0.009 0.010 0.011 0.010 0.010 0.009 0.011 0.010 0.011 0.011 0.012 0.012 0.013
NA1/Vac 0.094 0.111 0.113 0.011 0.012 0.014 0.012 0.013 0.018 0.013 0.013 0.013 0.013 0.014 0.014 0.014
RL 0.028 0.040 0.055 0.083 0.005 0.007 0.007 0.005 0.014 0.006 0.008 0.007 0.007 0.007 0.007 0.009
NA2 0.045 0.056 0.079 0.102 0.033 0.008 0.009 0.007 0.015 0.008 0.009 0.008 0.008 0.008 0.009 0.009
NA3 0.049 0.061 0.072 0.105 0.034 0.054 0.010 0.008 0.016 0.009 0.011 0.009 0.009 0.009 0.010 0.011
AL 0.053 0.066 0.069 0.101 0.043 0.062 0.067 0.008 0.014 0.010 0.009 0.010 0.009 0.010 0.010 0.011
EU-W 0.051 0.063 0.075 0.105 0.034 0.054 0.053 0.063 0.014 0.008 0.009 0.008 0.008 0.008 0.008 0.010
A3 0.112 0.123 0.060 0.162 0.101 0.124 0.120 0.111 0.120 0.016 0.014 0.016 0.015 0.016 0.016 0.017
SA2 0.049 0.062 0.081 0.101 0.030 0.055 0.054 0.064 0.056 0.128 0.010 0.009 0.009 0.010 0.009 0.011
AF1 0.066 0.075 0.082 0.105 0.052 0.074 0.079 0.065 0.074 0.124 0.072 0.010 0.010 0.010 0.010 0.011
A4 0.055 0.062 0.084 0.108 0.039 0.063 0.058 0.071 0.062 0.128 0.062 0.080 0.009 0.009 0.010 0.011
SA3 0.050 0.059 0.082 0.099 0.037 0.060 0.056 0.065 0.060 0.127 0.058 0.070 0.063 0.009 0.009 0.010
SA4 0.049 0.061 0.078 0.110 0.033 0.054 0.051 0.064 0.054 0.123 0.058 0.070 0.062 0.057 0.010 0.006
AF2 0.052 0.071 0.088 0.113 0.039 0.061 0.061 0.073 0.062 0.132 0.060 0.080 0.070 0.064 0.061 0.011
SA4 0.063 0.079 0.098 0.119 0.054 0.069 0.077 0.086 0.075 0.139 0.076 0.090 0.080 0.075 0.031 0.083

Identity matrix analysis with 73 sequences nucleotide of the H gene of canine distemper virus. The values of the pairwise comparison between the
genotypes are presented in italics, standard error estimates are shown above the diagonal in bold, and the variance estimation method was the bootstrap
with 1000 replicates. Analyses were conducted using the 3-parameter Tamura nucleotide substitution model and the rate of change was modeled with
a gamma distribution (shape parameter=1). All positions that contained gaps and missing data were removed for each sequence pair. The final dataset
consisted of 763 positions. Evolutionary analyses were conducted in MEGA-X version 10.2.2 (https://www.megasoftware.net/)

SA1/EU - South America 1/Europe; NA2 — North America 2; AL — Arctic-like; EU-W — Europe Wildlife; SA4 — South America 4; SA3 — South
America 3; A4 — Asia 4; AF1 — Africa 1; AF2 — Africa 2; NA4 — North America 4; SA2 — South America 2; RL — Rockborn-like; Al — Asia 1;
A2 — Asia 2; NA3 — North America 3; A3 — Asia 3; NA1/Vac — North America 1/Vaccine

Hill was between 87 and 91%, while with Rockborn-Candur,
amino acid identity ranged between 95.5% and 97.2%.

South America 1/Europe subgenotypes

Twelve subgenotypes were identified within the SA1/
EU lineage, and within each subgenotype, the nucleotide
identity between the strains was greater than 98% (Fig. 2).
The sequences 13U, 28S, and 28U (GenBank MZ758895,
MZ758896, and MZ758897, respectively) were grouped
into different subgenotypes from the sequences: 0185, 6S,
118, 1285, and 12U (GenBank MZ758890, MZ758891,
MZ758892, MZ758893, and MZ758894, respectively) and
had nucleotide variation of 2.03-2.17%.

The other strains belonging to the SA1/EU genotype
selected to compose the phylogenetic analysis for South
America were from Uruguay and Argentina. Uruguay strains
grouped into a specific subgenotype distinct from the other
Brazilian ones (subgenotype B), while the Argentina strain
showed nucleotide identity greater than 98% with other Bra-
zilian ones (subgenotype C). Regarding the strains belong-
ing to Europe, three strains were selected, which showed

@ Springer

distinction from the other strains and nucleotide divergence
between 2.0% and 4.18% with the others.

Discussion

In the present study, eight CDV sequences belonging to
the SA1/EU genotype were identified, and through iden-
tity matrix analysis, a high variability was observed among
the Brazilian strains and the genotype of the vaccines cur-
rently in use in Brazil. Multiple substitutions at amino acids
530 and 549, as well as at other positions, were evidenced.
The SA1/EU genotype was evaluated separately, and the
phylogenetic analysis suggests that there are at least 12
subgenotypes.

The identity matrix of the partial nucleotide sequences
of the H gene with the eight identified sequences in our
study and the ones retrieved from NCBI showed that Bra-
zilian strains and strains of the SA1/EU genotype have a
difference of less than 4% [25, 32]. The highest nucleotide
identities were found with the strains MT119974 (99.73%)
and MG827088 (99.47%), both identified in the state of
Mato Grosso which border the state of Goiés. In addition
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Table 4 Analysis of the amino
acid sequence alignment of
gene H of canine distemper
virus (CDV)

Strain Viral (name, species, Amino acid position
Lineage
country, year) 376| 386 | 422|475 530 | 542| 544 | 549
MZ758890 dog Brazil 2017 SAI/EU |1 T D I S N A Y
MZ758891 dog Brazil 2019 SAI/EU |. . . . . . T
MZ758892 dog Brazil 2019 SA1/EU
MZ758893 dog Brazil 2019 SA1/EU N T H
MZ758894 dog Brazil 2019 SA1/EU N T
MZ758895 dog Brazil 2019 SAI/EU |N N T
MZ758896 dog Brazil 2020 SA1/EU |N . N . . . T
MZ758897 dog Brazil 2020 SA1/EU |N . N . . . T
MG827088 tamandua tetradactyla
Brazil 2016 SA1/EU |N . N . . . T
MT119974 dog Brazil 2018 SAI/EU |N N T
EU098102_dog_Brazil 2007 SAI/EU |N N G I T
IN215473 dog Uruguay 2007 SAI/EU |N N G I T
JX912978 dog Brazil 2012 SAI/EU |N N G I T
DQ494317 dog Italy 2003 SAI/EU |N N T G I T
777671 dog Germany 1996 SAI/EU |N N G I T
KUS578253 wild dog Africa 2007 AF2 N S N I T
KU578254 golden jackal Africa
2011 AF2 N S N . I T
KUS578255 spotted hyaena Africa
1994 AF2 N S N I T H
KUS578257 dog Africa 1994 AF2 N S N I
MK617350 dog Colombia 2017 SA4 N S N 1 T
MK617351 dog Colombia 2017 SA4 N S N I T
MK617352 dog Colombia 2017 SA4 N S N . . 1 T
MK617353 dog Colombia 2017 SA4 N S N . . I T
KJ747371 fox USA 2015 NA4 N S N . I T
KJ747372 dog USA 2015 NA4 N S N . I T

to the geographic distance, the presence of such geneti-  6.27% with the genotypes SA2 [17], SA3 [19], and SA4
cally similar strains may be related to commercial and tour- ~ [12], respectively.

ist relations between the two regions [33, 34]. The other CDV infection was confirmed in a 5-month-old, vac-
genotypes identified in South America presented nucleotide ~ cinated dog and in a 5-year-old dog with overdue vac-
differences close to 5%, with values of 4.89%, 4.99%, and  cine. The phylogenetic analysis and the identity matrix
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Table 4 (continued) AB212964 dog Japan 2006 Al N S N T G I T
AB605890 nyctereutes
procyonoides Japan 2008 Al N S N T G 1 T H
EF445051 fox China 2009 Al N S N T G I T
JX886784 dog Thailand 2009 Al N S N G I
AY465925 raccoon USA 2001 NA2 [N [s [N ! I T [H
747762 dog USA 1997 NA2 N S N G I T H
747763 black leopard Denmark
1997 NA2 S S N G I T H
754166 black panther Netherlands
1996 NA2 S S N G I T H
FJ392651 dog Argentina 2005 SA2 N N I T
KC257464 dog Argentina 2010 SA2 T N I T
AY964110 dog USA 2005 NA3 N S N I T
JIN836734 martes pennanti USA
2009 NA3 N S N . I T
IN836735 martes pennanti USA
2009 NA3 N S N . I T
DQ228166 dog Ttaly 2006 EU-W [N |[S N . I T H
GQ214369 stone marten Austria
2007 EU-W [N S N . I T H
Z47759 danish mink Denmark
1997 EU-W N S N T 1 T
KF835411 dog Colombia 2011 SA3 N S N N I S
KF835413 dog Colombia 2012 SA3 N S N N I T
KF835422 dog Colombia 2012 SA3 N S N N I T
MK617348 dog Colombia 2017 SA3 N S N N I S
JX886782 dog Thailand 2009 A4 N S N A% I T
KJ437594 dog China 2011 A4 N N \% 1 T
KJ489381 dog China 2012 A4 N S N A% I T

rule out the possibility of a disease caused by the vaccine [GenBank MZ758894] — puppy dog and 28S [GenBank
strain with residual virulence since the strains identi- MZ758896] and 28U [GenBank MZ758897] — adult dog)
fied in these dogs (12S [GenBank MZ758893] and 12U  showed nucleotide differences between 8.3% and 10.3%
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Table 4 (continued)

MH496772 dog Thailand 2014 A4 N S N \% I T
EU743934 dog China 2004 A3 N S N T I T
EU743935 fox China 2005 A3 N S N T I T
EU716073 dog South Korea 1997 A2 N S N T E I T
JQ319389 raccoon South Korea

2010 A2 N S N . B I S H
JQ319393 raccoon dog South

Korea 2011 A2 N S N T g I T
AB252718 dog Japan 2007 A2 N S N T E I T
EF445052 fox China 2005 AL N S N N I T
DQ226088 dog Italy 2006 AL N S N N I T
GQ214373 dog Austria 2003 AL N S N N I T
747760 dog Denmark 1997 AL N S N N I T
KY971528 wild dog South Africa

2016 AF1 . S N . N I T
KY971532 spotted hyena South

Africa 2017 AF1 . S N . N I T H
MF467740 wild dog South Africa

2016 AF1 . S N . N I T
FJ461724 dog South Africa 2007 AF1 . S N . N I T
GU810819 Rockborn Italy 2011 RL N S N . I K
JX912968 dog Brazil 2008 RL N S N I K
AF178039 lesser panda 1999 RL N S N I T
GU266280 Rockborn Candur 2011 RL N S N I T
AY466011 raccoon USA 1998 NAl/Vac |G N N F T
AY542312 raccoon USA 1998 NAl/Vac |G N N F T
AB286953 dog Japan 2009 NAl/Vac |G N N F T
AF259552-Snyder Hill 2000 NAl/Vac |G N N F T
AF378705 Onderstepoort 2001 NAl/Vac |G N L . 1 T H
DQ903854 Lederle 2007 NAl/Vac |G N L . I T H

This analysis involved 73 CDV strains and the dataset consisted of 607 amino acid positions. Positions
associated with positive selection among strains were selected. The amino acids at positions 530 and 549
are in the SLAM receptor-binding regions of the host cells; therefore, identical residues received the same
staining on identification. Evolutionary analyses were conducted in MEGA-X version 10.2.2 (https:/
www.megasoftware.net/)

SA1/EU — South America 1/Europe; NA2 — North America 2; AL — Arctic-like; EU-W — Europe
Wildlife; SA4 — South America 4; SA3 — South America 3; A4 — Asia 4; AF1 — Africa 1; AF2 —
Africa 2; NA4 — North America 4; SA2 — South America 2; RL — Rockborn-like; Al — Asia 1; A2 —
Asia 2; NA3 — North America 3; A3 — Asia 3; NA1/Vac — North America 1/Vaccine
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Table 5 Analysis of the

X . ] Viral strain (name, species, country, year) Lineage Amino acid position

alignment of partial amino

acid sequences of gene H of 367 376 379 381 386 388

strains of American and vaccine

genotypes v I E A T P
AF259552-Snyder Hill 2000 Vac A G
AF378705 Onderstepoort 2001 Vac A G
DQ9Y03854 Lederle 2007 Vac A G
GU266280 Rockborn-Candur 2011 Vac . N S
AY466011 raccoon USA 1998 NAl A G
AY542312 raccoon USA 1998 NALl A G
AB286953 dog Japan 2009 NALl A G
MZ758890 dog Brazil 2017 SAl
MZ758891 dog Brazil 2019 SAl
MZ758892 dog Brazil 2019 SAl
MZ758893 dog Brazil 2019 SAl
MZ758894 dog Brazil 2019 SAl .
MZ758895 dog Brazil 2019 SAl N .
MZ758896 dog Brazil 2020 SAl N D v H
MZ758897 dog Brazil 2020 SAl N v
MG827088 Tamandua tetradactyla Brazil 2016 ~ SAl N
MT119974 dog Brazil 2018 SAl . N
EU098102_dog_Brazil_2007 SA1 A N
IN215473 dog Uruguay 2007 SA1 N
JX912978 dog Brazil 2012 SA1 N .
MK617350 dog Colombia 2017 SA4 N S
MK617351 dog Colombia 2017 SA4 N S
MK617352 dog Colombia 2017 SA4 N S
MK617353 dog Colombia 2017 SA4 N S
KJ747371 fox USA 2015 NA4 N S
KJ747372 dog USA 2015 NA4 N S
AY465925 raccoon USA 2001 NA2 N S
747762 dog USA 1997 NA2 N S
ZA7T763 black leopard Denmark 1997 NA2 S S
754166 black panther Netherlands 1996 NA2 S S
FJ392651 dog Argentina 2005 SA2 N
KC257464 dog Argentina 2010 SA2 T .
AY964110 dog USA 2005 NA3 N S
IN836734 Martes pennanti USA 2009 NA3 N S
IN836735 Martes pennanti USA 2009 NA3 N S
KF835411 dog Colombia 2011 SA3 N S
KF835413 dog Colombia 2012 SA3 N S
KF835422 dog Colombia 2012 SA3 N S
MK617348 dog Colombia 2017 SA3 N S
Identical residues are shown with a (.). Evolutionary analyses were conducted in MEGA-X version 10.2.2
(https://www.megasoftware.net/)
SA1 — South America 1, NA2 — North America 2; SA4 — South America 4; SA3 — South America 3; NA4 —
North America 4; SA2 — South America 2; NA3 — North America 3; NA1 — North America 1; Vac — Vaccine

with the vaccine strains Lederle, Onderstepoort, and Sny-  immunocompromised dogs and inadequate vaccination.

der Hill. Vaccine failures may be associated with failure ~ In puppies, maternal antibodies can also contribute to
in the primary immune response due to vaccination of  specific immune response failure [35].
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Flg. 2 Phylogenetic tree of MK423863 dog Brazil 2018 7

canine .distemper.virus (CDV) ) L KT429766 dog Brazil 2012 subgenotypel
a‘f:cordmﬁ to,fhaglﬁl ,?eq”fences (55) MK423861 dog Brazil 2018

of gene H with details o — —‘ )

subggenotypes (subgenotypes IC%) (50) MK42§859 dog Brazil 2018 ] s

A-M) of the South America 1/ 70) MKjZiii::izﬁLzS;j — Subgenotype J
Europe genotype, inferred by

the neighbor-joining method (58) JN215473 dog Uruguay 2007 Subgenotype C
(NJ) using 1000 replicates and 1) (54) —JN215475 dog Uruguay 2008 _

3-parameter Tamura nucleo- MH484613 dog Brazil 2017 Subgenotype L
tide substitution model. The (56) "MT119979 dog Brazil 2019 _

GenBank accession number, JX912966 dog Brazil 2008

the host species from which ( JX912971 dog Brazil 2010 Subgenotype B
each isolate was obtained, the (51) JX912975 dog Brazil 2012 _|

country of origin, and the year (74
of isolation are indicated. The
numbers indicated in the nodes
are bootstrap values > 60 for the
subgenotypes. The strains iden-
tified in this study were marked
with a black diamond (¢)

(78)

{ FJ392652 dog Argentina 2003

(64) JX912978 dog Brazil 2012
JX912959 dog Brazil 2012
MH426739 cerdocyon thous Brazil 2014
61) ' KJ865300 cerdocyon thous Brazil 2017
JX912960 dog Brazil 2012
JX912964 dog Brazil 2008

KT429768 dog Brazil 2012
KT429769 dog Brazil 2012
JX912958 dog Brazil 2012

(25) JX912963 dog Brazil 2012
MT119980 dog Brazil 2019
(52) 'MT119978 dog Brazil 2019

(81)

(79)

85)

(89)

MT
MT

e —

0.01

The binding regions of the H gene to the nectin-4 and
SLAM receptors correspond to amino acid residues 454
to 555 [36]. A series of substitutions at different positions
along the partial sequence of the H gene in this study were

recognized according to previous studies [3, 8,

(76)

EU098102 dog Brazil 2007
EU098104 dog Brazil 2007

EU098103 dog Brazil 2007
EU098105 dog Brazil 2007

@ 112758896 dog Brazil 2020
(s9) L 4 MZ758897 dog Brazil 2020

83) | @ Mz758895 dog Brazil 2019

@ 112758892 dog Brazil 2019
@ 12758890 dog Brazil 2017
€ 17758891 dog Brazil 2019
@ 112758893 dog Brazil 2019
@ 12758894 dog Brazil 2019

MT119976 dog Brazil 2018

MT119977 dog Brazil 2018
119972 dog Brazil 2018
119974 dog Brazil 2018
MT119981 dog Brazil 2019

MG827089 tamandua tetradactyla Brazil 2016

MG827090 tamandua tetradactyla Brazil 2016
MG827088 tamandua tetradactyla Brazil 2016

X85000 dog Germany 1996

(30£':Z77671 dog Germany 1996
(77) DQ494317 dog ltaly 2003

11, 19, 36].

Subgenotype D

| I

:] Subgenotype E

Subgenotype A

:] SuT)genotype F

Subgenotype G

Subgenotype M

Subgenotype H

The population sampled was composed only of domestic
dogs and one strain 12S (GenBank MZ758893) was identi-
fied with residue 549H. Although the Y549H substitution
is expected in strains adapted to non-canid species [37] and
Y549 to be found in domestic dogs [8, 19], polymorphisms
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with the substitution of the Y residue for the H has been
reported in dogs [7, 11]. Studies have shown the exposure
of wild species to CDV [38—41], suggesting a continuous
transmission of strains circulating between wild canids and
other carnivores to domestic dogs and vice versa [11].

Substitutions at residues 530 (G/E to R/D/N) may
be related to the emergence of CDV strains capable of
infecting non-canid species [5, 37]. In this study, at position
530, no modifications associated with the host species
were identified, as observed in previous studies [7, 19]
and unlike what was observed by Benetka et al. [37], who
identified changes in residues G or E associated with interspecies
transmission. The S residue was found in strains of genotypes
SA1/EU and SA4 predominantly in dogs [19].

The amino acid residue or region that constitute anti-
genic determinants of the vaccine strains were conducted as
the data related to the main immunodominant epitopes in
Morbillivirus [42]. In morbilliviruses [43], the main sites of
antigenic neutralization may be located between amino acid
residues 364 and 392 of the CDV protein H [42, 44]. The sub-
stitutions of at least six amino acids (367, 376, 379, 381, 386,
and 388) were found between wild-type and vaccine strains
in the Americas. Also, at positions 376 (01S, 6S, 1185, 128,
and 12U [GenBank MZ758890 to MZ758894) and 381 (28S
and 28U [GenBank MZ758896 and MZ758897]), different
amino acids were found between the sequences of this study,
the vaccines, and the other sequences analyzed, suggesting
a possible polymorphism. Although these polymorphisms
could suggest a vaccine escape, they alone cannot be suf-
ficient for confirmation. According to Anis et al. [45], these
substitutions may interfere with the ability of the vaccine
to provide adequate protection against infection with these
strains. Similar results on the heterogeneity of wild strains
and vaccine strains, in domestic dogs and wild animals, have
been previously published [22, 36, 46, 47].

In this study, we identified 12 subgenotypes (subgeno-
types A—M) while in previous studies eight subgenotypes
(A—H) were identified in the SA1/EU genotype [24]. The
inclusion of numerous variants analyzed in the present
study may have contributed to the identification of four
more subgenotypes in the SA1/EU genotype.

Conclusion

Eight wild-type strains were detected among the samples
obtained from animals in the Mid-West of Brazil. Although
they are distinct strains, the nucleotide difference is less than 4%
and, therefore, they belong to the same genotype, SA1/EU. One
strain has the substitution at the amino acid Y549H, an evident
polymorphism associated with interspecies contact, which may
also be associated with the possibility of the emergence of more
pathogenic strains.

@ Springer

Many nucleotide mutations and amino acid substitutions
were found when wild strains were compared to vaccine
strains, which could contribute with the occurrence of vac-
cine failures. Thus, the characterization of the H gene in
samples from different populations of animal species will
allow better monitoring of the circulating strains e contrib-
ute to elucidate if there is a need for vaccine update.
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