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Abstract

Canine morbillivirus (CDV), the cause of canine distemper, is a pathogen affecting many
hosts. While modified live virus (MLV) vaccines are crucial for controlling the disease in
dogs, cases of vaccine-related infections have been found in both domestic and wild animals.
Specifically, the America-1 and Rockborn-like vaccine genotypes are concerning due to their
spread and ability to transmit between different species. This study conducted a review and
analysis of molecular detections of these strains in various carnivores (domestic, captive,
synanthropic, and wild species). This study used a conceptual model considering host
ecology and the domestic—wild interface to evaluate plausible transmission connections
over time using Linear Directional Mean (LDM) and Weighted Mean Centre (WMC) meth-
ods. Statistical analyses examined the relationship between how likely a strain is to spread
and factors like host type and vaccination status. The findings showed that the America-1
genotype spread in a more organised way, with domestic dogs being the main source and
recipient, bridging different environments. Synanthropic mesocarnivores also played this
same role, with less intensity. America-1 was most concentrated in the North Atlantic and
Western Europe. In contrast, the Rockborn-like strain showed a more unpredictable and
restricted spread, residual circulation from past use rather than ongoing spread. Species
involved in vaccine-related infections often share characteristics like generalist behaviour,
social living, and a preference for areas where domestic animals and wildlife interact. We
did not find a general link between a host vaccination status and the likelihood of the strain
spreading. The study emphasised the ongoing risk of vaccine-derived strains moving from
domestic and synanthropic animals to vulnerable wild species, supporting the need for
improved vaccination approaches. Mapping these plausible transmission routes can serve
as a basis for targeted surveillance, not only of vaccine-derived strains, but of any other
circulating genotype.

Keywords: America-1;, CDV; Morbillivirus canis; multi-host pathogen; Rockborn-like;
transmission; spread; spillover; surveillance; vaccines; vaccine genotypes
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1. Introduction

Morbillivirus canis, also known as canine distemper virus (CDV), is a morbillivirus
belonging to the Paramyxoviridae family that causes a highly contagious, acute, and fatal
disease, canine distemper (CD) [1]. CDV can produce a fatal multisystemic disease affecting
the immune, respiratory, gastrointestinal, and nervous systems. Infection commonly
leads to lymphoid depletion, hyperkeratosis, interstitial pneumonia (often complicated by
opportunistic bacterial infections), and encephalopathy, which may result in death [2—-6].
Virions are highly contagious, transmitted through aerosolised nasal, oral, and ocular fluids,
and their major route of entry for infection is through the respiratory system [7,8]. Because
CDV is unstable in the environment, its survival and dispersion rely on susceptible hosts to
continually infect and spread among animal populations [9].

CDV is a pathogen with worldwide distribution that mainly affects a wide range of
wild and domestic species of the order Carnivora, but with continuous reports of CDV in
other orders of terrestrial mammals [10]. Despite its broad range, domestic dogs remain
the main reservoir host for CDV, although many wild carnivore species can also act as
reservoirs and suffer CD [10-12]. In fact, species jump and spillover events from domestic
dog reservoirs to wild carnivore species have led to high mortality outbreaks that represent
a major conservation threat [13]. However, due to its wide host range, managing CDV
in ecosystems with endangered species becomes a major challenge [14]. Since the 1950s,
vaccination has been the primary strategy to control CDV in domestic dogs, historically
considered the main host. Furthermore, the need to vaccinate wild species at risk remains
controversial because there is a lack of a safe and effective vaccine for non-domestic
species [15].

Vaccination stimulates both humoral and cellular responses through B and T lympho-
cytes, remaining the most effective way to prevent viral infections and their spread [16-18].
The immune response to CDV is long-lasting, potentially life-long [19,20], and the majority
of commercial vaccines contain live modified CDV strains (named MLV or modified live
virus vaccines) based on isolated CDV belonging to genotypes derived from the ancestral
America-1 genotype [21]. The most commonly used strains for MLV vaccines, belonging to
the America-1 genetic lineage, are Onderstepoort, Lederle, Snyder Hill, Convac, and CDV3.
The first strain to be included in the CDV vaccine was Ondersteeport, isolated from foxes in
1939 in the USA and attenuated since the 1950s in avian cell lines [16]. Recently, given the
genetic similarity of the vaccine strains described with genotypes classified as Asia-3 and
detected in Asia, George et al. proposed the name Vaccine/Asia-3/North America-1 [22].
Another genetic lineage used to create MLV vaccines is the Rockborn strain. It was isolated
in a domestic dog in Sweden in the 1950s and attenuated in dog kidney cell lines [16,23],
and it is closer to the America-2 genotype, although Harde and Osterhaus [17] placed it in
their sequencing with a 99% similarity in cluster together with Ondersteeport.

The strains used in MLV vaccines have frequently caused post-vaccination CD in
both domestic dogs and wild carnivore species. Researchers around the world have also
sequenced them in CD outbreaks affecting various wild host species [17,22,24-26]. In
this regard, Martella et al. [16] state that both Rockborn-like CDV strains (derived from
the original Rockborn strain but with mutations or recombinations) and Ondersteeport
strains are spreading in the field and have undergone mutations as they have passed
through a broad spectrum of CDV-susceptible hosts. Regarding the Rockborn strain, one
of the most widely reported hypotheses attributes post-vaccination CD to the strain’s
residual virulence. On the other hand, in addition to the reversion to virulence with
the use of MLV vaccines, there is additional concern among researchers regarding CDV-
susceptible wild host populations, specifically the potential of shedding of the vaccine virus
into the ecosystem after causing post-vaccination CD. This is particularly relevant given



Viruses 2025, 17, 1045

3 0f 31

documented cases of host species such as the Siberian weasel (Mustela sibirica), black-footed
ferret (Mustela nigripes), and grey foxes (Urocyon cinereoargenteus), which eliminate the
vaccine virus post-vaccination with MLV vaccines [27].

Once the vaccine strain becomes extra-animal, it can spread and remain in the ecosys-
tem, and the phenomenon involving CDV vaccine-related strain persistence is called by
Martella et al. [16] as animalisation. The possibility of a vaccine strain persisting in a
susceptible host population is related to (i) special ecosystem conditions for CDV persis-
tence [28] and (ii) the existence of a density of potential and susceptible hosts that ensures
contact ratios [29] and therefore the transmission of CDV by direct contact [30]. Increasing
anthropisation and urbanisation modify ecosystem conditions and facilitate the creation
of ecotones in which new and faster epidemiological processes develop, especially when
there are host scenarios involving wild and domestic synanthropic mesocarnivores [31,32].

Assumptions and Objectives

This study predicates two key observations in wild and domestic carnivores: (i) the
manifestation of post-vaccination CD disease (defined as the presence of CD signs appear-
ing in species after vaccination with MLV vaccines) and (ii) the detection and sequencing of
America-1 and Rockborn-like vaccine genotypes in unvaccinated animals (including both
clinically affected animals and asymptomatic carriers). We therefore assume that these CDV
strains have caused not only post-vaccination CD disease by cross-species transmission, but
also the animalisation of CDV vaccine strains. Therefore, vaccine-related CD disease cases
may be due to (i) the presence of residual virulence in the vaccine following MLV vaccina-
tion [16], (ii) virulence reversion after vaccine attenuation in MLV-vaccinated animals [33],
and (iii) natural infection with America-1 or Rockborn-like “animalised” CDV strains that
has adapted to a suitable host species [22,34]. With this approach, our objectives are:

1. To systematise the documented history of vaccine-related disease manifestations
associated with CDV, specifying the genotype involved in each case whenever possible.

2. To represent and analyse the spatial distribution of epidemiological parameters
associated with host species, incorporating their ecological and biological traits, with
particular emphasis on synanthropic mesocarnivores as key spreading species at the urban—
natural interface zones [28].

3. To identify spatial and temporal patterns in the evolution of vaccine-related CDV lin-
eages, distinguishing the functional circulation of America-1 and Rockborn-like genotypes
in their historical context of vaccine usage [16].

4. To assess the directional and geographical structure of potential viral dispersion
routes through functional spatial analysis, enabling the detection of consistent patterns
across genotypes, host groups, and levels of epidemiological plausibility.

2. Materials and Methods

The methodological framework for analysing the dispersion of CDV lineages ap-
plied in this study is based on an exploratory—descriptive approach to analyse the global
geographical and temporal dispersion of the America-1 and Rockborn-like genotypes.
One of the main objectives is to visualise and interpret spatial, temporal, ecological, and
host-related distribution patterns, avoiding inferring evolutionary pathways or direct
transmission chains, given the nature and limitations of the available data.

2.1. Scoping Review and Data Compilation

This scoping review and spatial meta-analysis were conducted according to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses Extension for Scoping
Reviews (PRISMA-Scr) statement [35]. Table S1 shows the PRISMA Scr checklist (Supple-
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mentary File S1). Four independent researchers performed the systematic search, the quality
assessment, and the data extraction. Data were cross-checked and a senior researcher solved
any disagreements. Everything related to systematic searches in bibliographic sources
can be consulted at Archive.org (https:/ /archive.org/details / osf-registrations-kndfv-v1,
accessed on 24 July 2024) or through the DOI https://doi.org/10.17605/OSEIO/KNDFV
(accessed on 24 July 2024).

In brief, we performed a systematic search on the scientific databases Web of Science
and PubMed, covering the period from 1985 to March 2025 (search date 30 March 2025). The
following MeSH terms were employed: “(Canine distemper virus OR Morbillivirus canis
OR Canine Morbillivirus) AND (Carnivore) AND (PCR OR Sequencing OR Phylogeny OR
Phylogenetic OR Phylogenomic OR Genetic OR Characterisation OR Genetic lineage OR
Haemaglutinin)”. The data were double-checked for all articles included in the qualitative
synthesis. Initially, we found 2044 articles in the scientific databases, and the revision of
their reference lists resulted in the inclusion of additional 11 articles (Figure 1). So, a total of
2055 articles were identified. Articles were reviewed at successive levels by title, abstract,
and full text. After removing duplicated articles using a single EndNote file (EndNote Web
21, Clarivate Analytics, Philadelphia, PA, USA), we applied the following inclusion criteria:

1.  Studies performed on domestic and/or wild carnivores.

2. Studies molecularly detecting CDV and subsequently sequencing the strain. CDV
lineages were grouped following Panzera et al. [21] and Duque-Valencia et al. [12].

3. Studies that detect and sequence CDV classified within the America-1 and Rockborn-
like genotypes.

4. Articles written in Spanish, Portuguese, and English.

e
)
=] Articles identified Articles identified Revised from literature
:,g from PubMed from Web of Science cited by articles
€ (n =829) (n=1218) (n=11)
-] ) J
| | ]
Articles screened
by title Duplicated articles
(n=2055) and Non-related to |
l . the topic
(n=1492)
- Articles screened
£ by abstract Excluded after
g (n=563) applying the
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(n=539)
Articles screened T ’
by full-text
(n=24) EXC|I:lded after the
quality assessment |
(n=0)
® Articles selected for data Analyzed B
3 extraction and meta-analysis ., 21 species
S 53 records

(n=24) 31 sequenced records

Figure 1. Article selection flowchart. Layers of information used to analyse data from articles that
met all inclusion criteria established in this systematic review.

Then, we assessed the quality of the 24 studies that met the inclusion criteria. The
parameters considered for the quality assessment can be consulted at Wipf et al. [10].
We considered the lack of information regarding these parameters that could limit the
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reproducibility of the results as “high risk of bias,” and therefore these articles were
excluded from the subsequent data extraction and spatial meta-analysis. According to these
criteria, none of the 24 articles were considered to exhibit high risk of bias and therefore all of
them were finally selected for data extraction and meta-analysis (Figure 1). Four researchers
independently extracted the data by using a standardised Excel spreadsheet (Microsoft®
Excel for Microsoft 365 MSO, Version 2307, built 16.0.16626.20170). To analyse the data
from the articles that met the criteria established for inclusion in this systematic review, we
worked with different layers of information, including (Figure 1):

- Articles: Total number of articles reviewed (Table S2, Supplementary File 52).

- Species: Animal species analysed in the included articles.

- Records: Categorisation that classifies the different individual studies analysed in the
articles reviewed. To work with and identify these individual studies, we considered
the following criteria: (i) all the different species analysed in each revised article,
(ii) the existence of sequencing of the two vaccine-related genotypes (America-1
and Rockborn-like), (iii) all the different geographical areas from which the host
species originate.

We analysed a total of 21 variables related to (1) host species, (2) CDV genotypes
considered, (3) date and geographical data, (4) host ecological and behavioural variables,
(5) vaccination status, and (6) life status in relation to domestication (Table 1). Host species
were classified into suborders Caniformia (Canidae, Mephitidae, Mustelidae, Procyonidae,
Phocidae and Ursidae families) and Feliformia (Felidae, Herpestidae, Hyaenidae, and
Viverridae families). Ecological and behavioural variables of the host species were in-
corporated, including their habitat type (closed, open, both), geographical distribution
(restricted, worldwide), degree of ecological plasticity (specialist, generalist), social be-
haviour (solitary, gregarious), as well as the degree of interaction with human environments
(i.e., the domestic—wildlife interface, including domestic dogs and captive, synanthropic,
and elusive species).

-
I Urban - Suburban

Domestic carnivores Enviroment |

+ T
Dogs i
Captive e
[ camivores I Periurban
E B Enviroment
=] Synanthropic |
é . Human-domestic
G mesocarnivores | wildife interface |
5 Foxes e — —
E Badgers
g Raccoons
= Martens
=
[
=4
Z P —

Natural
Environment I
Non-synanthropic ,; Laed
carnivores

- Free-living carnivores

Figure 2. CDV infection flows considered for the analysis of plausible temporal connections based on
the initial assumptions and hypotheses.
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Table 1. Analysed variables from the selected articles.

Data Category Variable Factor Label
Wild or domestic carnivore Wild carnivore; domestic carnivore.
Suborder Caniformia; Feliformia
Canidae, Mephitidae, Mustelidae, Phocidae,
Host species Family Procyonidae, Ursidae, Felidae, Herpestidae,
Hyanidae, Viverridae.
Species Common name.
Species Scientific name.
CDV linages Genotype, following Panzera et al. [21] ~ America-1, Rockborn-like (all vaccine strains
and Duque-Valencia et al. [12] classified within these genotypes).
Year of sampling 1988-2025
Continent Africa; America; Asia; Europe; Oceania.
Country
Date and geographical Geographical region
procedence Latitude coordinates (decimal degrees)
Longitude coordinates (decimal
degrees)
Accuracy Accurate; Approximate; National.
Habitat type Closed, open, both
) Geographical distribution Restricted, worldwide.
Host ecological and De £ ecoloeical plasticit Specialist list
; : gree of ecological plasticity pecialist, generalist.
behavioral traits Social behaviour Solitary, gregarious.
Contact with human environments Yes, No.
Vaccination Yes, No.
Domestic dog Canis lupus familiaris.
Host functional group. Captive carnivore Zoo or farmed individuals.
Life status in relation Species with periurban habits such as foxes,

Synanthropic mesocarnivore
raccoons, and martens.

Those animals belonging Carnivora with
limited or no human interface.

with domestication

Fi 2
(Figure 2) Wild non-synanthropic carnivore

2.2. Epidemiological Modelling of Vaccine-Related CDV Dispersion

To identify transmission patterns associated with vaccine-related CDV genotypes, we
developed a structured modelling approach. This second methodological block integrates
both conceptual and analytical elements, focusing on the classification of host species, the
temporal construction of transmission links, and the evaluation of plausibility for each
potential connection. The aim was to generate a coherent framework from which patterns
of viral circulation could be inferred, based not only on temporal and genetic criteria but
also on biological and ecological patterns and spatial structure.

2.2.1. Conceptual Model of Transmission Pathways

To establish a map of potential temporal connections between strains isolated from
different hosts at different temporal and geographical stages, our working hypotheses for
the spread of vaccine strains, once they were able to initiate CD disease processes and
therefore transmission to new susceptible hosts, were based on the following criteria:

e Dogs, as the main host of CDV and a domestic species closely associated with humans,
play a significant epidemiological role. They are highly susceptible to CDV and can
become infected by any host species, regardless of the degree of interaction with
human environments (anthropisation). Moreover, their high colonisation potential,
generalist ecology, and the common practice of domestic dogs traveling extended
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distances with their owners allow them to disseminate the infection to areas far from
its original focus.

e  Wild carnivores are highly susceptible to CDV infection. In addition, the proliferation
of synanthropic species, including mesocarnivores as the red fox, raccoon, skunk, and
badger at the human—domestic—wildlife interface, boosts both intra- and interspecies
contact rates. Increased densities of these species in anthropised areas facilitate the
spread of directly transmitted viruses, such as CDV. In contrast, elusive carnivores with
synanthropic habits often act as connectors between domestic and non-synanthropic
wild reservoirs in their respective habitats.

In our study, these assumptions serve as the basis for determining the direction
of CDV infection flows that we considered for the analysis of potential temporal and
spatial connections (Figure 2). Our analysis specifically focused on information related to
the following:

e Flow of CDV from domestic dogs to any carnivore species (both captive and wild),
anywhere in the world.

e  Transmission from any carnivore species (both captive and wild) globally to domestic
dogs.

e Transmission among synanthropic mesocarnivores (specifically fox, raccoon, skunk
and badger) and towards any other carnivore species (both captive and wild) within
their shared geographical range.

e Transmission from any other elusive carnivore species that is neither generalist nor
synanthropic (both captive and wild) towards synanthropic mesocarnivores (fox,
raccoon, skunk and badger), within their shared geographical range.

Considering these hypotheses, we assumed that vaccine-related CDV strains, specif-
ically those belonging to the America-1 and Rockborn-like genotypes, can give rise to
limited but epidemiologically structured dispersion events in domestic and wild carnivore
populations. We defined a conceptual framework to guide the selection and classification of
transmission pathways based on the differentiation of three epidemiological scenarios along
an anthropisation gradient: urban (considering areas where domestic dogs, cats, and other
carnivore species under human management predominate), periurban (with generalist and
synanthropic carnivore species typically described in human-modified environments), and
natural environment (i.e., areas with minimal human-induced changes and where elusive,
non-synanthropic wild species are mainly found). Within this framework, host species
were grouped into four epidemiological host functional categories: (1) domestic dogs,
(2) captive carnivores (e.g., zoo or farmed individuals), (3) synanthropic mesocarnivores
(foxes, raccoons, badgers, and martens, as the top representative species), and (4) wild
non-synanthropic carnivores (those elusive species with scarce adaptation to anthropised
areas and consequently with limited interaction with humans and domestic carnivores).
We used these groupings as a basis for evaluating the plausibility of CDV dispersion routes
under vaccine-related scenarios and for assigning an ordinal potentiality score to each
recorded or hypothesised connection (Figure 2).

2.2.2. Generation and Filtering of Temporal Connection Data

Starting from a global review of genotype-specific CDV detections, we compiled
two datasets of vaccine-related genotypes: 387 potential connections for America-1 and
61 for Rockborn-like genotypes. These connections were initially generated by pairing all
temporally compatible records from the same genotype, assuming a unidirectional pathway
from earlier to later detections. Each of these connections was then evaluated against the
conceptual model described above and filtered using a set of predefined plausibility criteria.
These included: (i) similarity between the biological traits and habitats occupied by the
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origin and destination carnivore species, (ii) presence or absence of a synanthropic interface,
(iii) likely direction of inter-species transmission based on the epidemiological relevance
described to date for each of the involved host species, and (iv) geographical spread
feasibility, with an emphasis on cross-continental movement plausibility. We retained the
resulting subsets, consisting of 246 epidemiologically plausible connections for America-1
and 55 for Rockborn-like, for all subsequent visual, statistical, and spatial assessments.

To further structure the spatial analysis, each retained connection was classified into
one of seven levels of epidemiological plausibility based on a combination of ecological,
temporal, and directional criteria. The classification relied on the functional group of the
origin and destination hosts, considering their known epidemiological roles, ecological
compatibility, and likelihood of sustained transmission under natural conditions. Level 1
represented connections between domestic dogs, followed by Level 2, which involved
dogs and synanthropic mesocarnivores, and Level 3, typically between dogs and wild non-
synanthropic carnivores. Higher levels (4 to 7) corresponded to combinations involving
captive individuals, ecologically improbable pairings, or geographically scattered links.
For Rockborn-like, only Levels 1, 3, 4, 5, and 7 were represented due to the limited diversity
of host group combinations. This stratification allowed for a weighted representation of
connections in spatial analyses, assigning higher influence to routes with stronger biological
coherence. Additionally, all plausible connections respected a temporal sequence, whereby
the origin host had to be detected prior to the destination host based on the reported date
of infection or sampling. This assumption ensures that the epidemiological direction of
the link is coherent, allowing for potential viral transmission from an earlier to a later
case. This temporal criterion was essential in defining plausible routes, particularly in
multi-host systems, and complements the ecological and functional criteria embedded in
the potentiality level classification.

2.2.3. Exploratory Data Analysis

Before the application of formal statistical testing, we conducted an exploratory charac-
terisation of the retained datasets to assess the distribution and variability of key attributes.
Variables such as host species, host functional group, continent, vaccination status, and
captive/free-living status were summarised using frequency plots, cross-tabulations, and
boxplots of dispersion potentiality. These visualisations helped identify dominant profiles,
such as the prevalence of domestic dogs in America-1 connections, and guided the for-
mulation of comparative hypotheses. This modelling approach provided the structural
foundation for subsequent analyses. The host functional groupings, dispersion plausibility
scores, and the filtered datasets of retained connections formed the analytical core of the
study, enabling the identification of trends both through statistical testing and subsequently
through spatial representations.

2.3. Statistical and Spatial Assessment of Transmission Patterns

Following the conceptual and structural modelling of vaccine-related CDV trans-
mission routes, we applied a dual analytical approach to assess patterns emerging from
the retained datasets. This approach combined statistical tests aimed at identifying host
functional groups or geographical trends in the level of dispersion plausibility and spa-
tial procedures designed to visualise potential transmission pathways across regions and
ecosystems. We examined the distribution of transmission routes by host functional group
(defined by ecological and biological characteristics of the host species and the degree
of interaction with human environments) as well as their relation to estimated levels of
dispersion potentiality. The analysis was structured around two main dimensions: (1) the
role of host functional group (domestic dogs, captive carnivores, synanthropic mesocarni-
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vores, and wild non-synanthropic carnivores) in shaping the plausibility of transmission
and (2) the frequency and directionality of connections between host categories. While the
statistical component explored associations between plausibility scores and variables such
as host group, vaccination status, and geographic context, the spatial analysis focused on
mapping plausible connections and identifying spatial flows that may reflect underlying
ecological or anthropogenic processes.

2.3.1. Statistical Analysis of Dispersion Plausibility

We applied statistical tests to the retained set of epidemiologically plausible con-
nections to evaluate potential associations between dispersion plausibility and a set of
categorical variables: host functional group, vaccination status, and geographic scope. The
main objective of this stage was not inferential generalisation but rather the identification
of internal structural trends that could inform the interpretation of vaccine-related CDV
circulation. The outcome variable used in all tests was the level of potentiality, previously
defined as an ordinal score ranging from 1 (highest plausibility) to 7 (lowest), based on
host functional group compatibility, ecological coherence, directionality, and spatial con-
text. We used Kruskal-Wallis H-tests to examine whether the level of potentiality differed
significantly across host functional groups, evaluated separately as origin and destination.
This was performed for both genotypes. We employed Mann-Whitney U tests to assess
binary contrasts, specifically (i) whether the presence of at least one vaccinated host in the
connection was associated with different levels of potentiality and (ii) whether connections
spanning different continents showed higher, similar, or lower dispersion plausibility com-
pared to intracontinental ones. All tests were performed independently for the America-1
and Rockborn-like genotype datasets using Jamovi v2.3.21. Variables were handled as
ordinal or binary, and no assumptions of normality were made. We integrated the outcomes
of these tests into the Results section and used them to support the construction of spatial
representations and the refinement of the functional hypotheses.

2.3.2. Spatial Processing and Vector Generation

To explore the spatial patterns underlying the network of epidemiologically plausible
CDV connections, we conducted two complementary spatial analyses in ArcGIS 10.5 using
vector-based methods. These analyses aimed to assess both the directional structure and
the functional dispersion centres of the routes, distinguishing between the America-1 and
Rockborn-like genotypes. These spatial analyses were not intended to reconstruct actual
transmission chains but to identify patterns of functional coherence among plausible routes
of virus spread. By stratifying directional vectors (LDMs) ) and spatial centroids (MC) by
host group, vaccination status, and continent, we aimed to visualise consistent structural
tendencies in the geographical organisation of CDV genotypes. This approach provides
a complementary interpretative layer that integrates ecological, temporal, and spatial
dimensions, enhancing our understanding of virus circulation potential. First, we applied
the Linear Directional Mean (LDM) tool to the connection vectors. This method calculates
the average direction (azimuth) of a set of lines, as well as the angular dispersion (circular
variance) and average length. The resulting output is a directional vector representing
the dominant orientation of the connections. The analysis was initially performed at the
global level for each genotype and subsequently repeated using the following variables
as grouping factors: (a) Vaccination status of the origin and destination hosts, (b) Host
functional group of the origin and destination hosts, (c) Potentiality level of the connection
(ordinal scale), and (d) Continent of origin and destination. These stratified LDM analyses
enabled the comparison of directional consistency across host profiles and contextual
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variables. We projected all line datasets in geographic coordinates (WGS84), and the
analysis focused on relative directional tendencies rather than metric precision.

To complement the directional analysis with a spatial concentration perspective, we
conducted a second set of analyses using the Mean Center (MC) tool. Instead of using the
connection endpoints, this approach focused on the midpoints of each vector, represent-
ing the overall spatial trajectory of each plausible route. For each midpoint, a weighted
mean centre was calculated using the ArcGIS Spatial Statistics tool, assigning a weight
(8—plausibility level) in order to prioritise the most epidemiologically plausible connec-
tions. Separate mean centres were computed for each host category using a case field. This
offered greater influence on the most epidemiologically plausible connections. Then, we
calculated the mean centres for subsets of connections grouped by (i) Vaccination status
(origin), (ii) Host functional group (origin), and (iii) Continent of origin. This method
allowed for the identification of geographic centres of epidemiological gravity for each
group, offering a complementary perspective to the linear directional means. While the
LDM captured the structural flow of the connections, the MC analysis provided a spatial
anchor that reflects where plausible transmission pathways tend to converge. To facilitate
understanding of this spatial analysis, it is important to clarify the aim of this approach.
The weighted mean centre does not represent a point of origin or a specific transmission
focus but rather a spatial average that helps visualise the overall position of the connections
under study. It functions as a conceptual “centre of gravity” that shifts depending on the
geographic distribution of cases and the strength (plausibility) of their connections. By
connecting each midpoint to its corresponding centre, the figure helps to illustrate how
plausible transmission routes tend to cluster geographically, even when the actual distances
between cases are large or scattered across regions.

3. Results

3.1. Reported Cases of Post-Vaccination CD or Detection of CDV Vaccine Strains in Domestic and
Wild Carnivores

The scientific literature includes abundant cases of post-vaccination CD published over
many decades. Among the reported studies, some authors have not attributed the case of
CD to a specific vaccine strain, nor have they isolated and sequenced CDV, indicating only
that it is a case associated with the inoculation of MLV-vaccine; therefore, in these cases,
we cannot know to which genotype the implicated strain belongs. Other researchers have
attributed CD to a specific vaccine strain, which allows it to be phylogenetically classified
into Rockborn-like or America-1 genotypes. Finally, some authors have sequenced the
strain of CDV and classified it into a genotype. To accurately determine whether CD was
caused by post-vaccination inoculation or by infection with a field strain from vaccinal
origin, the isolation, sequencing and phylogenetic classification of the strain involved can
be consulted in Table S3 (Supplementary File S3).

In studies that did not sequence vaccine strains causing CD, some cases developed in
vaccinated animals included domestic dogs [36,37] and captive wild carnivores like ferrets
(Mustela putorius) [38]. In these cases, if the involved strain had undergone extra-animal
dissemination within the ecosystem, its genotype could not be identified.

In general, live attenuated vaccine strains are classified into two types: those attenu-
ated in cell lines of avian origin and those attenuated in cell lines of canine origin. Specif-
ically, strains attenuated in cell lines of avian origin phylogenetically correspond to the
America-1 genotype (e.g., Ondersteeport, Lederle, Snyder Hill, and Convac, among others).
Of these, cases of post-vaccination CD in domestic dogs have been reported since 1956 [39]
in South Africa, USA [40], Scotland [41], and Northern Ireland [17], where it is suggested
that the strain described in 1980 has survived in the field for more than 40 years. More
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recent studies detected America-1 strains in domestic dogs in Poland [42], Thailand [43],
Brazil [44], the USA [45,46], Italy [47], and Finland [48]. In addition, America-1 genotype has
been detected in wild carnivores, such as red foxes (Vulpes vulpes), European mink (Mustela
lutreola), European polecat (Mustela putorius) [42,49], raccoon (Procyon lotor), stripped skunk
(Mephitis mephitis) [50-52], and also in other mustelid species [22,42,49,52,53] and wild
felids [54].

Live vaccine strains attenuated in cell lines of canine origin correspond to Rockborn
strains and strains sequenced as Rockborn-like. Since 1974, post-vaccination CD in domestic
dogs has been reported in Australia [55], Switzerland [56], Scotland [57], Germany [58],
Italy, Denmark and Hungary [16], Canada [59], USA [60], Japan [61], and very recently
in New Zealand [62]. These findings show that even though MLV vaccines do not use
this strain, it is still possible to find it in commercial formulations 35 years after its official
withdrawal from the markets [16].

In addition, we found the trace of Rockborn or Rockborn-like genotypes in several
wild carnivore species since 1976, when a report described CD in lesser panda (Ailurus
fulgens) [63], whose strain was later sequenced as Rockborn-like [16,64], and in black-footed
ferrets (Mustela nigripes) [65]. Since the 1980s, these strains have been detected producing
CD in free-ranging and captive wild animals such as kinkajou (Potos fiavus) [66], gray
fox [67], maned wolf (Chrysocyon brachyurus) [68,69], fennec fox (Fennecus zerda) [70,71],
African wild dog (Lycaon pictus) [72-74], South American bush dog (Speothos venaticus) [75],
European mink [76], American black bear (Ursus americanus) [77], and masked palm civet
(Paguma larvata) [25].

3.2. Descriptive Epidemiology of CD Due to Strains of Vaccine Origin

Cross-analysis of genotypes (America-1 and Rockborn-like) concerning species in
which CDV has been isolated, and certain biological and ecological characteristics of these
species, such as their presence in the human-domestic-wild interface, their environmental
adaptability, their social behaviour, and their geographical distribution, reveal valuable
patterns. Noteworthy findings reveal that domestic dog is both the predominant host and
the species most subject to preventive vaccination measures against CDV; several species
of mustelids, which are used for fur production (i.e., American mink and ferret), also stand
out; red foxes and European mink are also among the main host species where vaccine-
related strains cause CD. Additionally, the Rockborn-like genotype has been isolated and
sequenced in uncommon hosts such as civet, fennec fox, and black bear (Figure 3A). On
the other hand, isolates and sequences classified as America-1 show unexpected records in
European polecat, badger (Meles meles) and striped skunk, highlighting a broad susceptible
host range.

Analysis of biological and ecological variables reveals distinct patterns between the
two large genetic groups. Specifically, the America-1 genotype predominates in species
that prefer open habitats (14 species) (meadows, steppes, tundras, agroforestry ecotones,
etc.). However, it can also be found in eight host species that live in closed habitats (forests,
jungles) and in species that, due to their generalist behaviour, use mixed environments
(five host species) (Figure 3B). In contrast, Rockborn-like has been isolated preferentially
in species inhabiting open habitats (seven species), with lower representation in closed
habitats (three species) and no detection in mixed environments (Figure 3B).

Regarding the environmental adaptability of species with isolated CDV from vaccine-
related strains, both genotypes appear mainly in generalist species (America-1 in 21 species;
Rockborn-like in 8 species), suggesting a wide potential for dissemination due to the great
capacity of these species to occupy different habitats (Figure 3C). When analysing the social
behaviour of species (with a focus on their gregariousness), findings reveal a prevalence
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almost equally distributed between solitary and gregarious species, with 13 cases recorded
in gregarious species having the America-1 strain and 6 cases with Rockborn-like (Fig-
ure 3D). Finally, the presence of vaccine-related CDV isolates and sequences is particularly
notable in species living in habitats at the domestic-wild interface, being high in America-1
genotypes (21 cases) and also relevant in Rockborn-like (7 cases), reinforcing the hypothesis
of favoured transmission in areas of interspecific contact between wild hosts and domestic
hosts (dogs) or wild hosts in captivity (Figure 3E).
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Figure 3. Host species and associated ecological and epidemiological characteristics for the CDV
isolates analysed. (A) Host species identified in each case, with bars coloured by detected CDV
genotype: America-1 (blue) and Rockborn-like (orange). (B) Habitat type used by the species,
with categories coded by colour: Close habitat (blue), Open habitat (orange), and Mixed habitat
(yellow). (C) Degree of ecological adaptability, distinguishing generalist species (blue) from specialist
species (orange). (D) Social behaviour of the host species: solitary (blue) and gregarious (orange).
(E) Degree of interaction with human environments (epidemiological interface with domestic animals),
distinguishing cases where this interaction is absent of or minimally relevance (blue) and those
involving a domestic-wild interface (orange). (F) Vaccination status reported for each case: no
vaccination (blue) and vaccination (orange).

Analysis of the geographical distribution by continent reveals notable differences
between the two major genotypes. Specifically, isolation and sequencing of America-1
has occurred both in species with a global distribution range (13 cases) and in those with
restricted geographical distribution areas (14 cases). Conversely, the species yielding the
Rockborn-like genotype show a slight predominance of global distribution areas (six cases
compared to four restricted) (Figure 4A). The America-1 genotype is particularly prevalent
in Europe (10 records), mainly in Poland, Germany, Finland, and Italy, and North America
(10 cases), both in USA and Canada. Cases have also been detected in Asia (four), Oceania
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(one), and South America (one). In contrast, the Rockborn-like genotype has been mainly
found in Asia (four cases), followed by Europe (three), North America (two) and Oceania
(one), with no cases in South America (Figure 4B,D).
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Figure 4. Geographical and temporal distribution of the CDV isolates analysed in this study. (A) Dis-
tributional range of the host species classified as either restricted or global. (B) Number of cases
reported by continent. (C) Temporal distribution of records by year of publication. (D) Number of
cases by country. Bars are coloured according to the detected CDV genotype: America-1 (blue) and
Rockborn-like (orange).

The temporal distribution of sequenced vaccine-related CDV isolates shows a tra-
jectory consistent with the evolutionary history of the virus (Figure 4C). The America-1
genotype has been detected since 1968. The number of cases of the America-1 genotype
has remained stable over the decades, with peaks in 1996 and 2021. In contrast, isolates
and sequences of CDV genotypes classified as Rockborn-like emerged in 1999 and show an
erratic trend, with a peak in 2011 and reaching records until 2024.

3.3. Functional Epidemiological Profiles of Vaccine-Related Genotypes

To characterise the ecological and epidemiological dynamics of vaccine-related CDV
circulation, we conducted a comparative analysis using the curated set of documented
connections involving the America-1 and Rockborn-like genotypes. The aim was to identify
structural patterns in the dispersion potential of each genotype according to the functional
attributes of the hosts involved. Figure 5 summarises the potential patterns of vaccine-
related CDV transmission according to the functional host group, considering both America-
1 and Rockborn-like genotypes and differentiating between origin and destination roles.
In America-1 connections (Figure 5A,B), domestic dogs show the widest range of viral
dispersion potential as origin hosts, with a median corresponding to low-potential values,
suggesting frequent and plausible transmission. In contrast, synanthropic and wild non-
synanthropic carnivores appear predominantly at higher potential levels, especially when
acting as destinations.
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Figure 5. Boxplots showing the distribution of viral dispersion potential (ordinal scale: 1 = highest
plausibility; 7 = lowest) across host functional groups, differentiated by genotype and host role.
Panels (A,B) represent the functional group of the origin host for America-1 and the corresponding
distributions for destination hosts, respectively. Similarly, panels (C,D) show these same distributions
for Rockborn-like genotypes. The colour scheme is consistent across genotypes and roles: (1) domestic
dog, (2) captive carnivore, (3) synanthropic mesocarnivore, and (4) wild non-synanthropic carnivores.
Dots represent statistical outliers beyond 1.5 x IQR.

Rockborn-like connections (Figure 5C,D) display a more constrained distribution,
with fewer cases and reduced variability. The differences across functional groups are less
pronounced, consistent with the overall lower prevalence and reduced circulation of this
genotype. Captive carnivores, when implicated, appear to occupy intermediate positions
within the potentiality scale.

The functional profiles observed in the potentiality levels are further reinforced by the
analysis of connection frequencies between origin and destination groups. To evaluate how
vaccine-related transmission routes are distributed across host functional categories, we
analysed the number of connections established between host functional groups for each
genotype. Figure 6 shows the functional mapping of vaccine-related transmission routes,
expressed as the number of connections between host functional groups for each genotype.
In the America-1 dataset, domestic dogs appear as the primary source of dispersion, with a
particularly strong link to other domestic dogs (n = 66), but also substantial connections
towards synanthropic mesocarnivores (1 = 24), captive carnivores (n = 16), and to a lesser
extent wild non-synanthropic hosts (1 = 5).
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Figure 6. Heatmaps illustrate the number of vaccine-related CDV connections between host functional
groups based on documented cases for each genotype. The matrices reflect the directionality of the
transmission (origin — destination) and are colour-coded by frequency (see scale). The left panel
corresponds to the America-1 genotype, and the right panel shows the Rockborn-like genotype.
Domestic dogs are the main origin group in both datasets, with marked differences in transmission
structure and diversity across the host functional group.

Synanthropic mesocarnivores are another significant source of vaccine-related geno-
type circulation, particularly towards domestic dogs (1 = 49 cases) and other synanthropic
host species (n = 26). Connections involving wild non-synanthropic hosts, although less
frequent, are present across all categories.

In the case of Rockborn-like, the host functional group structure appears more con-
strained and less diverse. Domestic dogs dominate as both origin and destination, but with
lower overall counts. Notably, connections towards wild non-synanthropic species have
been rarely described, and the interface between synanthropic and captive carnivore hosts
is scarcely represented.

3.4. Statistical Assessment of Dispersion Patterns

We assessed the potential structural differentiation of vaccine-related CDV trans-
mission routes through non-parametric statistical tests applied to the curated dataset of
documented cases. Analyses focused on identifying whether the level of potentiality, an
ordinal indicator of the epidemiological plausibility of a given connection, was associ-
ated with host functional group, immunological, or geographical attributes of the hosts
involved. A Kruskal-Wallis H-test (Table S4, Supplementary File S4) revealed significant
differences in the level of potentiality according to the host functional group in America-1
connections, both when acting as origin (H = 18.04, p = 0.00043) and destination (H = 100.93,
p < 0.001). These results support the presence of functional stratification in the transmission
routes associated with this genotype. In contrast, we did not find significant differences
in Rockborn-like connections (origin: H = 1.08, p = 0.584; destination: H = 2.27, p = 0.322),
suggesting a less structured pattern, potentially shaped by reduced case numbers or more
stochastic dynamics. We also evaluated the influence of host vaccination on transmission
plausibility using the Mann—Whitney U test (Table S5, Supplementary File 54). We did not
find significant differences between connections involving at least one vaccinated host and
those not involving vaccinated individuals, neither for America-1 (U = 3537.5, p = 0.709)
nor Rockborn-like (U = 376.0, p = 0.163).

Lastly, we conducted a comparison between intercontinental and intracontinental
connections to assess whether geographical distance may be associated with reduced plau-
sibility (Table S6, Supplementary File S4). In America-1, we did not observe a significant



Viruses 2025, 17, 1045

16 of 31

difference (U = 8274.0, p = 0.124). However, in Rockborn-like, intercontinental connec-
tions exhibited significantly higher potentiality levels (U = 612.0, p < 0.001), which may
reflect residual traces of past Rockborn-like genotype circulation or sporadic long-distance
transmission events related to the historical use of this vaccine strain.

3.5. Spatial Patterns of Plausible Viral Connections: Directional Structure and Functional Centres

The spatial analysis of epidemiologically plausible viral connections was deepened
through two complementary approaches: the calculation of Linear Directional Means
(LDM) and the identification of weighted Mean Centres (MC) based on midpoint coor-
dinates. We performed these analyses separately for the America-1 and Rockborn-like
genotypes and stratified by relevant epidemiological and contextual variables.

3.5.1. Spatial Structure of Plausible Connections: Comparative Analysis by Genotype

Figure 7 shows the results of LDM of plausible CDV connections stratified by cate-
gorical variables analysis, including seven variables: vaccination status of the origin and
destination hosts, connection potentiality level (1 to 7), origin and destination of host
functional group, and origin and destination continents. For each category, we generated a
directional vector representing the dominant orientation of the plausible routes.

(i) Vaccination status of the origin host

For America-1, the vast majority of plausible connections originated from unvacci-
nated hosts (235 routes), producing a consistent southeast-northwest vector, with most
plausible routes beginning in the Eastern Mediterranean and reaching domestic dogs in
North America. Vaccinated origin hosts (10 routes) showed a distinct trajectory, oriented
southwest—northeast, mostly linked to cases in Western Europe. Although much less
frequent, these vaccinated—origin connections suggest residual transmission potential or
circulation among partially immunised populations. In Rockborn-like, the pattern was
similar in proportion (51 unvaccinated vs. 4 vaccinated), but the directional flow was
more variable. Most connections from unvaccinated origins pointed eastward from the
Eastern Mediterranean toward Central and East Asia. Vaccinated origin connections, influ-
enced by a few cases in Japan and China, showed broader dispersion and lacked a clear
geographic convergence.

(i) Vaccination status of the destination host

In America-1, unvaccinated hosts were the destination in 215 connections, producing a
dominant northeast-southwest directional vector that connects the Eastern Mediterranean
with North America. The cluster of these routes reinforces the concentration of plausible
transmissions between Europe and the United States. Vaccinated destinations (30 con-
nections) generated a southwest-northeast vector, originating from South America and
Western Africa and directed towards Europe. This configuration reflects plausible return
routes or transcontinental links between vaccinated host populations. In Rockborn-like,
unvaccinated destinations (40 connections) yielded a southeastward vector from Europe
and the Eastern Mediterranean to Oceania. In contrast, vaccinated destination cases (15 con-
nections) generated a vector towards the west (orange arrow), spreading from East Asia
to North America. These trajectories correspond to routes involving Asian hosts and
geographically dispersed vaccine-related records.
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Figure 7. Spatial representation of directional vectors calculated for epidemiologically plausible
CDV connections. The left column corresponds to the America-1 genotype and the right column to
the Rockborn-like genotype. Each map shows all plausible connection lines in grey and overlaid
directional vectors coloured by category. Rows represent stratification by (1) vaccination status of the
origin host, (2) vaccination status of the destination host, (3) connection potentiality level (1 = most
plausible, 7 = less plausible), (4) origin host functional group, (5) destination host functional group,
(6) continent of origin, and (7) continent of destination. Each directional vector was generated using
case fields corresponding to the categories indicated, representing the average azimuth and length of
the subset of connection lines. Angular dispersion is not visualised but was calculated internally for
each case.
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(iii) Connection potentiality level

In America-1, the distribution of plausibility levels was broad, but with a concentration
in the mid-to-high range: 28 connections were classified as Level 1, 17 as Level 2, 22 as
Level 3, and 106 as Level 5. Levels 4, 6, and 7 accounted for smaller proportions. The
directional vector for Level 1 (blue) was short and located over northeastern North America,
with a gentle northeast-southwest inclination. Level 2 vector (green-blue) also remained in
North America but displayed a near south-north orientation. In contrast, Level 3 vector
(light green) represented a transcontinental route from West Africa to Europe, with a
clear southwest—northeast direction. These short vector lengths in the highest plausibility
levels reflect the local concentration and spatial consistency of the connections, indicating
minimal geographic dispersion. In contrast, connections with lower plausibility levels,
particularly Level 5 (106 connections) and Level 7 (66 connections), were spatially broader
and directionally more variable. Vectors associated with these levels tended to be longer,
often linking regions such as South America, West Africa, and North America, reflecting the
greater spatial spread and lower cohesion of these hypothetical pathways. In Rockborn-like,
the plausibility levels present were 1, 3, 4, 5, and 7, with the majority of cases concentrated
in Level 5 (36 connections). Level 1 vector (blue, 10 connections) originated in Europe
and followed a southeastward trajectory towards cases in Oceania (New Zealand). This
vector was relatively short, indicating a more localised structure among the most plausible
routes. Level 3 vector (light green, five connections) linked Central Asia to East Asia,
forming an eastward flow with moderate extension. In contrast, Level 5 vectors, though
more numerous, produced longer and less cohesive trajectories, including transoceanic
connections such as those from East Asia toward Oceania. The two Level 7 connections
showed no directional consistency and were spatially scattered. The variability in vector
lengths, especially in the intermediate and lower plausibility levels, highlights the contrast
between localised, high-confidence dispersal patterns and the more exploratory nature of
long-distance, lower-confidence scenarios.

(iv) Host functional group of origin

In America-1, domestic dogs accounted for 111 plausible connections, generating a
long south-to-north vector, strongly influenced by South American cases. The geographical
location of origin points between South America and Europe reflects a bidirectional disper-
sion, although with greater density towards North America. Synanthropic mesocarnivores
(82 connections) produced a similarly dispersed vector, oriented predominantly east to
west, suggesting the influence of European hosts on American destinations.

Wild non-synanthropic carnivores (30 connections) showed a defined east-to-west
directional vector, with origins concentrated in Europe and plausible destinations in North
America. Similarly, captive carnivores (22 connections) exhibited a long westward vector
but origin points predominantly in Asia, likely influenced by clustered records in China,
and connections extending toward Europe and North America. The variation in vector
length and orientation across groups reflects both ecological differentiation and the broad
spatial distribution of origin hosts. Longer vectors, particularly for wild and captive
carnivores, indicate greater geographical spread or lower clustering of source cases.

In Rockborn-like, domestic dogs again dominated the origin category (38 of 55 con-
nections), producing a long vector with north-northeast to south-southwest directionality,
linking European origins with destinations in Asia and Oceania. Wild non-synanthropic
carnivores (11 connections) produced a vector of similar length but opposite orientation
(southwest to northeast), reflecting a dispersed and structurally irregular spatial distri-
bution. Captive carnivores (six connections), though limited in number, also displayed a
fragmented directional flow with a north-to-southeast trajectory, likely driven by sparse
Asian origin points. Compared to America-1, Rockborn-like vectors involved fewer host
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groups and showed a more diffuse spatial configuration, likely influenced by the smaller
sample size and the geographic concentration of records in Asia and Europe.

(v) Host functional group of destination

In America-1, domestic dogs were the destination in 145 plausible connections, form-
ing a dominant northeast—southwest vector between Europe and America. This reflects
the high density of transatlantic connections involving unvaccinated dogs in both regions.
Synanthropic mesocarnivores (63 connections) showed a westward vector, caused in this
case by the influence of Asian and North American CDV-positive records, with moderate
spatial dispersion. Captive carnivores (26 connections) generated a southwest—northeast
vector connecting cases in South America with those in Europe. Meanwhile, wild non-
synanthropic carnivores (11 connections) showed a vector pattern oriented towards Asia,
mainly from Europe, but also influenced by cases in North America. The variety of di-
rectional vectors reflects the functional role of the host species and the heterogeneity of
the destination contexts in America-1. The longest vectors are particularly evident be-
tween captive and synanthropic destinations, indicating a lower specific local weight. In
Rockborn-like, the three host functional groups of destination, domestic dogs, captive
carnivores, and wild non-synanthropic carnivores showed marked heterogeneity in their
directional means. Domestic dogs, representing the majority of connections (34 of 55),
displayed a long north-south vector, indicating a high geographic dispersion of destination
cases and the absence of a dominant spatial trend. Captive carnivores (11 connections)
showed an eastward vector, driven by the influence of Asian cases with plausible origins
in Europe. Wild non-synanthropic carnivores (10 connections) produced an intermediate
directional pattern, shaped by transatlantic connections from Europe to North America.
Overall, the spatial orientation of Rockborn-like destination hosts was less cohesive than
in America-1, reflecting the broader geographical dispersion and uneven sampling across
host categories.

(vi) Continent of origin

In America-1, the most plausible connections originated in Europe (107) and North
America (96), forming a well-defined bidirectional corridor over the North Atlantic. These
origins produced clearly aligned vectors: the European origin vector pointed toward
North America and vice versa. This pattern reflects the high plausibility of reciprocal
connections between regions with numerous cases, primarily involving domestic dogs.
Asia contributed 34 connections, generating a clearly westward vector directed toward both
Europe and, more strongly, North America. South America (eight connections) produced
a northward vector, indicating plausible routes mostly confined within the Americas. In
summary, the combination of European and North American origins defined the dominant
spatial structure in the LDM analysis, while other continents contributed to secondary or
peripheral flows.

In Rockborn-like, the directional pattern was more defined, likely due to the smaller
number of records compared to America-1. European origins (26) produced an eastward
vector toward Asia and Oceania, while Asian origins (21) generated a northwestward
vector directed toward North America, with additional connections to Europe, indicating
greater dispersion. North America (six) and Oceania (two) contributed marginally, but
their vectors were spatially consistent: the North American vector pointed clearly toward
Europe, while the Oceanian vector followed a northeastward trajectory toward North
America. Compared to America-1, Rockborn-like origins were more fragmented and
polarised, generating multidirectional flows with limited overlap between continents.

(vii) Continent of destination

In America-1, plausible CDV destinations were concentrated in North America
(113 connections) and Europe (89), followed by Asia (42) and South America (12). In
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Rockborn-like, Asia (24) and Europe (23) accounted for most destinations, while North
America (8) and Oceania (7) had more limited representation. Notably, across both geno-
types, the linear directional means of destination vectors displayed mirror-like patterns
with respect to the origin vectors described in the previous section. This symmetry reflects
a strong internal coherence in the plausibility structure of the network: the spatial direction
of origin-to-destination flows is reversed in the destination-based vectors, as expected from
the bidirectional nature of the dataset. This consistency supports the robustness of the
spatial structuring observed and highlights the complementarity between origin and desti-
nation perspectives in the functional interpretation of potential CDV transmission routes.

3.5.2. Spatial Aggregation of Plausible Pathways by Host and Epidemiological Attributes

Figure 8 displays the spatial distribution of case records by genotype using a weighted
mean centre approach to illustrate the overall directional trend in virus reporting. For
each genotype, individual records are georeferenced and connected to their corresponding
central point, calculated as the geographic centroid of the distribution. These centroids do
not represent transmission foci but rather summarise the spatial structure of the plausible
connections, indicating the geographical balance of the recorded cases. They should be
interpreted as conceptual anchors, not as actual points of viral emergence.
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Figure 8. Weighted mean centres of connection midpoints stratified by origin host attributes. Spatial
distribution of mean centres calculated from the midpoints of each plausible CDV connection vector,
weighted by the inverse of the potentiality level (weight = 8 — level) to prioritise the most plausible
connections. The upper panel corresponds to the America-1 genotype and the lower panel to the
Rockborn-like genotype. Points are grouped and symbolised according to three categorical variables
associated with the origin host: geographical area (continent), host functional group (domestic dog,
synanthropic mesocarnivore, captive carnivore, wild non-synanthropic carnivore), and vaccination
status (0 = unvaccinated, 1 = vaccinated). Each coloured symbol represents the weighted spatial centre
of the midpoints for all plausible connections in that category. Yellow dots represent documented
CDV cases retrieved from the literature, which serve as the basis for generating plausible transmission
routes, shown as grey connecting lines. Black dots correspond to the individual midpoints of those
routes, and coloured centroids reflect the aggregated mean centre for each host category.
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In America-1, the spatial distribution of centres reveals distinct geographic patterns
depending on the stratifying variable.

(i) Geographical area: Mean centres for cases originating in Europe and North America
appear clearly separated, reflecting two dense and internally consistent nuclei (Figure 8,
points of origin marked in yellow). In contrast, the midpoints associated with South
America and Asia were located further away from the original locations of these continents,
revealing a greater weight among the connections of the cases found in North America and
Europe, respectively, which does not indicate a source of transmission in these locations
but rather the balance between the influences of geographically distributed cases.

(ii) Host functional group: Domestic dogs (second level of red tone) concentrate
towards the western Atlantic, influenced by multiple plausible connections between Eu-
ropean and North American dogs. Similarly, synanthropic mesocarnivores (third level of
red), located in an intermediate position between these same continents, reflect a significant
weight of their cases with a broader ecological range and more dispersed centres. Mean-
while, wild non-synanthropic carnivores (dark red) and captive species (pale red) have
isolated or peripheral centroids, which is consistent with their limited geographical spread.

(iii) Vaccination status: Unvaccinated origin hosts (purple) show a concentration
similar to the dog cluster, while vaccinated origins (light violet) shift eastwards, in line with
the European dominance among vaccinated individuals. The apparent central position
of some centroids over the Atlantic (e.g., vaccination status 0) results from plausible
transatlantic connections and should be interpreted as a conceptual midpoint, not as a real
epicentre of viral movement.

In Rockborn-like, the spatial structure of the midpoints is less cohesive, consistent with
the lower number of records and the more fragmented nature of the plausible connections.
Nevertheless, some grouping trends can be distinguished when stratified by host variables.

(i) Geographic area: The centres represent Asia, Europe, North America, and Oceania,
but not South America. Compared to America-1, the continental centres of the Rockborn-
like group are generally more dispersed, but with a clear representation of Asian cases.
It should be noted that the green marker representing oceanic cases appears in Australia,
reflecting possible connections involving hosts from other geographical environments with
those found in the scientific literature in New Zealand. The centre associated with North
America (red) located in the Atlantic near the east coast, like the European centroid (blue), is
slightly shifted to the southeast with respect to the equivalent point in America-1, indicating
that the location of the central weight of the other continents is tilted towards Asia.

(i) Host functional group: Domestic dogs (second level of red tone) again account for
most connections, but the resulting centre is not located over their most frequent origin
points but rather near the Eastern Mediterranean. This shift is explained by the influence of
plausible east-west connections, especially those involving cases from East Asia (notably
China and Japan), which draw the centroid away from Europe and result in an intermediate
geographic position. Wild non-synanthropic carnivores (dark red) also show a centroid over
the Middle East, similarly influenced by transcontinental connections. Captive carnivores
(pale red) present a more localised distribution centred over East Asia, where most of their
records originate.

(iii) Vaccination status: Unvaccinated origin hosts (purple) display a spatial centre
located over the Middle East, reflecting a balance between cases from Europe and Asia.
This pattern is not due to the presence of cases in the region itself but to the geographic
pull of plausible connections spanning long distances. Vaccinated hosts (light violet),
more frequently associated with Asian records, shift the centroid further east, towards
East Asia. Compared to America-1, where vaccination status produced a well-defined
divergence across the Atlantic, the Rockborn-like centroids appear more condensed and
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regionally displaced due to the smaller sample size and the strong influence of cases from
eastern Asia.

4. Discussion

Morbillivirus canis (CDV) has been described in families of wild carnivores such as
Canidae, Mustelidae, Procyonidae, Mephitidae, Phocidae, Ursidae, Felidae, Hyaenidae,
and Viverridae [11,78-80]. In addition, it has been described in aquatic mammals [81],
non-human primates belonging to Cercopithecidae and other families [82-84], other mam-
mals belonging to Myrmecophagidae [85], Hystricidae and Sciuridae families [47], Artio-
dactyla [86], and Proboscidea orders [12,87]. We can therefore confirm the high degree of
dispersion of CDV and, on the other hand, the large network of primary and secondary
hosts in which this virus can be detected.

Tracking the spread of multi-host pathogens such as CDV, especially in the context
of vaccine-related strains [10], presents significant challenges due to the complexity of
host—pathogen interactions and the influence of the environment [28,31,88,89]. Our study,
based on a scoping review and exploratory analysis of documented cases of CDV, sought
to elucidate the spatial and host functional patterns associated with the transmission
of the America-1 and Rockborn-like genotypes. The results obtained, although derived
from presence/absence data and not from confirmed transmission chains, provide a host
functional group framework for interpreting how host characteristics and geographical
context influence the potential spread of these strains. The spatial analysis of plausible
CDV connections, based on directional means and midpoint-derived mean centres, offers
a structured representation of the virus’s potential dispersal pathways, grounded in host
functional group rather than direct transmission evidence. While the data do not reflect
confirmed transmission events, they emerge from a review of the literature and a rigorous
plausibility framework, allowing for hypothesis-driven exploration of spatial patterns.

Regarding the specific biological characteristics and degree of ecological plasticity of
the host species, the America-1 and Rockborn-like genotypes were predominantly detected
in species with generalist habits, suggesting a broad dissemination potential due to their
ability to adapt to and effectively occupy diverse habitats (open, closed, and mixed). The
notable presence of these genotypes in species inhabiting domestic—wildlife interface areas
strongly supports the hypothesis that transmission is favoured where intra- and interspecies
contacts occur. Furthermore, records are distributed among solitary and gregarious species,
with a prevalence of gregarious species in cases of CD caused by documented vaccine
strains [90]. This could imply that social behaviour influences contact rates and therefore
transmission within and between populations. In this regard, phylodynamic studies have
identified recombination events of vaccine strains isolated in domestic dogs (from MLV
vaccines, Lederle, and Convac strains) with strains from raccoons [34]. The detection of this
type of phenomenon suggests interspecies contact between these species at a shared habitat
interface. These results underscore the importance of considering both host diversity and
the phylogenetic origin of viruses that cause CD in assessing the epidemiological impact of
the virus.

The combination of direct contact transmission and the generalist, gregarious habits of
species that inhabit ecotones becomes risk factors for the presence of CDV in synanthropic
mesocarnivores [32]. Not all species inhabiting ecotones have the same susceptibility to
infection, nor do they have the same capacity to spread the infection to other species [28]. An
increasing gradient of sensitivity to CDV has been demonstrated from red foxes, raccoons,
and skunks to grey foxes, with the latter species being the most sensitive to infection
and, due to its specific habitat selection, the species most likely to cause spill-back among
other species in an ecotone [28,91]. So, understanding the ecology of interspecific social
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relationships between domestic and wild mesocarnivores in shared ecotones can help
identify differential risk factors in species and spaces.

One of the main conclusions is the functional and spatial differentiation of plausi-
ble transmission routes according to vaccine genotype and host functional group. The
Onderstepoort strain, which is the prototype of the America-1 lineage, was developed
in 1939 from a CDV isolate from foxes raised on farms in North America; the strain was
originally transmitted in series in ferrets but was further attenuated by serial passages in
embryonated chicken eggs [92]. Since the 1950s, this egg-attenuated strain has dominated
the market and is present in most vaccines available today [16,17].

For the America-1 genotype, domestic dogs emerge as the main source of dispersal
and the host functional group with the widest range of viral dispersal potential, with strong
connections to other domestic dogs, synanthropic mesocarnivores, captive carnivores and,
to a lesser extent, non-synanthropic wild hosts. This highlights their central epidemiological
role as a reservoir and primary host spreader of vaccine-related strains, particularly in the
case of America-1 (where the host functional group epidemiology appears more polarised
between host species functional groups), serving as a bridge between different ecological
landscapes (urban, peri-urban, natural). The analysis of Linear Mean Directions (LDMs)
reinforces this centrality, showing that connections originating or ending in domestic dogs
have predominant and more stable directions (North-South or East-West) in the case of
America-1. Similarly, the centres of gravity (Mean Centres, MCs) for domestic dogs are
concentrated in key regions such as the North Atlantic and Western Europe, consistent
with the high density of domestic dogs and human activities in these areas. Anis et al. [46]
suggest that the America-1 strain found in a domestic dog in the USA has a wild origin
and that this clade continues to circulate in the territory; the most likely explanation for
this particular animal is that it was exposed to the America-1 strain from wild animals [46].
However, given this finding, it suggests that the America-1 clade continues to circulate in
wildlife in the USA, even though current vaccines effectively keep these strains out of the
domestic dog population suggesting global spread associated with vaccine circulation. This
distribution pattern probably reflects the historical influence of domestic dog vaccination
campaigns in these regions.

Synanthropic mesocarnivores (such as foxes, raccoons, skunks, and badgers) also
play a significant role as a source of vaccine-related CDV circulation, particularly to do-
mestic dogs and other synanthropic hosts. Their adaptability to peri-urban habitats (i.e.,
domestic—wildlife interface) and their increased densities and contact rates [93] in an-
thropised areas make them important viral spreaders in host scenarios [29,94]. While
domestic dogs tend to show more stable directions, synanthropic mesocarnivores may
exhibit more diffuse directions (Northeast-Southwest), which could reflect their move-
ments in these complex ecotones. In highly anthropised areas, including the ecotones
that form the human—-domestic—wild interface, abundant trophic resources and refuge
for wild mesocarnivores with generalist behaviour are offered [95]. This phenomenon
frequently results in elevated population densities for these species and subsequently a rise
in both intra- and interspecific contact rates between wild and domestic hosts, particularly
domestic dogs. Therefore, the direct consequence is an amplified risk of transmission and
spread of pathogens such as CDV [14,90]. Within these epidemiological contexts, pathogen
exchange can occur bidirectionally: from domestic dogs to synanthropic mesocarnivores
and from the latter back to domestic dogs [13]. In our study, connections involving wild
non-synanthropic carnivore species, although less frequent, are present across all cate-
gories, suggesting secondary routes or spillover events, mainly involving domestic dogs
and synanthropic mesocarnivores. This reinforces the hypothesis that periurban areas are
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potential zones of host interactions and, consequently, of viral persistence and intra- and
interspecific transmission.

Captive carnivores, when involved, show highly variable connection directions and
more peripheral or dispersed centres of gravity. This is consistent with their greater
dependence on human transport (zoos, rescue centres, breeding centres, etc.), which can
generate long-range or unusual dispersal routes from a purely ecological perspective. It is
very curious to note that isolates of strains from the America-1 lineage (AY445077/98-2645;
AY445077 /98-2646; AY445077 /98-2654) in raccoons living around a zoo in USA [50] were
non-artificial vaccine strains [96], which have undergone recombination from two ancestors
whose hosts were a mink from China isolated in an unknown year (EU726268/CDV3) and
a domestic dog from USA, isolated in 2004 (EU716337/164071) [97].

Ke et al. [34] suggest that a significant driver of CDV recombination is the capacity
of vaccine strains (both America-1 and Rockborn-like genotypes) to adapt to new host
species. This adaptation subsequently facilitates their spread within the ecosystem and
leads to their recombination with wild-type strains. In the present study, the vaccination
status of the source or destination host did not show a statistically significant association
with the level of potentiality of the documented connections. However, the LDM spa-
tial analysis did suggest that connections related to vaccinated animals may show more
spatially variable or angled trajectories (North-South or Southeast in America-1, opposite
directions in Rockborn-like) compared to unvaccinated animals. This could mean that dis-
persal from or to vaccinated animals (potentially related to shedding or residual/reversion
virulence) is less geographically predictable and may be more linked to specific events or
human mobility.

The Rockborn-like genotype showed a more restricted and less structured host func-
tional group and spatial dispersal pattern than America-1. Although domestic dogs are also
the key species in virus transmission as the source and destination for this genotype, the
overall number of described cases is lower compared to the America-1 strain, and the diver-
sity of host functional group connections is reduced. In fact, scarce studies documented the
transmission of Rockborn-like strains to wild non-synanthropic species and represented
the connection between synanthropic and captive carnivore hosts. The lower prevalence
of Rockborn-like, as well as its restricted transmission pattern in the analysed data and
the more erratic spatial patterns (greater angular dispersion in LDM and more fragmented
MC centres), are consistent with its historical withdrawal from commercial vaccines the in
the 1990s and their reduced global circulation observed in recent decades [16]. However,
the persistence of Rockborn-like strain cases in Asia, Europe, and Oceania, and also the
association of intercontinental connections with significantly higher (less plausible) levels
of potentiality suggest that current records of these cases are residual traces of circulation or
sporadic long-distance transmission events, possibly related to ancient spreading phenom-
ena or to ecological and epidemiological factors that favour the persistence of Rockborn-like
strains in unvaccinated carnivore populations.

Moreover, there are still some concerns that Rockborn strains might be in commercial
vaccines [98]. The recent detection of Rockborn-like in New Zealand [62] and Canada [59],
years after the commercial withdrawal of these vaccine types, suggest that these vaccine
strains might still be present in authorised vaccine formulations or perhaps have adapted to
carnivore species community occupying the ecosystems where these strains were detected,
becoming capable of spread. In this regard, canine-derived CDV vaccines pose a risk. In-
deed, vaccine-related CD has been frequently described in non-domestic species following
vaccination with Rockborn strains, including African wild dog [74], lesser panda [63,64]
and recently fennec fox [71]. The spatial pattern exhibited by the Rockborn-like genotype
supports the idea that, even in a context of withdrawal from commercial circulation, due
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to frequent virulence reversion after vaccination, this strain may have found favourable
ecological and environmental conditions for its persistence in unvaccinated domestic and
wild hosts, leading to its diversification in Asian and European regions. Therefore, we
observed spatial dispersion, requiring specific surveillance, and consequently any vaccine
containing a strain similar to Rockborn should be avoided in wild species.

From the evidence that CDV MLV vaccines can induce symptomatic disease and
even mortality in certain susceptible species, as they retain their ability to replicate in
vaccinated animals [14,26], we are currently at a crossroads regarding the preventive use
of MLV vaccines. Although these MLV vaccines produce the best humoral and cellular
immunity [15], this benefit is frequently overshadowed by their potential to cause disease
symptoms, host death, and vaccine strains sharing phenomena. The implications of our
findings are significant. The circulation of CDV vaccine strains (particularly the America-1
strains and, to a lesser extent, Rockborn-like) and their adaptations to new host species
and new ecological and epidemiological factors pose a threat to susceptible wild carnivore
populations. Spillover from domestic dogs and synanthropic mesocarnivores to wild
species could result in outbreaks with high mortality rates [99]. The continued detection of
vaccine strains in a wide range of host species, including some rare or threatened species,
highlights the need to consider the potential risk associated with the use of MLV vaccines,
which, although effective in inducing immunity, can cause disease and be shed into the
environment by certain susceptible species. This raises the controversy surrounding the
vaccination of wild species at risk.

Recombination with wild strains [97] and genetic drift may contribute to the evolution
of vaccine strains once they circulate outside the context of controlled vaccination. This
highlights the importance of developing vaccine strategies that minimise viral shedding
phenomena and residual virulence, seeking safe and effective vaccines for wild susceptible
species. There is a need to find vaccine control strategies based on vaccines that produce
adequate humoral and cellular immunity and long-lasting immunity, but which are not
capable of reproducing the disease in vaccinated animals, thereby preventing the spread of
vaccine strains and their possible transmission to other susceptible species.

It is crucial to recognise the limitations of our approach. The analysis is based strictly
on data on the presence/absence of vaccine genotypes documented in the scientific lit-
erature. We cannot infer direct chains of transmission or perform formal phylogenetic,
phylodynamic, or phylogeographic analyses. The patterns observed are influenced by bi-
ases inherent in global surveillance, diagnostic capacity, and scientific publication intensity,
with an overrepresentation of regions such as Europe and North America. Therefore, the
plausible network of connections should be considered a functional proxy representing
where and in whom these strains could have circulated under the observed conditions,
rather than an empirical map of transmission.

Despite these limitations, the results of the LDM and MC spatial analysis reveal a
consistent and non-random structure in the plausible connections, which aligns with our
conceptual model of functional dispersal through urban, peri-urban, and wild interfaces.
The observed spatial and functional differentiation highlights how host ecology, vaccination
dynamics, and geographical context interact to shape the potential spread of vaccine-
related CDV strains. Our statistical analysis supports the presence of structured dispersion
patterns in America-1 connections, where the host functional group appears to play a key
role. In contrast, the patterns observed for Rockborn-like suggest a more limited and less
differentiated set of transmission scenarios. While vaccination status was not statistically
associated with transmission plausibility, the clear difference found in the geographical
comparison between America-1 and Rockborn-like reinforces the hypothesis of occasional
long-distance spread or the latter or persistent circulation following vaccine withdrawal.
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These results highlight the importance of considering both ecological and spatial factors
when interpreting the dynamics of vaccine-related CDV transmission.

In conclusion, despite the limitations inherent in the literature-derived data, our study
provides a novel functional and spatial perspective on the potential spread of vaccine-
related CDV strains. It highlights the key epidemiological role of domestic dogs and
synanthropic mesocarnivores, the influence of host ecological and social behaviours, and
the relevance of domestic-wild interfaces as hotspots for interaction. The distinct patterns
observed for America-1 and Rockborn-like strains reflect their different vaccination his-
tories. A major limitation of this study lies in the relatively small number of available
CDV records, particularly for Rockborn-like and certain host categories, which restricts
the statistical robustness of some spatial metrics. However, the use of plausibility-based
filtering and stratified spatial approaches mitigates these constraints and enables the iden-
tification of consistent directional and geographical trends. These findings should be
interpreted as exploratory and hypothesis-generating, complementing conventional phylo-
genetic and epidemiological approaches. Visualising spatially plausible connections may
be useful for prioritising surveillance areas and refining hypotheses about the ecology and
epidemiology of CDV in complex host landscapes, guiding future research that integrates
phylogeographic analyses based on genomic sequences and more systematic sampling.

5. Conclusions

Key epidemiological role of domestic dogs and synanthropic mesocarnivores: Do-
mestic dogs emerge as the primary source of dispersal and the host functional group with
the widest range of viral dispersal potential for the America-1 genotype, showing strong
connections to other domestic dogs, synanthropic mesocarnivores (such as foxes, raccoons,
skunks), and captive carnivores. This underscores their central epidemiological role as a
reservoir and primary host spreader of vaccine-related strains, particularly for America-1,
serving as a bridge between different ecological landscapes (urban, peri-urban, natural).
Synanthropic mesocarnivores also play a significant role as a source of vaccine-related CDV
circulation, especially to domestic dogs and other synanthropic hosts.

Influence of host ecology, behaviour, and interface areas: CDV transmission is favoured
in domestic-wildlife interface areas (ecotones) where intra- and interspecies contacts oc-
cur. America-1 and Rockborn-like genotypes are predominantly detected in species with
generalist and gregarious habits, suggesting broad dissemination potential due to their
adaptability to diverse habitats. Ecological factors and host social behaviours are crucial
for transmission. We identified peri-urban areas as potential zones for host interactions
and viral persistence. The analysis suggests that understanding the ecology of interspecific
social relationships between domestic and wild mesocarnivores in shared ecotones can
help identify differential risk factors in species and spaces.

Differentiation of transmission patterns between America-1 and Rockborn-like geno-
types: The America-1 genotype exhibits a more structured functional and spatial dispersal
pattern and a broader range of viral dispersal potential, reflecting its historical influence
from global vaccination campaigns. In contrast, the Rockborn-like genotype shows a more
restricted and less structured pattern, with a lower number of cases and reduced diversity
of connections among host functional groups. The spatial patterns for Rockborn-like are
more erratic, consistent with its reduced global circulation in recent decades.

Risk from vaccine strains and need for safe vaccines: The circulation and adaptation
of CDV vaccine strains (America-1 and, to a lesser extent, Rockborn-like) pose a threat to
susceptible wild carnivore populations. Spillover from domestic dogs and synanthropic
mesocarnivores to wild species could lead to outbreaks with high mortality rates. The
continued detection of vaccine strains in a wide range of species highlights the need to
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consider the risk associated with the use of modified live virus (MLV) vaccines, which,
although effective in inducing immunity, can cause disease and be shed into the environ-
ment. This emphasises the importance of developing vaccination strategies that minimise
viral shedding and residual virulence, seeking safe and effective vaccines for susceptible
wild species.

Importance of ecological and spatial factors for surveillance: The study concludes that
it is crucial to consider both ecological and spatial factors when interpreting the dynamics
of vaccine-related CDV transmission. The functional and spatial differentiation observed
in plausible transmission routes highlights how host ecology, vaccination dynamics, and
geographical context interact to shape the potential spread of these strains. Visualising
these spatially plausible connections is useful for prioritising surveillance areas and refining
hypotheses about CDV ecology and epidemiology in complex host landscapes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/v17081045/s1, Supplementary File S1: Table S1. PRISMA check-
list [100]. Supplementary File S2: Table S2. List of the 24 articles included in this review and
spatial meta-analysis. Supplementary File S3: Table S3. Reported Canine Distemper due to America-
1/Rockborn-like strains. Host species, post-vaccination distemper or infection with a vaccine field
strain (Post-vac CD), sequencing and genotype of the strain are shown. Supplementary File 54:
Table S4. Kruskal-Wallis H-tests were applied to evaluate differences in the level of potentiality
(ordinal scale from 1 to 7) according to the functional group of the host species, considered either
as origin or destination of the connection. Table S5. Mann—-Whitney U tests were used to compare
the level of potentiality between connections involving at least one vaccinated host and those not
involving vaccinated individuals. Table S6. Mann-Whitney U tests were applied to assess differences
in the level of potentiality between intercontinental and intracontinental connections.

Author Contributions: Conceptualisation, M.G.C. and P.P-C.; methodology, M.G.C., PP-C., N.O.,
A.W.and A H.-L,; software, PP-C. and A.H.-L.; validation, M.G.C. and P.P.-C.; formal analysis, M.G.C.
and P.P-C,; investigation, M.G.C., PP-C., N.O., AW. and A.H.-L.; resources, M.G.C., PP-C.,, N.O,,
A.W. and A.H.-L.; data curation, M.G.C. and P.P.-C.; writing—original draft preparation, M.G.C. and
PP-C.; writing—review and editing, M.G.C., PP-C., N.O., AW., A H.-L. and C.M.-C.; visualisation,
M.G.C,, PP-C,N.O,, AW, AH.-L. and C.M.-C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Everything related to systematic searches in bibliographic sources can
be consulted at Archive.org (https://archive.org/details/osf-registrations-kndfv-v1, accessed on 24
July 2025) or through the DOI https://doi.org/10.17605/OSFEIO/KNDEFV (accessed on 24 July 2025).

Conflicts of Interest: The authors declare no conflicts of interest.

1.  International Committee on Taxonomy of Viruses (ICTV). Available online: https://ictv.global /taxonomy (accessed on 10 May 2024).

2. Krakowka, S.; Higgins, R.J.; Koestner, A. Canine distemper virus: Review of structural and functional modulations in lymphoid
tissues. Am. J. Vet. Res. 1980, 41, 284-292. [CrossRef] [PubMed]

3. Beineke, A,; Puff, C.; Seehusen, F; Baumgartner, W. Pathogenesis and immunopathology of systemic and nervous canine
distemper. Vet. Immunol. Immunopathol. 2009, 127, 1-18. [CrossRef] [PubMed]

4. Pope, ].P.; Miller, D.L.; Riley, M.C.; Anis, E.; Wilkes, R.P. Characterization of a novel canine distemper virus causing disease in
wildlife. J. Vet. Diagn. Investig. 2016, 28, 506-513. [CrossRef] [PubMed]

5. Loots, A.K.; Mitchell, E.; Dalton, D.L.; Kotz’e, A.; Venter, E.H. Advances in canine distemper virus pathogenesis research: A
wildlife perspective. J. Gen. Virol. 2017, 98, 311-321. [CrossRef]


https://www.mdpi.com/article/10.3390/v17081045/s1
https://www.mdpi.com/article/10.3390/v17081045/s1
https://archive.org/details/osf-registrations-kndfv-v1
https://doi.org/10.17605/OSF.IO/KNDFV
https://ictv.global/taxonomy
https://doi.org/10.2460/ajvr.1980.41.02.284
https://www.ncbi.nlm.nih.gov/pubmed/6989302
https://doi.org/10.1016/j.vetimm.2008.09.023
https://www.ncbi.nlm.nih.gov/pubmed/19019458
https://doi.org/10.1177/1040638716656025
https://www.ncbi.nlm.nih.gov/pubmed/27400957
https://doi.org/10.1099/jgv.0.000666

Viruses 2025, 17, 1045 28 of 31

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

Brown, A.T.; McAloose, D.; Calle, PP; Auer, A.; Posautz, A.; Slavinski, S.; Brennan, R.; Walzer, C.; Seimon, T.A. Development and
validation of a portable, point-of-care canine distemper virus qPCR test. PLoS ONE 2020, 15, e0232044. [CrossRef]

Appel, M.; Robson, D.S. A microneutralization test for canine distemper virus. Am. J. Vet. Res. 1973, 34, 1459-1463. [CrossRef]
Barret, T. Rinderpest and distemper viruses. In Desk Encyclopedia of Animal and Bacterial Virology; Mahy, B.W., Van Regenmortel,
M.H.,, Eds.; Elsevier: San Diego, CA, USA, 2010.

van Moll, P; Alldinger, S.; Baumgartner, W.; Adami, M. Distemper in wild carnivores: An epidemiological, histological and
immunocytochemical study. Vet. Microbiol. 1995, 44, 193-199. [CrossRef]

Wipf, A.; Perez-Cutillas, P.; Ortega, N.; Huertas-Lopez, A.; Martinez-Carrasco, C.; Candela, M.G. Geographical Distribution of
Carnivore Hosts and Genotypes of Canine Distemper Virus (CDV) Worldwide: A Scoping Review and Spatial Meta-Analysis.
Transbound. Emerg. Dis. 2025, 2025, 6632068. [CrossRef]

Deem, S.L.; Spelman, L.H.; Yates, R.A.; Montali, R.J. Canine distemper in terrestrial carnivores: A review. J. Zoo Wildl. Med. 2000,
31, 441-451. [CrossRef]

Duque-Valencia, J.; Sarute, N.; Olarte-Castillo, X.A.; Ruiz-Sdenz, J. Evolution and interspecies transmission of canine distemper
virus—An outlook of the diverse evolutionary landscapes of a multi-host virus. Viruses 2019, 11, 582. [CrossRef]

Kapil, S.; Yeary, T.]. Canine Distemper Spillover in Domestic Dogs from Urban Wildlife. Vet. Clin. North Am. Small Anim. Pr. 2011,
41, 1069-1086. [CrossRef]

Wilkes, R.P. Canine Distemper Virus in Endangered Species: Species Jump, Clinical Variations, and Vaccination. Pathogens 2022,
12,57. [CrossRef]

Rendon-Marin, S.; Higuita-Gutiérrez, L.F; Ruiz-Saenz, J. Safety and Immunogenicity of Morbillivirus canis Vaccines for Domestic
and Wild Animals: A Scoping Review. Viruses 2024, 16, 1078. [CrossRef] [PubMed]

Martella, V.; Blixenkrone-Mpller, M.; Elia, G.; Lucente, M.S.; Cirone, F,; Decaro, N.; Nielsen, L.; Banyai, K.; Carmichael, L.E,;
Buonavoglia, C. Lights and shades on a historical vaccine canine distemper virus, the Rockborn strain. Vaccine 2011, 29, 1222-1227.
[CrossRef] [PubMed]

Harder, T.C.; Osterhaus, A.D. Canine distemper virus-a morbillivirus in search of new hosts? Trends Microbiol. 1997, 5, 120-124.
[CrossRef] [PubMed]

Buczkowski, H.; Muniraju, M.; Parida, S.; Banyard, A.C. Morbillivirus vaccines: Recent successes and future hopes. Vaccine 2014,
32, 3155-3161. [CrossRef]

Noyce, R.S.; Delpeut, S.; Richardson, C.D. Dog nectin-4 is an epithelial cell receptor for canine distemper virus that facilitates
virus entry and syncytia formation. Virology 2013, 436, 210-220. [CrossRef]

Summers, B.A.; Appel, M.]J. Aspects of canine distemper virus and measles virus encephalomyelitis. Neuropathol. Appl. Neurobiol.
1994, 20, 525-534. [CrossRef]

Panzera, Y.; Sarute, N.; Iraola, G.; Hernandez, M.; Pérez, R. Molecular phylogeography of canine distemper virus: Geographic
origin and global spreading. Mol. Phylogenet Evol. 2015, 92, 147-154. [CrossRef]

George, A.M.; Wille, M.; Wang, J.; Anderson, K.; Cohen, S.; Moselen, J.; Lee, L.Y.Y.; Suen, W.W,; Bingham, J.; Dalziel, A.E.; etal. A
novel and highly divergent Canine Distemper Virus lineage causing distemper in ferrets in Australia. Virology 2022, 576, 117-126.
[CrossRef]

Rockborn, G. An attenuated strain of canine distemper virus in tissue culture. Nature 1959, 184 (Suppl. 11), 822. [CrossRef]
Zhang, H.; Shan, E; Zhou, X; Li, B.; Zhai, ].Q.; Zou, S.Z.; Wu, M.E; Chen, W.; Zhai, S.L.; Luo, M.L. Outbreak and genotyping of
canine distemper virus in captive Siberian tigers and red pandas. Sci. Rep. 2017, 7, 8132. [CrossRef]

Shi, N.; Zhang, L.; Yu, X.; Zhu, X.; Zhang, S.; Zhang, D.; Duan, M. Insight into an Outbreak of Canine Distemper Virus Infection
in Masked Palm Civets in China. Front. Vet. Sci. 2021, 8, 728238. [CrossRef]

Wang, J.; Liu, L.; Zong, X.; Wang, C.; Zhu, G.; Yang, G.; Jiang, Y.; Yang, W.; Huang, H.; Shi, C.; et al. Immunogenicity and
protective efficacy of a novel bacterium-like particle-based vaccine displaying canine distemper virus antigens in mice and dogs.
Microbiol. Spectr. 2024, 12, e03477-23. [CrossRef]

Wimsatt, J.; Biggins, D.; Innes, K.; Taylor, B.; Garell, D. Evaluation of oral and subcutaneous delivery of an experimental canarypox
recombinant canine distemper vaccine in the Siberian polecat (Mustela eversmanni). J. Zoo Wildl. Med. 2003, 34, 25-35. [CrossRef]
[PubMed]

Wilson, J.; Rubio, S.; Salvador, L.C.M.; Nemeth, N.M.; Fishburn, ].D.; Gottdenker, N.L. Canine distemper virus phylogenetic
structure and ecological correlates of infection in mesocarnivores across anthropogenic land use gradients. Microbiol. Spectr. 2025,
13, €0122524. [CrossRef] [PubMed]

Tompkins, D.M.; Dunn, A.M.; Smith, M.].; Telfer, S. Wildlife diseases: From individuals to ecosystems. J. Anim. Ecol. 2011, 80,
19-38. [CrossRef] [PubMed]

Martella, V.; Elia, G.; Buonavoglia, C. Canine distemper virus. Vet. Clin. N. Am. Small Anim. Pract. 2008, 38, 787-797. [CrossRef]
Bradley, C.A.; Altizer, S. Urbanization and the ecology of wildlife diseases. Trends Ecol. Evol. 2007, 22, 95-102. [CrossRef]


https://doi.org/10.1371/journal.pone.0232044
https://doi.org/10.2460/ajvr.1973.34.11.1459
https://doi.org/10.1016/0378-1135(95)00012-Y
https://doi.org/10.1155/tbed/6632068
https://doi.org/10.1638/1042-7260(2000)031[0441:cditca]2.0.co;2
https://doi.org/10.3390/v11070582
https://doi.org/10.1016/j.cvsm.2011.08.005
https://doi.org/10.3390/pathogens12010057
https://doi.org/10.3390/v16071078
https://www.ncbi.nlm.nih.gov/pubmed/39066240
https://doi.org/10.1016/j.vaccine.2010.12.001
https://www.ncbi.nlm.nih.gov/pubmed/21167117
https://doi.org/10.1016/S0966-842X(97)01010-X
https://www.ncbi.nlm.nih.gov/pubmed/9080611
https://doi.org/10.1016/j.vaccine.2014.03.053
https://doi.org/10.1016/j.virol.2012.11.011
https://doi.org/10.1111/j.1365-2990.1994.tb01006.x
https://doi.org/10.1016/j.ympev.2015.06.015
https://doi.org/10.1016/j.virol.2022.09.001
https://doi.org/10.1038/184822a0
https://doi.org/10.1038/s41598-017-08462-4
https://doi.org/10.3389/fvets.2021.728238
https://doi.org/10.1128/spectrum.03477-23
https://doi.org/10.1638/1042-7260(2003)34[0025:eooasd]2.0.co;2
https://www.ncbi.nlm.nih.gov/pubmed/12723797
https://doi.org/10.1128/spectrum.01225-24
https://www.ncbi.nlm.nih.gov/pubmed/40029380
https://doi.org/10.1111/j.1365-2656.2010.01742.x
https://www.ncbi.nlm.nih.gov/pubmed/20735792
https://doi.org/10.1016/j.cvsm.2008.02.007
https://doi.org/10.1016/j.tree.2006.11.001

Viruses 2025, 17, 1045 29 of 31

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Candela, M.G.; Fanelli, A.; Carvalho, J.; Serrano, E.; Domenech, G.; Alonso, F.; Martinez-Carrasco, C. Urban landscape and
infection risk in free-roaming cats. Zoonoses Public Health 2022, 69, 295-311. [CrossRef]

Appel, M.J.G. Reversion to virulence of attenuated canine distemper virus in vivo and in vitro. J. Gen. Virol. 1978, 41, 385-393.
[CrossRef]

Ke, G.M.; Ho, C.H.; Chiang, M.J.; Sanno-Duanda, B.; Chung, C.S.; Lin, M.Y; Shi, Y.Y.; Yang, M.H.; Tyan, Y.C.; Liao, P.C.; et al.
Phylodynamic analysis of the canine distemper virus hemagglutinin gene. BMC Vet. Res. 2015, 11, 164. [CrossRef]

Page, M.].; McKenzie, ].E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.; Akl, E.A.; Brennan, S.;
et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71. [CrossRef]
Fairley, R.; Knesl, O.; Pesavento, P.; Elias, B. Post-vaccinal distemper encephalitis in two Border Collie cross littermates. N. Zeal.
Vet. ]. 2015, 63, 117-120. [CrossRef]

Vandenberghe, H.; Escauriaza, L.; Nye, G.; Teague, M.; Granger, N. Postvaccination encephalomyelitis in German pinschers. Vet.
Rec. 2021, 188, 231-232. [CrossRef] [PubMed]

Gill, ].M.; Hartley, W.J.; Hodgkinson, N.L. An outbreak of post-vaccinal suspected distemper-like encephalitis in farmed ferrets
(Mustela putorius furo). N. Zeal. Vet. ]. 1988, 36, 173-176. [CrossRef]

Haig, D.A. Canine distemper-immunisation with avianised virus Onderstepoort. J. Vet. Res. 1956, 27, 19-53.

Krakowka, S.; Olsen, R.G.; Axthelm, M.K,; Rice, J.; Winters, K. Canine parvovirus infection potentiates canine distemper
encephalitis attributable to modified live-virus vaccine. J. Am. Vet. Med. Assoc. 1982, 180, 137-139. [CrossRef] [PubMed]
McCandlish, I.A.; Cornwell, H.]J.; Thompson, H.; Nash, A.S.; Lowe, C.M. Distemper encephalitis in pups after vaccination of the
dam. Vet. Rec. 1992, 130, 27-30. [CrossRef]

Rzeutka, A.; Mizak, B. Sequence analysis of the fragment of the phosphoprotein gene of Polish distemper virus isolates. Arch.
Virol. 2003, 148, 1623-1631. [CrossRef]

Keawcharoen, J.; Theamboonlers, A.; Jantaradsamee, P.; Rungsipipat, A.; Poovorawan, Y.; Oraveerakul, K. Nucleotide sequence
analysis of nucleocapsid protein gene of canine distemper virus isolates in Thailand. Vet. Microbiol. 2005, 105, 137-142. [CrossRef]
Fischer, C.D.; Ikuta, N.; Canal, C.W.; Makiejczuk, A.; da Costa Allgayer, M.; Cardoso, C.H.; Lehmann, EK.; Fonseca, A.S.; Lunge,
V.R. Detection and differentiation of field and vaccine strains of canine distemper virus using reverse transcription followed by
nested real-time PCR (RT-nqPCR) and RFLP analysis. J. Virol. Methods 2013, 194, 39-45. [CrossRef]

Wilkes, R.P; Sanchez, E.; Riley, M.C.; Kennedy, M.A. Real-time reverse transcription polymerase chain reaction method for
detection of Canine distemper virus modified live vaccine shedding for differentiation from infection with wild-type strains. J.
Vet. Diagn. Invest. 2014, 26, 27-34. [CrossRef] [PubMed]

Anis, E.; Newell, TK.; Dyer, N.; Wilkes, R.P. Phylogenetic analysis of the wild-type strains of canine distemper virus circulating in
the United States. Virol. |. 2018, 15, 118. [CrossRef] [PubMed]

Ricci, I; Cersini, A.; Manna, G.; Marcario, G.A.; Conti, R.; Brocherel, G.; Grifoni, G.; Eleni, C.; Scicluna, M.T. A Canine Distemper
Virus Retrospective Study Conducted from 2011 to 2019 in Central Italy (Latium and Tuscany Regions). Viruses 2021, 13, 272.
[CrossRef] [PubMed]

Pekkarinen, H.M.; Karkamo, V.K.; Vainio-Siukola, K.J.; Hautaniemi, M.K.; Kinnunen, PM.; Gadd, TK.; Holopainen, R.-H. Post-
vaccinal distemper-like disease in two dog litters with confirmed infection of vaccine virus strain. Comp. Immunol. Microbiol.
Infect. Dis. 2024, 105, 102114. [CrossRef]

Frolich, K.; Czupalla, O.; Haas, L.; Hentschke, J.; Dedek, J.; Fickel, J. Epizootiological investigations of canine distemper virus in
free-ranging carnivores from Germany. Vet. Microbiol. 2000, 74, 283-292. [CrossRef]

Lednicky, J.A.; Dubach, J.; Kinsel, M.].; Meehan, T.P.; Bocchetta, M.; Hungerford, L.L.; Sarich, N.A.; Witecki, K.E.; Braid, M.D.;
Pedrak, C.; et al. Genetically distant American Canine distemper virus lineages have recently caused epizootics with somewhat
different characteristics in raccoons living around a large suburban zoo in the USA. Virol. ]. 2004, 1, 2. [CrossRef]

Martella, V,; Elia, G.; Lucente, M.S.; Decaro, N.; Lorusso, E.; Banyai, K.; Blixenkrone-Meller, M.; Lan, N.T.; Yamaguchi, R.; Cirone,
F; et al. Genotyping canine distemper virus (CDV) by a hemi-nested multiplex PCR provides a rapid approach for investigation
of CDV outbreaks. Vet. Microbiol. 2007, 122, 32-42. [CrossRef]

Giacinti, J.A.; Pearl, D.L.; Ojkic, D.; Campbell, G.D.; Jardine, C.M. Genetic characterization of canine distemper virus from wild
and domestic animal submissions to diagnostic facilities in Canada. Prev. Vet. Med. 2022, 198, 105535. [CrossRef]
Ek-Kommonen, C.; Rudbéck, E.; Anttila, M.; Aho, M.; Huovilainen, A. Canine distemper of vaccine origin in European mink,
Mustela lutreola—A case report. Vet. Microbiol. 2003, 92, 289-293. [CrossRef]

Kadam, R.G.; Karikalan, M.; Siddappa, C.M.; Mahendran, K,; Srivastava, G.; Rajak, K.K.; Bhardwaj, Y.; Varshney, R.; War, Z.A;
Singh, R.; et al. Molecular and pathological screening of canine distemper virus in Asiatic lions, tigers, leopards, snow leopards,
clouded leopards, leopard cats, jungle cats, civet cats, fishing cat, and jaguar of different states, India. Infect. Genet. Evol. 2022, 98,
105211. [CrossRef]

Hartley, W]. A post-vaccinal inclusion body encephalitis in dogs. Vet. Pathol. 1974, 11, 301-312. [CrossRef]


https://doi.org/10.1111/zph.12919
https://doi.org/10.1099/0022-1317-41-2-385
https://doi.org/10.1186/s12917-015-0491-9
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1080/00480169.2014.955068
https://doi.org/10.1002/vetr.333
https://www.ncbi.nlm.nih.gov/pubmed/33739527
https://doi.org/10.1080/00480169.1988.35525
https://doi.org/10.2460/javma.1982.180.02.137
https://www.ncbi.nlm.nih.gov/pubmed/7061309
https://doi.org/10.1136/vr.130.2.27
https://doi.org/10.1007/s00705-003-0128-3
https://doi.org/10.1016/j.vetmic.2004.10.011
https://doi.org/10.1016/j.jviromet.2013.08.002
https://doi.org/10.1177/1040638713517232
https://www.ncbi.nlm.nih.gov/pubmed/24532693
https://doi.org/10.1186/s12985-018-1027-2
https://www.ncbi.nlm.nih.gov/pubmed/30068352
https://doi.org/10.3390/v13020272
https://www.ncbi.nlm.nih.gov/pubmed/33578722
https://doi.org/10.1016/j.cimid.2023.102114
https://doi.org/10.1016/S0378-1135(00)00192-9
https://doi.org/10.1186/1743-422X-1-2
https://doi.org/10.1016/j.vetmic.2007.01.005
https://doi.org/10.1016/j.prevetmed.2021.105535
https://doi.org/10.1016/S0378-1135(02)00361-9
https://doi.org/10.1016/j.meegid.2022.105211
https://doi.org/10.1177/030098587401100403

Viruses 2025, 17, 1045 30 of 31

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Bestetti, G.; Fatzer, R.; Frankhauser, R. Encephalitis following vaccination against distemper and infectious hepatitis in the dog.
An optical and ultrastructural study. Acta Neuropathol. 1978, 43, 69-75. [CrossRef]

Cornwell, HJ.; Thompson, H.; McCandlish, I.A.; Macartney, L.; Nash, A.S. Encephalitis in dogs associated with a batch of canine
distemper (Rockborn) vaccine. Vet. Rec. 1988, 122, 54-59. [CrossRef]

Frisk, A.L.; Konig, M.; Moritz, A.; Baumgértner, W. Detection of canine distemper virus nucleoprotein RNA by reverse
transcription-PCR using serum, whole blood, and cerebrospinal fluid from dogs with distemper. J. Clin. Microbiol. 1999,
37,3634-3643. [CrossRef]

Ritsep, E.; Ojkic, D. Canine distemper virus infection of vaccinal origin in a 14-week-old puppy. . Vet. Diagn. Invest. 2024, 36,
287-290. [CrossRef]

Pardo, I.D.; Johnson, G.C.; Kleiboeker, S.B. Phylogenetic characterization of canine distemper viruses detected in naturally
infected dogs in North America. J. Clin. Microbiol. 2005, 43, 5009-5017. [CrossRef] [PubMed]

Uema, M.; Ohashi, K.; Wakasa, C.; Kai, C. Phylogenetic and restriction fragment length polymorphism analyses of hemagglutinin
(H) protein of canine distemper virus isolates from domestic dogs in Japan. Virus Res. 2005, 109, 59-63. [CrossRef] [PubMed]
Gulliver, E.; Taylor, H.; Eames, M.; Chernyavtseva, A.; Jauregui, R.; Wilson, A.; Bestbier, M.; O’Connell, J.; Buckle, K.; Castillo-
Alcala, F. Investigation of post-vaccinal canine distemper involving the Rockborn-like strain in nine puppies in New Zealand. N.
Zeal. Vet. |. 2025, 73, 278-287. [CrossRef] [PubMed]

Bush, M.; Montali, R.J.; Brownstein, D.; James, A.E., Jr.; Appel, M.]J. Vaccine-induced canine distemper in a lesser panda. J. Am.
Vet. Med. Assoc. 1976, 169, 959-960. [CrossRef]

Kennedy, ] M.; Earle, ].A.P; Omar, S.; Abdullah, H.; Nielsen, O.; Roelke-Parker, M.E.; Cosby, S.L. Canine and Phocine Distemper
Viruses: Global Spread and Genetic Basis of Jumping Species Barriers. Viruses 2019, 11, 944. [CrossRef]

Carpenter, ].W.; Appel, M.].; Erickson, R.C.; Novilla, M.N. Fatal vaccine-induced canine distemper virus infection in black-footed
ferrets. J. Am. Vet. Med. Assoc. 1976, 169, 961-964. [CrossRef]

Kazacos, K.R.; Thacker, H.L.; Shivaprasad, H.L.; Burger, P.P. Vaccine-induced distemper in kinkajous. J. Am. Vet. Med. Assoc. 1981,
179,1166-1168. [CrossRef]

Halbrooks, R.D.; Swango, L.J.; Schnurrenberger, P.R.; Mitchell, FE.; Hill, E.P. Response of gray foxes to modified live-virus canine
distemper vaccines. |. Am. Vet. Med. Assoc. 1981, 179, 1170-1174. [CrossRef]

Thomas-Baker, B. Vaccination-induced distemper in maned wolves, vaccination-induced corneal opacity in a maned wolf. In
Proceedings of the American Association of Zoo Veterinarians, Scottsdale, AZ, USA, 5-10 October 1985.

Vergara-Wilson, V.; Hidalgo-Hermoso, E.; Sanchez, C.R.; Abarca, M.].; Navarro, C.; Celis-Diez, S.; Soto-Guerrero, P.; Diaz-Ayala,
N.; Zordan, M.; Cifuentes-Ramos, F; et al. Canine Distemper Outbreak by Natural Infection in a Group of Vaccinated Maned
Wolves in Captivity. Pathogens 2021, 10, 51. [CrossRef] [PubMed]

Montali, R.J.; Bartz, C.R.; Bush, M. Canine distemper virus. In Virus Infections of Carnivores; Appel, M.]., Ed.; Elsevier Science
Publishers: Amsterdam, The Netherlands, 1987; 441p.

Tamukai, K.; Minami, S.; Kurihara, R.; Shimoda, H.; Mitsui, I.; Maeda, K.; Une, Y. Molecular evidence for vaccine-induced canine
distemper virus and canine adenovirus 2 coinfection in a fennec fox. J. Vet. Diagn. Invest. 2020, 32, 598-603. [CrossRef] [PubMed]
McCormick, A.E. Canine distemper in African Cape hunting dogs (Lycaon pictus). Possibly vaccine induced. J. Zoo. Anim. Med.
1983, 14, 66-71. [CrossRef]

Van Heerden, J.; Bainbridge, N.; Burroughs, R.E.J.; Kriek, N.PJ. Distemper-like disease and encephalitozoonosis in wild dogs
(Lycaon pictus). J. Wildl. Dis. 1989, 25, 70-75. [CrossRef] [PubMed]

Woodroffe, R. Modified live distemper vaccines carry low mortality risk for captive African wild dogs, Lycaon pictus. J. Zoo Wildl.
Med. 2021, 52, 176-184. [CrossRef]

McInnes, E.F; Burroughs, R.E.; Duncan, N.M. Possible vaccine-induced canine distemper in a South American bush dog (Speothos
venaticus). J. Wildl. Dis. 1992, 28, 614-617. [CrossRef]

Sutherland-Smith, M.R; Rideout, B.A.; Mikolon, A.B.; Appel, M.].; Morris, PJ.; Shima, A.L.; Janssen, D.J. Vaccine-induced canine
distemper in European mink, Mustela lutreola. ]. Zoo Wildl. Med. 1997, 28, 312-318.

Cottrell, W.O.; Keel, M.K.; Brooks, J].W.; Mead, D.G.; Phillips, J.E. First report of clinical disease associated with canine distemper
virus infection in a wild black bear (Ursus americanus). J. Wildl. Dis. 2013, 49, 1024-1027. [CrossRef] [PubMed]

Loots, A.K.; Mokgokong, P.S.; Mitchell, E.; Venter, E.H.; Kotze, A.; Dalton, D.L. Phylogenetic analysis of canine distemper virus in
South African wildlife. PLoS ONE 2018, 13, €0199993. [CrossRef] [PubMed]

Lunardi, M.; Darold, G.M.; Amude, A.M.; Headley, S.A.; Sonne, L.; Yamauchi, K.C.I; Boabaid, EM.; Alfieri, A.E; Alfieri, A.A.
Canine distemper virus active infection in order Pilosa, family Myrmecophagidae, species Tamandua tetradactyla. Vet. Microbiol.
2018, 220, 7-11. [CrossRef] [PubMed]

Karki, M.; Rajak, K.K.; Singh, R.P. Canine morbillivirus (CDV): A review on current status, emergence and the diagnostics. Virus
Dis. 2022, 33, 309-321. [CrossRef]

Kennedy, S. Morbillivirus infections in aquatic mammals. J. Comp. Pathol. 1998, 119, 201-225. [CrossRef]


https://doi.org/10.1007/BF00685000
https://doi.org/10.1136/vr.122.3.54
https://doi.org/10.1128/JCM.37.11.3634-3643.1999
https://doi.org/10.1177/10406387241229436
https://doi.org/10.1128/JCM.43.10.5009-5017.2005
https://www.ncbi.nlm.nih.gov/pubmed/16207955
https://doi.org/10.1016/j.virusres.2004.10.008
https://www.ncbi.nlm.nih.gov/pubmed/15826913
https://doi.org/10.1080/00480169.2025.2481896
https://www.ncbi.nlm.nih.gov/pubmed/40204343
https://doi.org/10.2460/javma.1976.169.09.959
https://doi.org/10.3390/v11100944
https://doi.org/10.2460/javma.1976.169.09.961
https://doi.org/10.2460/javma.1981.179.11.1166
https://doi.org/10.2460/javma.1981.179.11.1170
https://doi.org/10.3390/pathogens10010051
https://www.ncbi.nlm.nih.gov/pubmed/33429927
https://doi.org/10.1177/1040638720934809
https://www.ncbi.nlm.nih.gov/pubmed/32560597
https://doi.org/10.2307/20094641
https://doi.org/10.7589/0090-3558-25.1.70
https://www.ncbi.nlm.nih.gov/pubmed/2492610
https://doi.org/10.1638/2020-0045
https://doi.org/10.7589/0090-3558-28.4.614
https://doi.org/10.7589/2013-02-027
https://www.ncbi.nlm.nih.gov/pubmed/24502734
https://doi.org/10.1371/journal.pone.0199993
https://www.ncbi.nlm.nih.gov/pubmed/30020954
https://doi.org/10.1016/j.vetmic.2018.04.030
https://www.ncbi.nlm.nih.gov/pubmed/29885804
https://doi.org/10.1007/s13337-022-00779-7
https://doi.org/10.1016/S0021-9975(98)80045-5

Viruses 2025, 17, 1045 31 of 31

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Sakai, K.; Nagata, N.; Ami, Y.; Seki, F,; Suzaki, Y.; Iwata-Yoshikawa, N.; Suzuki, T.; Fukushi, S.; Mizutani, T.; Yoshikawa, T.; et al.
Lethal canine distemper virus outbreak in cynomolgus monkeys in Japan in 2008. J. Virol. 2013, 87, 1105-1114. [CrossRef]

Sun, Z.; Li, A; Ye, H.; Shi, Y.; Hu, Z.; Zeng, L. Natural infection with canine distemper virus in hand-feeding Rhesus monkeys in
China. Vet. Microbiol. 2010, 141, 374-378. [CrossRef]

Mares-Guia, M.A.M.M,; Furtado, M.C.; Chalhoub, EL.L.; Portugal, M.D.; de Oliveira Coelho, ]. M.C.; de Filippis, A.M.B.; Naveca,
F.G. Coinfection with Canine Distemper Virus and Yellow Fever Virus in a Neotropical Primate in Brazil. Viruses 2024, 16, 1670.
[CrossRef]

Debesa Belizario Granjeiro, M.; Lima Kavasaki, M.; Morgado, T.O.; Avelino Dandolini Pavelegini, L.; Alves de Barros, M.; Fontana,
C.; de Assis Bianchini, M.; de Oliveira Souza, A.; Gongalves Lima Oliveira Santos, A.R.; Lunardi, M.; et al. First report of a canine
morbillivirus infection in a giant anteater (Myrmecophaga tridactyla) in Brazil. Vet. Med. Sci. 2020, 6, 606—-611. [CrossRef]

Wang, T.; Du, H; Feng, N.; Liu, Y.; Xu, Y.; Sun, H.; Peng, P.; Qin, S.; Zhang, X.; Liu, Y.; et al. First complete genomic sequence
analysis of canine distemper virus in wild boar. Virol. Sin. 2024, 39, 702-704. [CrossRef]

Martinez-Gutierrez, M.; Ruiz-Saenz, ]. Diversity of susceptible hosts in canine distemper virus infection: A systematic review and
data synthesis. BMC Vet. Res. 2016, 12, 78. [CrossRef]

Devenish-Nelson, E.S.; Harris, S.; Soulsbury, C.D.; Richards, S.A.; Stephens, P.A. Demography of a carnivore, the red fox, Vulpes
vulpes: What have we learnt from 70 years of published studies? Oikos 2013, 122, 705-716. [CrossRef]

Prange, S.; Gehrt, S.D.; Wiggers, E.P. Demographic factors contributing to high raccoon densities in urban landscapes. J. Wildl.
Manag. 2003, 67, 324. [CrossRef]

Gras, P; Knuth, S.; Borner, K.; Marescot, L.; Benhaiem, S.; Aue, A.; Wittstatt, U.; Kleinschmit, B.; Kramer-Schadt, S. Landscape
Structures Affect Risk of Canine Distemper in Urban Wildlife. Front. Ecol. Evol. 2018, 6, 136. [CrossRef]

Deuel, N.R.; Conner, L.M.; Miller, K.V.; Chamberlain, M.].; Cherry, M.].; Tannenbaum, L.V. Habitat selection and diurnal refugia
of gray foxes in southwestern Georgia, USA. PLoS ONE 2017, 12, e0186402. [CrossRef] [PubMed]

Liu, F; Wu, X,; Li, L.; Zou, Y;; Liu, S.; Wang, Z. Evolutionary characteristics of morbilliviruses during serial passages in vitro:
Gradual attenuation of virus virulence. Comp. Immunol. Microbiol. Infect. Dis. 2016, 47, 7-18. [CrossRef] [PubMed]

Becker, D.J.; Streicker, D.G.; Altizer, S. Linking anthropogenic resources to wildlife-pathogen dynamics: A review and meta-
analysis. Ecol. Lett. 2015, 18, 483-495. [CrossRef]

Ditchkoff, S.S.; Saalfeld, S.T.; Gibson, C.J. Animal behavior in urban ecosystems: Modifications due to human-induced stress.
Urban Ecosyst. 2006, 9, 5-12. [CrossRef]

Bozek, C.K,; Prange, S.; Gehrt, 5.D. The influence of anthropogenic resources on multi-scale habitat selection by raccoons. Urban
Ecosyst. 2007, 10, 413-425. [CrossRef]

Lednicky, J.A.; Meehan, T.P.; Kinsel, M.].; Dubach, J.; Hungerford, L.L.; Sarich, N.A.; Witecki, K.E.; Braid, M.D.; Pedrak, C.; Houde,
C.M. Effective primary isolation of wild-type canine distemper virus in MDCK, MV1 Lu and Vero cells without nucleotide
sequence changes within the entire haemagglutinin protein gene and in subgenomic sections of the fusion and phospho protein
genes. |. Virol. Methods 2004, 118, 147-157. [CrossRef]

Yuan, C.; Liu, W.; Wang, Y.; Hou, J.; Zhang, L.; Wang, G. Homologous recombination is a force in the evolution of canine distemper
virus. PLoS ONE 2017, 12, e0175416. [CrossRef] [PubMed]

Demeter, Z.; Palade, E.A.; Hornydk, A.; Rusvai, M. Controversial results of the genetic analysis of a canine distemper vaccine
strain. Vet. Microbiol. 2010, 142, 420-426. [CrossRef]

Williams, E.S.; Thorne, E.T.; Appel, M.].; Belitsky, D.W. Canine distemper in black-footed ferrets (Mustela nigripes) from Wyoming.
J. Wildl. Dis. 1988, 24, 385-398. [CrossRef]

Tricco, A.C,; Lillie, E.; Zarin, W.; O'Brien, K.K.; Colquhoun, H.; Levac, D.; Moher, D.; Peters, M.D.; Horsley, T.; Weeks, L.;
et al. PRISMA Extension for Scoping Reviews (PRISMAScR): Checklist and Explanation. Ann. Intern. Med. 2018, 169, 467-473.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1128/JVI.02419-12
https://doi.org/10.1016/j.vetmic.2009.09.024
https://doi.org/10.3390/v16111670
https://doi.org/10.1002/vms3.246
https://doi.org/10.1016/j.virs.2024.05.004
https://doi.org/10.1186/s12917-016-0702-z
https://doi.org/10.1111/j.1600-0706.2012.20706.x
https://doi.org/10.2307/3802774
https://doi.org/10.3389/fevo.2018.00136
https://doi.org/10.1371/journal.pone.0186402
https://www.ncbi.nlm.nih.gov/pubmed/29040319
https://doi.org/10.1016/j.cimid.2016.05.007
https://www.ncbi.nlm.nih.gov/pubmed/27477502
https://doi.org/10.1111/ele.12428
https://doi.org/10.1007/s11252-006-3262-3
https://doi.org/10.1007/s11252-007-0033-8
https://doi.org/10.1016/j.jviromet.2004.02.004
https://doi.org/10.1371/journal.pone.0175416
https://www.ncbi.nlm.nih.gov/pubmed/28394936
https://doi.org/10.1016/j.vetmic.2009.10.017
https://doi.org/10.7589/0090-3558-24.3.385
https://doi.org/10.7326/M18-0850

	Introduction 
	Materials and Methods 
	Scoping Review and Data Compilation 
	Epidemiological Modelling of Vaccine-Related CDV Dispersion 
	Conceptual Model of Transmission Pathways 
	Generation and Filtering of Temporal Connection Data 
	Exploratory Data Analysis 

	Statistical and Spatial Assessment of Transmission Patterns 
	Statistical Analysis of Dispersion Plausibility 
	Spatial Processing and Vector Generation 


	Results 
	Reported Cases of Post-Vaccination CD or Detection of CDV Vaccine Strains in Domestic and Wild Carnivores 
	Descriptive Epidemiology of CD Due to Strains of Vaccine Origin 
	Functional Epidemiological Profiles of Vaccine-Related Genotypes 
	Statistical Assessment of Dispersion Patterns 
	Spatial Patterns of Plausible Viral Connections: Directional Structure and Functional Centres 
	Spatial Structure of Plausible Connections: Comparative Analysis by Genotype 
	Spatial Aggregation of Plausible Pathways by Host and Epidemiological Attributes 


	Discussion 
	Conclusions 
	References

