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Abstract

Background: Rabies is a fatal zoonotic disease, present in almost 150 countries. The “Zero by 30" initiative aims to
eliminate human deaths from dog-mediated rabies globally by 2030. This systematic review investigates how viral
sequencing can contribute to achieving the “Zero by 30" goal by improving understanding of viral circulation and
the impact of rabies control measures.

Methods: A comprehensive search of bibliographic databases was conducted focusing on research on rabies from
regions with endemic dog-mediated rabies published between 2000 and 2023, adhering to Preferred Reporting
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Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Data were extracted and synthesised to
provide recommendations for further research and application to support rabies control.

Results: 220 studies were identified to have documented rabies virus (RABV) sequences from 94 countries,
primarily using first-generation technology to produce partial genomes and with sequencing predominantly
conducted overseas rather than in-country. Dogs were identified to be the primary RABV reservoir in these regions,
although some studies identified more localised wildlife reservoirs. Clade classifications were commonly based on
host association or geographical location, however, lack of standardised methods and nomenclature for classifying
lineages limited comparison at higher resolution. Cross-species transmission, and both local and long-distance
transmission were identified, although quantitative inference was limited. Sequence data was particularly useful for
identifying transboundary spread and incursions, investigating host shifts, and tracing sources of human rabies,
with endemicity typically characterised by the identification of multiple co-circulating viral lineages.

Conclusion: There is an urgent need for standardised classification methods and phylogeny-based nomenclature
for RABVs, and for improved sequencing capacity in regions with endemic dog-mediated rabies, including
proficiency in bioinformatics and phylogenetics. Our findings emphasise the critical need to foster international
cooperation and coordinate rabies control efforts to reduce transboundary spread, limit reintroductions and
maintain progress towards the 2030 target.

Keywords: Rabies virus, genetic sequencing, phylogenetic analysis, rabies control and prevention, surveillance

INTRODUCTION

Rabies virus (RABV) poses a major public health threat, causing around 60,000 deaths annually, almost
exclusively in Low- and Middle-Income Countries (LMICs)". The virus is most commonly transmitted
through bites from infected hosts in the orders Chiroptera and Carnivora®. Domestic dogs are the main
source of transmission to humans but, as a multi-host pathogen, wild carnivores also serve as primary
RABYV hosts with host-associated variants recorded in certain geographies”’. For example, wildlife such as
raccoons, skunks and foxes each maintain different RABV variants in localities across North America®.
Generally, RABV is referred to according to these host-associated variants (sometimes termed biotype'*), see
defined key terms in Table 1).

Phylogenetic analysis enables further classification of RABV diversity into clades, subclades and lineages.
The RABV genome is 12 kilobases (kb) in length”", comprising five genes encoding the nucleoprotein (N),
phosphoprotein (P), matrix protein (M), glycoprotein (G) and the large polymerase protein (L)"”. Like
other RNA viruses, RABV exhibits elevated mutation rates because of the absence of proofreading™'. These
mutation rates foster genetic diversity, facilitating tracking of viral spread and enhanced understanding of
viral dynamics.

There is no treatment for rabies once clinical signs begin, but post-exposure prophylaxis (PEP) correctly
administered shortly after exposure is almost 100% effective in preventing the fatal onset of disease".
However, a highly effective canine vaccine is available to prevent disease in the primary reservoir, and
therefore prevent transmission to humans. Canine rabies elimination is possible through mass dog
vaccination, as demonstrated in Europe, North America, and parts of Asia and Latin America®. Several
countries where dog-mediated rabies was endemic have now been declared rabies-free or are approaching
elimination as a result of sustained dog vaccination™. According to the World Health Organisation, to
eliminate dog-mediated rabies vaccination campaigns need to achieve coverage of at least 70% and be

conducted annually for at least three years™. Rabies incidence in Latin America has declined dramatically
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Table 1. Definitions of key terms in the context of RABV

Term

Definition

Cross-species
transmission

Reservoir

Variant

Directionality of
transmission

Transboundary
spread

Phylogeny or
phylogenetic tree

RABV-GLUE

Clade

Phylodynamics

Genomic/genetic
surveillance

st generation (or
Sanger)
sequencing

NGS

Transmission events from one (host) species to another, that occasionally result in a host shift, whereby a new
transmission cycle is established, but more frequently leading to short-lived chains of transmission or dead-end infections
with no onward transmission™

One or more epidemiologically connected populations in which the pathogen persists and from which infection is
transmitted to a population of concern i.e., a target population ) Domestic dogs are considered maintenance hosts in the
reservoir for rabies in many regions, while humans, endangered wildlife, and livestock are often considered target
populations

A viral population maintained within a particular reservoir host in a geographically defined area that differs from other viral
populations due to either a host shift or diversification within a host species or population i.e., host-association ?
(sometimes called a biotyPe ). RABV variants often show host-associations. Here we differentiate dog- vs. wildlife-
associated RABV variants™”

The predominant direction of transmission from one host species, population or location to another. Genomic data can be
used to identify how infected hosts are linked to each other, and to infer the source of infection". Transmission networks
involve mapping transmission routes or pathways to ascertain who infected whom and have been inferred for RABV using
parsimony-based approaches and advanced Bayesian frameworks

pathogen spread across administrative boundaries. We differentiate human-mediated spread, often over long distances
e.g., > 50 km, from local dispersal due to host behaviour (rabid dogs typically bite animals within 1km of their location, but
can sometimes run over 20 km)"“". An incursion (or introduction) is the spread of a pathogen into a new area, either where
that pathogen was historically absent, had been previously eliminated (i.e., re-introduction), or where the pathogen is
already present. In the latter example, an incursion might be identified from genetic data when a distinct viral lineage is
found in an area where other lineages are circulating“ 4

A branching diagram or tree showing the evolutionary relationships between sequences or species. These generally
incorporate nucleotide substitution models, and can include taxonomic and temporal information. The most widely applied
methods for tree building are Neighbour Joining, Maximum Parsimony, Maximum Likelihood and Bayesian Inference

Is a flexible software system for interpreting sequencing data with functionality for storage and interpretation. The software
is freely available and can be directly downloaded for viral sequence analysis or can be used via the web interface . http:/
/rabv-glue.cvr.gla.ac.uk

A monophyletic group with a single common ancestor. Shared ancestry therefore defines the initial pathogen emergence
and spread[m. RABV is designated into clades or subclades (sometimes referred to as major and minor clades), usually
associated with specific geographic areas and/or hosts. A lineage (sometimes referred to as a subtype) is a group of related
sequences (typically a smaller monophyletic group contained within a larger subclade) defined by statistical support of
their phylogenetic placement and genetic differences from their most recent common ancestor (mrca) '8, Clades and
subclades can be classified differently depending on the hosts and geographical location. In this review, publications may
have designated clades/subclades/lineages according to the author’'s naming system. To allow for comparison between
publications, a table of publication-specific names and corresponding RABV-GLUE designations is available in
Supplementary Table 1

The study of how epidemiological, immunological, and evolutionary processes (inter)act to shape viral phylogenies.
Examples includ%studies of spatial diffusion, sometimes incorporating geographical or population structure i.e.,
phylogeography[ !

Surveillance involving sequence data to characterise an infectious agent and infer additional information about its
dynamics. Genomic refers specifically to WGS i.e., the entire pathogen genome (> 10 kb for RABV), whereas partial genome
sequencing is the generation of a sequence of a specified genetic region that can be used to identify the organism. For
RABV, 400 bp fragments are used for diagnostics, and many phylogenetic studies sequence the N gene, G gene and/or G-L
intergenic regions

Type of sequencing which produces DNA fragments labelled by chemical modified nucleotides (dideoxynucleotides) during
nucleotide elongation. Sanger sequencing sequences one fragment at a time

Parallel approaches that sequence millions of fragments simultaneously, hence have higher throughput than st generation
approaches. NGS technologies are divided into 2nd generation technologies which analyse clonal representations of the
input DNA before sequencing amplified DNA clones, e.g., lllumina MiSeq and lon Torrent, vs. 3rd generation single
molecule sequencing technologies, which can ?roduce longer reads than 2nd generation platforms but typically have higher
error rates, e.g., Oxford Nanopore and PacBio™”

RABV: Rabies virus; GLUE: gene-linked by underlying evolution; WGS: Whole Genome Sequencing; NGS: next generation sequencing.

over recent decades due to coordinated regional dog vaccination programs”. In contrast, most LMICs in

Asia and Africa have not allocated sufficient budget to control this disease, and access to dog vaccines

remains limited. Confounding the lack of vaccines, typically, rabies surveillance has also been poor.

Additional challenges to rabies control include lack of understanding of dog ownership patterns, population

sizes, and accessibility for vaccination as well as cultural practices including dog meat consumption®”. To

address these challenges, international organisations joined forces under the United Against Rabies
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collaboration to advocate for the global goal of “Zero by 307; to end human deaths from dog-mediated
rabies by 2030"%.

Surveillance plays a critical role in infectious disease control™.. Surveillance entails the continuous,
systematic collection, analysis, interpretation, and timely dissemination of health-related information"™”,
serving as the foundation for planning, execution and evaluation of public health strategies. For instance,
surveillance provides data on the effectiveness of interventions, supporting decision-making for initiatives
like “Zero by 30”"". Increasingly, surveillance also involves genetic data, for pathogen diagnosis and risk
assessment, as well as to identify the source of outbreaks and to characterise pathogen spread””. Linked with
locations, pathogen genetic data have uncovered disease movement; from global migration dynamics to
local transmission pathways for pathogens such as Influenza virus®***, Ebola virus"”, Zika virus®, Yellow
fever virus®”**, Mpox virus®*! and SARS-CoV-2!*". Sequencing approaches have the potential to enhance
rabies surveillance and provide actionable information to inform control programs locally and globally as

33,34

part of “Zero by 30”. For example, viral sequence data can distinguish undetected local circulation from
incursions and potentially identify their sources'*”. More generally, sequencing could provide insights into
how rabies circulates within populations and the processes responsible for its maintenance in specific
localities™>*".

Use of pathogen sequence data for surveillance is, however, not yet routine in most LMICs. Constraints
include lack of local sequencing capacity, competent personnel and laboratory resources, and these are
affected by costs of, and access to, reagents and consumables, as well as power supplies and cold chain®*.
Sequencing technologies have become more affordable and efforts are underway to improve accessibility"*.
Indeed, growth in sequencing capacity during the COVID-19 pandemic provided evidence of the feasibility
of scaling up molecular diagnostics, but also highlighted operational challenges. For example, in Nigeria, the
number of laboratories capable of molecular identification of SARS-CoV-2 increased from four to 72 in
2020, In this systematic review, our goal was to examine the extent of the application of genetic
approaches to RABV surveillance in regions with endemic dog-mediated rabies (much of Africa, Asia, and
parts of Latin America) and how, going forward, these approaches can contribute to the “Zero by 30” goal.

METHODS

This review was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines"”, following a protocol developed a priori to ensure methodological
reproducibility and transparency [Supplementary File 1].

Eligibility criteria

Studies must address either dog, human or terrestrial wildlife rabies (i.e., not focus on bat rabies), and use
molecular techniques and genetic sequence data, either for diagnosis [diagnostic polymarase chain reaction
(PCR) products] or surveillance. We excluded studies reported as literature reviews that did not present
genetic sequence data, or focus on rabies, and that were not published in English.

Search strategy

A systematic search was undertaken on PubMed, Web of Science and Google Scholar databases to identify
original studies published between 2000 and 2023. Advanced searches with Boolean operators and
quotations were performed using the search terms “Rabies AND (genom* OR sequenc* OR molecular OR
phylo*) AND (control OR surveillance OR eliminat*)” as illustrated in Supplementary Table 2 with an
example of the medical subject headings (MeSH) terms from one of the search engines provided in
Supplementary Table 3. Further manual searches were performed for additional relevant studies.
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Screening

We reviewed the title and abstracts of all articles that met the inclusion criteria. Where detail was lacking,
the entire article was reviewed before its inclusion or exclusion was determined. A first screening phase
based on titles and abstracts was conducted independently by three independent reviewers (GJ, CB and
MM), and out-of-topic studies excluded. During this phase, studies that were not covering rabies from Asia,
Africa or Latin America were also excluded. A second screening phase based on the full texts was conducted
by GJ and CB using a standardised eligibility form. Discrepancies observed between reviewers were resolved
through discussion. Duplicate studies were removed.

Data extraction

A form designed for this review was used for data extraction [Supplementary Table 4]. The fields extracted
included: authors, year of publication, country, study aim, study design, species from which samples were
collected, numbers of samples (tested and confirmed for rabies and RABV sequences), sample type,
sequence type [Whole Genome Sequencing (WGS) or partial genome, indicating the length and section
sequenced], sequencing platform, type of phylogenetic analysis, outcome of the study, and the main study
findings, including any recommendations for control measures derived from analysis of sequencing data.

Data synthesis
The main characteristics of the studies were summarised in tabular form (as per the data extraction
proforma). Data analysis and visualisation was carried out in R (version 4.0.3)"*\.

RESULTS

Study selection

The database search identified 1,558 publications, of which 161 were excluded as duplicates using
automation software™. Manual searches identified an additional 23 relevant publications. After screening
and assessing eligibility, 220 were retained for systematic review [Figure 1].

Study Characteristics

The 220 articles generated new RABV sequences from 94 countries [Figure 2], with most from China (n =
54 publications) and Brazil (n = 19) while six undertook large-scale meta-analyses with additional
sequencing from multiple countries . An average of two studies presenting new RABV sequences were
published per year [Figure 2], with most in 2013 (n = 16) and 2015 (n = 17). All studies generated RABV
sequences from brain tissue samples, with some on Flinders Technology Associates (FTA) cards”"* and
four including alternative sample types (nuchal biopsy, cerebrospinal fluid and salivary glands). Most
publications (n = 188) reported results from partial sequences only, using 1st generation sequencing, mostly
the N gene (n = 119). Other studies sequenced the G, P or M genes or the G-L intergenic region, and 54
were multi-gene [Figure 3]. Twenty-nine studies generated WGS, with hotspots in China (n = 10) and
Tanzania (n = 5), and nine used multiple platforms (1st and 2nd">*** or 1st and 3rd generation
platforms***”'). In the last decade, 3rd generation sequencing (Nanopore) increased, as did sequencing
output.

Sequences were generated from 94 of 149 countries in endemic regions (61.7%). Among the endemic
regions, countries in Africa conducted the least in-country sequencing (42.8%, 14/27) whereas countries in
Asia conducted the most (76.6%, 23/30, Figure 3). In terms of sequencing output, Asia led with 6,715
sequences (381 WGS), followed by Africa with 3,757 sequences (315 WGS) then Latin America with 1,143
sequences (26 WGS). Tree-building methods used for analyses in publications included Neighbour Joining
(n = 76), Maximum Likelihood (n = 63), Bayesian Inference (n = 27) and a combination of these methods
(n = 48). The main study objectives reported were to identify circulating RABV, describe transmission
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PRISMA 2020 flow diagram for new systematic reviews which included searches of databases and registers only

[ Identification of studies via databases and registers }
T
Records identified from databases:
PubMed = 810 Records removed before screening:
= Google scholar = 346
= Web of science = 402 R Records marked as duplicates
o Records added manually = 18 > by automation tools
£ Records added from RABV-GLUE
H screening = 5 n=161
3
n=1581

_ l

Records screened

Records excluded:

»| Removed after title screening = 791

n =1420 Removed after abstract screening = 393

n=1184

Screening
<
<

Records assessed for eligibility Reports excluded from full article reading

\4

n =236 n=16

~ l

§ Studies included for qualitative
=] synthesis
Q
c
- n =220
—

Figure 1. Flow diagram of the article selection process following PRISMA guidelines. PRISMA: Preferred Reporting Items for Systematic
Reviews and Meta-Analyses.

dynamics, including the species infected and responsible for circulation, and to report viral movement.
More generally, studies aimed to derive recommendations to inform control.

Circulating RABV

A large proportion of the 220 studies reviewed described the diversity and distribution of circulating
RABVs. Broadly, RABV can be classified into dog-related and bat-related viruses, both of which split into
major clades, subclades and lineages"*™), often associated with geographies and hosts. Publications from
Latin America typically differentiated dog-related rabies vs. bat-related rabies”****"), and dog-derived and
bat-derived vs. skunk variants®”. In Africa and Asia, RABV diversity was classified predominantly by
geographical clustering of dog-related viruses. Generally, there was a lack of standardisation beyond global
clade nomenclature, with many studies (n = 92) introducing ad hoc names to refer to diversity within global
clade assignments. Figure 4 uses RABV-gene-linked by underlying evolution (GLUE)" designations to
depict circulating clades and a key indicates alternative names used in publications
[Supplementary Table 1].

Three RABV clades are reported to circulate in Africa; the “Cosmopolitan”, “Africa 2” (AF2) and “Africa 3”
(AF3), that subdivide into subclades and lineages"”. The Cosmopolitan clade was found across 27 African
countries and split into AF1a, AF1b, AF1c and AF4 subclades. AF1a was broadly distributed across the
continent, and predominant in northern and eastern Africa. AF1b was mainly in eastern and southern
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Figure 2. Publications reporting RABV sequences by region from 2000 to 2023. (A) Time series of publications; (B) Numbers of
publications reporting sequence data by country, shaded by the number of publications and coloured by geographic region. Each

publication was attributed to one or multiple countries based on the origin of the RABV sequences, including five studies reporting
travel-associated human cases according to the country of origin. One study describing the global distribution of lyssaviruses”®”, was

excluded from this figure. RABV: Rabies virus.

Africa, while AF1c and AF4 were found in Madagascar and Egypt respectively”™. The AF2 clade is found in
14 countries, mainly across West and Central Africa. The AF3 clade, which is associated with viverrids, is
found in Southern Africa, with sequences from South Africa and Botswana™' [Figure 4]. In Asia, RABV's
were categorised into four major clades: Cosmopolitan, Arctic (specifically the Arctic-like RABV, which has
been found circulating across eastern and southern Asia), Indian Subcontinent, and Asian. The
Cosmopolitan clade was widespread in Western****), Eastern'””, and Northern Asia”. Five subclades of
the Asian clade (SEA1-SEA5) were found within Eastern and Southeast Asia”*". The Indian Subcontinent
clade was prevalent in South Asia®® !, with a few sequences from Western and Eastern Asia. While the
Arctic-like clade was found in parts of Eastern®** and South Asia®******’| In the Americas clades were
categorised into dog-maintained and dog-derived variants, including established wildlife foci in skunks,

56]

coyotes, gray foxes and mongoose'

Concurrent circulation of divergent clades and subclades within countries, and more locally, was commonly
reported across Asia and Africa. This was a less common feature in Latin America, where there are fewer
remaining dog-mediated rabies foci and, overall, less dog-related RABV sequence data (almost all partial
and just 26 WGS). Six African countries reported co-circulation of the Cosmopolitan and AF2 clades
(Cameroon, the Central African Republic, Chad, Ghana, Gabon and Nigeria)">'***>***’/. One study
identified co-circulation of Cosmopolitan AF1b subclade and AF3 clade in Botswana, but from different
parts of the country; AF1b in the north and AF3 in the south'*”. Similarly six African countries reported co-
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Figure 3. Summary of RABV sequencing by country, including the sequencing platform, type of sequence generated, location of
sequencing and analyses undertaken. The colour intensity increases with the number of publications per country; note the different
colour scale by regions; (A) Americas, (B) Africa, (C) Asia. Only twenty nine publications generated WGS (from 4 countries) and nine
conducted phylogeographic analyses. Three publications present data from across multiple countries, with two of these increasing both
the number of countries with WGS and phylogeographic analysesmm.An enlarged version of this figure is available as Supplementary
Figure 1. RABV: Rabies virus; WGS: Whole Genome Sequencing.

circulation of Cosmopolitan AF1a and AF1b subclades (Cameroon, Chad, Ghana, Mozambique, Kenya and
Uganda)">****""_ All of the four major clades found in Asia were seen co-circulating within and between
provinces in China”7>"*****, In Southeast Asian countries, only the Asian clade was seen, except in Vietnam
where the Cosmopolitan clade was also reported™. More differentiated subclades were reported from
archipelagic Southeast Asian countries such as Indonesia (Asian SEA1b)"*'*, the Philippines (SEA4), Sri
Lanka (Indian-Sub)®*, and Taiwan (SEA5)"”" with geographically-associated names used. As
geographic resolution increased, naming systems became more ad hoc. For example, a study from the
Philippines identified nine lineages (GrL1-9) within Group L of SEA4 subclade, named because of
circulation within Luzon Island"*.

Many studies used nomenclature only meaningful to that study or research group. For example, sequences
from China were variously referred to as groups I-IV"*"", and lineages A-F*"*.. The same nomenclature
could represent different diversity across studies. For example, group I referred to SEA1b sequences in one
study""”), but SEA2a in another'*. Another study defined “Indian” lineages I & II"", which were re-
classified by RABV-GLUE [Arctic NA (i.e., no minor clade assigned), Arctic AL1a, Asian SEA1a, Indian-
sub] revealing much broader diversity and geographic distribution than user-defined terminology implied.
In Latin America, most studies (n = 29) grouped RABVs into lineages named by geographical location or
species involved, without following a common nomenclature.

Host species

Studies reported RABVs from a broad range of domestic and wildlife hosts and humans. Sequences from
domestic animals included dogs, cats, cows, goats, sheep, pigs, camels and horses. RABVs were found in
wild carnivores such as foxes, jackals, hyenas, mongoose, African wild dogs, wolves, ferret badgers, and
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Figure 4. The spatial distribution of dog-associated RABV clades reported from Asia, Africa and Latin America. Each country is shaded
according to the number of publicly available sequences with at least 90% gene or genome coverage and labelled with a pie chart
representing the RABV phylogenetic clades (denoted as Major.Minor clade in the legend e.g., Cosmopolitan. AFla is major clade
Cosmopolitan and minor clade AF1b, while sequences lacking resolution for a minor clade designation are assigned “NA") within each
country and sized according to the number of publications. Note that major and minor clades are annotated according to RABV-GLUE
designations™ but may be annotated differently in primary publications. The correspondence between annotations are detailed in
Supplementary Table 1. RABV: Rabies virus; GLUE: gene-linked by underlying evolution.

civets as well as occasionally in herbivores (e.g., nilgai and kudu) and more unusual wildlife like monkeys
and bears. Eighty-five publications reported sequences from across this species range, 19 from just dogs and
livestock, 18 from dogs and wildlife, and 15 from dogs and humans. Cross-species transmission, resulting in
spillover, were reported in 63.7% (n = 137) of studies: 13.1% (n = 18/137) reporting transmission between
domestic dogs and wildlife, and 86.9% (n = 119) reporting transmission from dogs to both wildlife and
livestock. In regions with endemic dog-mediated rabies most livestock outbreaks were attributed to spillover
from dogs, except for outbreaks in livestock in Latin America from vampire bat rabies. However, spillover
from wildlife to both dogs and to livestock was also observed, as seen in a livestock outbreak linked to foxes
in northwest China””. Atypical cases, such as rabies in a chicken bitten by a dog, also highlight spillover
events in endemic areas'™.

Domestic dogs were predominantly identified as the reservoir of RABVs within the defined scope of this
study. Successful control of dog-mediated rabies across Latin America has left bats as the main RABV
reservoir, but emergence of independent wildlife-associated cycles were attributed to spillovers from bat,
arctic fox and canine rabies"'*. For example, RABV's were associated with skunks in north-central Mexico,
with coyotes in west-central Mexico, gray foxes in Colombia, crab-eating foxes in Brazil and mongoose in
Caribbean islands™™!. Two publications from Africa reported other reservoirs: horizontal transmission of a
canid variant (AF1b) in kudu in Namibia"'”, and the distinct AF3 clade circulating in yellow mongoose in
Southern Africa®. Evolutionary rates inferred from AF3 were outliers from dog-related clades, suggesting
host-specific adaptation”. In Asia, a unique ferret badger variant was found in Taiwan, distinct from other
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Asian subclades!'®"),

Studies examined reservoir dynamics, investigating new variants and quantifying transmission within and
between species. For example, an Israeli study showed emergence of a dog-related clade that was distinct
from fox-associated clades that were predominant before fox-targeted oral rabies vaccination began. The
emerging dog-related clade might have indicated a host shift, but sequence similarity to Turkish dog isolates
suggested cross-border introduction as the cause of the clade emergence!””. Bayesian phylogenetic inference
from WGS of samples from Turkey spanning from 1999 to 2015 was used to refine the date of a host shift
that did occur from dogs to foxes to ~1997"". A European red fox-associated variant reported from hyenas
in Tanzania"*’, was concluded to stem from laboratory contamination as other studies found that sequences
from both wildlife and dogs all belonged to typical and closely-related dog-mediated variants belonging to
clade AF1b".. Further analysis confirmed the central role of domestic dogs in maintaining circulation of
AF1b in this region"”. In the same setting, sequencing an African civet cat case that was presumed to be
spillover of dog-mediated rabies, also unexpectedly identified a novel highly divergent lyssavirus"**, and no
cases of this variant have been found in dogs. The majority of spillover examples identified were from dogs
into wildlife, but a limited number of publications reported spillover from wildlife to dogs or other animals,
for example, from Coyote into dogs in Mexico".

Human rabies

In total 24 studies (16 from Asia, 6 from Africa, and 2 from Latin America) reported sequences from human
rabies cases, with a total of 219 human samples sequenced. Most of these studies (n = 19) identified human
cases to be the result of dog-mediated rabies only. Three studies reported wildlife exposure only including 1
raccoon exposure from Nepal* and 2 fox exposures, one from India"* and one from Mexico"*. The
report of raccoon exposure in Nepal may be a misidentification, as raccoons are not native to the country.
It’s possible that the biting animal was a red panda, which is indigenous to Nepal. Both species share
similarities in head features, dentition, and ringed tails"*”. A longitudinal study from South Africa reported
a majority of human cases from dog-mediated rabies as well as three cases spread from mongoose (AF3)"**.
One of the Latin American publications reported a veterinarian who became infected while handling rabid
livestock that was determined through genetic analysis to be vampire bat rabies'*’..

Several of the human cases occurred in rabies-free countries and were resolved through phylogenetic
analysis. Eight were traced to immigrants with exposure histories in countries with endemic dog-mediated
rabies where PEP was not received before travel to the (rabies-free) country of diagnosis. Analysis of the
patient isolates revealed similarity with cases in postulated countries of origin, including a case in the UK
imported from Nigeria®* and a case in France imported from Mali"*", two unrelated cases in Qatar both
imported from Nepal®, and cases imported from the Philippines to the UK"*), Japan"*! and Finland™", as
well one that likely originated from insectivorous bats involving a Mexican immigrant who was bitten by a
fox, and who died in California*. Similarly a sequence from a patient in France, with recent travel history
to Mali but no known exposure, belonged to AF2 subclade that circulates in West Africa"!.

Human cases with prolonged incubation periods were also identified (normal incubation periods range
from 1 week to 8 months). One human case in rabies-free Australia was traced to exposure before
relocation. The 10-year-old of Vietnamese origin had stayed in Hong Kong before immigrating to Australia
5 years prior to symptoms onset. Phylogenetic analysis revealed the isolate’s distinctness from Australian
Bat Lyssavirus and Vietnamese RABV lineages; instead grouping with a China-associated lineage,
suggesting acquisition in Hong Kong and prolonged incubation*. Two human cases imported to Japan
also had incubation periods exceeding 8 months"”. Most human cases resulted from bites, with two
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exceptions in Africa where victims were scratched or licked"**"*”. The first case involved a 26-month old
child scratched by a puppy in Gauteng Province, South Africa. Genetic analysis linked this case to an
outbreak that spread in dogs in southern Johannesburg following an introduction from KwaZulu-Natal"*".
In the second case, a 6-year-old child from KwaZulu-Natal had no history of being bitten. However, a
neighbour’s dog died of unknown causes three days before the child’s death. Although rabies was not
suspected or tested for in the dog at the time, the authors speculate that this dog was the child’s most likely
source of exposure to rabies, possibly through non-bite contact with saliva (e.g., lick or scratch).
Phylogenetic analysis of other cases circulating in the region identified genetic similarity to the child’s
sample, further supporting the hypothesis that the child was infected through local exposure!**.

RABV movement

Phylogeographic analysis identified local transmission and long-distance movement of RABVs based on the
geographic association or displacement of clades, subclades and lineages. Some studies revealed situations
characterised by sustained local circulation, with distinct lineages and closely related sequences confined
within specific geographic areas. For instance, in Nigeria, sequences within AF2 (AF2-1 and AF2-2)
clustered in Northern and Southern Nigeria respectively*. Similar clustering was observed in India’®**!
and major island groups in the Philippines”™"**. However, local circulation was often not confined by
political borders across contiguous landscapes. For example, samples from the border between Brazil (Mato

139]

Grosso do Sul state) and Bolivia clustered, reflecting frequent movement across this boundary'

Most publications mentioned human-mediated long-distance viral movement but only about 25%
substantiated their claims through phylogeographic analysis. In Tanzania, discrete phylogeographic analysis
revealed long-distance movement between regions (> 750 km apart)'*), and sequences from distant
ecosystems (Serengeti and Tarangire, > 200 km apart) grouped together, with seasonal migration of
pastoralists (and their dogs) proposed as an explanation. In Asia, long-distance movement was attributed to
waves of human migration from China to Southeast Asia"*!. Indeed, increased trade between and within
countries"*, including animal trade”**” and the dog meat trade””"*'*’, were identified as playing a role in
RABYV incursions and expansion.

Three sources of evidence were used to infer transboundary spread: co-circulation of divergent RABVs,
clustering of related sequences from adjacent countries/regions and phylogeographic analyses using location
data associated with sequences. Studies reported co-circulating divergent viruses in 31 countries, likely
caused by introductions that persisted">'*******l For example, AF1a, AF1b and AF2 were found co-
circulating in southern Cameroon, with the AF1b and AF2 sequences most closely related to sequences
from the Central African Republic®”. RABVs circulating in neighbouring countries were often closely
related, particularly across shared land borders, like Azerbaijan™ with Georgia, Bangladesh™ with India,
and Tibet"*! with Nepal. There were also instances of emerging subclades within one country closely
connected to another. For example, Nepalese isolates identified as a new lineage within the Arctic-like
(AL-1) subclade that circulates in India”’. Indeed, some studies aimed to quantify transmission between

74,102

countries”™"*”. One study highlighted the importance of China, suggesting the country was a source of
translocation to 12 Asian countries due to migration and trade'*”. Similarly another study used Bayesian
inference to test the hypothesis that AF2 was introduced to Ghana from other West African countries with

results suggesting spread from Nigeria™.

Several studies used phylogeographic analyses to infer RABV spatiotemporal dynamics7*7>!"1#14),
particularly the direction and speed of dispersal"*****'*’], Faster dispersal was associated with anthropogenic
factors. Dog-associated lineages in Brazil dispersed at 30.5 kilometres per year (km/year) in comparison to a
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lower rate, 9.5 km/year, in crab-eating foxes, which was attributed to human activities driving dispersal of
dog-associated lineages"*. A high velocity of dog-meditated rabies (18.1 km/year), was estimated in Iran,
using a novel analytical framework, revealing spread linked to accessible areas associated with high human
density""®. This estimate is similar to the average dispersal rate in Northern Africa (19.5 km/year) where,
again, landscape accessibility was an important driving factor'**.

The time of introduction and history of rabies spread in various areas was investigated. A publication used
historical records and phylogenetic analysis to show that rabies was only present in bats and skunks in the
Western Hemisphere, with canine rabies rare or absent among dogs of Native Americans, before the arrival
of new dog breeds imported during European colonisation. A more comprehensive recent study
combined partial and whole genome sequences to reconstruct movement more precisely, revealing how
colonial empires influenced the global spread of RABVs!"*.,

Human-mediated long-distance movement was identified through phylogeographic analysis as the source
of incursions into previously rabies-free areas, posing a challenge to maintaining rabies freedom. Examples
identified introductions to historically rabies-free areas such as island provinces in Indonesia** and the
Philippines”, and to areas where rabies had been eliminated such as Pemba, (an island off mainland
Tanzania"*'), Gauteng Province in South Africa, and N’Djamena, Chad"”..

Geographical features were discussed in fifteen papers, with rivers, lakes and mountain ranges shown to be
natural barriers®>**"*". For example, sequences within AF1b subclades (AF1b-1 and AF1b-11) were
separated by the Zambezi river and Kariba lake in Zambia and Zimbabwe respectively"*. Transboundary
spread between Lesotho and KwaZulu-Natal in South Africa was limited by the Drakensberg and Maloti
mountain ranges, which constrain movement of people and animals"*". In Asia, three lineages from SEA5
found in ferret badgers were segregated by mountain ranges and rivers""""*”. Transmission corridors that
facilitated dissemination included: (1) transportation networks; (2) the presence and size of dog populations
(tied to human populations); and (3) anthropogenic factors (trade, agriculture and urbanisation). For
example, in Southeast Brazil, urbanisation was reported to play a central role; dog population size was
correlated with human populations, meaning higher density regions had more dogs and therefore more
RABV diversity"*”. Road networks were often shown to be associated with increased movement, consistent
with human-mediated transport of incubating animals. RABV detected from different cities in Mozambique
were closely related, despite long distances between them"”. Sequences from the AF2 clade were proposed
to result from an introduction to Bangui, the capital of the Central African Republic, as the closest related
sequences were from neighbouring Chad"*. In Asia, transport routes were correlated with the RABV
distribution in Thailand"*, and China"**. At more local scales in Tanzania phylogeographic analysis
revealed that presence of dogs, rather than density, predicted spread"*.

Rabies control

All studies provided recommendations for rabies control and prevention, but most were generic and not
specifically inferred from sequences. These studies recommended mass vaccination of dogs, as well as oral
vaccination in specific wildlife populations where variants had emerged"*>"*”. Other recommendations
included dog population management”*"">"**"** monitoring the health of animals for trade and
consumption”**>"*’ and raising awareness, particularly in communities identified as “high-risk”**>*ss1e011],
Only 33 publications provided targeted recommendations grounded in genetic evidence. Some reported
spillover events, emphasising the necessity for enhanced surveillance (n = 12) for specific wildlife
populations®”>**?_ Outbreak investigations pinpointed sources of incursions, and recommended

[78,82,138,162]

monitoring for animal transport and at borders plus surveillance and control measures in rabies-
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free areas or areas with low-incidence, where introductions pose risks™'*”. Likewise, identification of novel
variants and genetic diversity prompted suggestions for oral vaccines and baits tailored to hosts, e.g., for
ferret badgers"'*'*!. There were no instances of vaccine-derived cases/outbreaks in the review, but genomic
surveillance would be a crucial tool to identify and monitor such occurrences.

Widespread coexistence of diverse lineages and insights into their evolutionary history, transmission
dynamics and dispersal rates from more complex phylogeographic analysis, highlighted the urgency of
addressing transboundary transmission, which requires coordinated effort*>*'*".. Vaccination campaigns
focusing solely on urban localised dog populations have demonstrated short-lived success due to rabies
circulation across land borders. Examples include Chad and Central African Republic"*'¥, India and
Bhutan™, and Peru and Brazil bordering Bolivia"*. The same was true between islands, for example
Pemba, off Tanzania"*, and within and between archipelagic countries in Southeast Asia”****** and also
was identified at the borders of states in India"**. Therefore, reccommendations included scaling up dog
vaccination beyond urban centres to encompass surrounding rural areas, along with coordinating
transboundary dog vaccination to minimise spread into cities or between neighbouring countries or

administrative units such as states or provinces>'*..

DISCUSSION

In this review, we focused on how genetic data informs understanding of rabies dynamics and its control.
Findings from 220 studies demonstrate sequencing as a potentially powerful tool for contributing to “Zero
by 30”. However, information from sequences is often not fully or consistently synthesised into specific,
actionable recommendations. When used effectively, sequencing has been instrumental in tracing
incursions into rabies-free areas and highlighting extensive transboundary transmission that necessitates
coordination of control nationally and regionally”"**. Although RABV diversity differs across these
regions with endemic dog-mediated rabies, spillovers and transboundary movement was repeatedly
reported, emphasising the importance of coordinated transboundary vaccination efforts and surveillance.
As countries approach the “endgame”, i.e., the final stages of an elimination programme where disease is
still circulating but at much reduced levels, genetic data is expected to become increasingly useful, providing
greater insights for monitoring emerging issues such as spillover and adaptation to alternative hosts and
potential re-emergence in dogs.

A major challenge is how classification of phylogenetic diversity and associated nomenclature, beyond the
clade level, is not standardised and how varied terminologies (subtypes, subclades, subclasses, clusters etc.)
are used. In most publications from Africa and Asia, groupings were designated numbers or letters based on
subjectively defined clusters in phylogenies, while Latin American studies often employed antigenic variant
classification rather than evolutionary (phylogenetic) relationships. Inconsistent terminology hampered a
clear understanding of circulating lineages and their geographic distribution, and hindered their use as
reference points for further research"”. Many studies used nomenclature only meaningful within the
context of that particular study and classifications often differed across related studies [Supplementary
Table 1]; employing RABV-GLUE" to classify minor clades revealed these inconsistencies [Figure 4]. The
significance of discerning lineages lies in implications for control, for example, differentiating incursions
from undetected local transmission and identifying the scale of circulation. Variations in the portion of the
genome sequenced (gene-specific) and sequence length contributed to inconsistencies. Most publications
used partial genome sequencing, often targeting the N gene, a relatively conserved region used as a
diagnostic marker. But, this limited sampling missed important variation, which may define rare and
divergent lineages or improve resolution across narrower spatio-temporal windows. Just 20% of
publications used WGS, which can provide deeper understanding.
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We found an urgent need to increase in-country sequencing capacity in endemic countries, with relatively
few generating sequences in-country. Regionally, Africa lagged behind Latin America and Asia in terms of
capacity, but had a higher output than Latin America, likely because few countries in the region remain
endemic for dog-mediated rabies. Most sequencing was driven by research, with routine sequencing not yet
part of surveillance in endemic regions. Consequently, there is a shortage of sequences, with largest
contributions from China and Brazil (upper-middle-income countries with existing networks and
resources), whereas several countries had limited representation; some with just one publication. The
scarcity of sequences, which poses a challenge to characterising RABV diversity and understanding
transmission, could be due to different cultural, intrinsic and socio-economic factors. In the aftermath of
the COVID-19 pandemic, sequencing capabilities have expanded, becoming more affordable and accessible.

This increased capacity has practical applications for responding to rabies outbreaks"*'.

Although dogs were identified as the primary host responsible for most transmission in regions with
endemic dog-mediated rabies which were the focus of this study, RABVs broad host range means it is
capable of transmission among multiple species. This versatility creates potential for new reservoirs, raising
concerns about the effectiveness of control measures, and about these reservoirs being a source of re-
emergence'. In areas where dog-mediated rabies has largely been eliminated, there were several examples
of transmission cycles in wildlife, some of which resulted from spillover from dogs. In Latin America, where
canine rabies incidence has reduced dramatically from coordinated regional control, intriguing reservoir
dynamics have emerged. For example, three major enzootic cycles, distinct from dog rabies foci in Mexico
(skunks, coyotes and gray foxes) highlight a complex maintenance dynamic"*. Similarly, transmission
cycles have established in ferret badgers independently in both Taiwan and China"'*"**'*’!. These findings
underscore the complex reservoir dynamics of RABV and importance of understanding host associations
and cross-species transmission. As dog-mediated rabies declines, this understanding will be necessary to
enable targeted control, either directing efforts at blocking transmission and spread between source and
target populations or controlling infection within new reservoirs. The risk of rabies spillover from wildlife
foci to dogs is a serious challenge for “Zero by 30”. When such reservoirs exist, tailored surveillance and
control measures are crucial to mitigate the threat of re-emergence in dog populations as a result of
spillover. This may eventually require countries to undertake control measures in wildlife reservoirs, but
more imminently underscores the need to eliminate rabies from dog populations before wildlife foci can
establish.

Underreporting and misdiagnosis of human rabies remains a significant issue and can create a false
impression of low burden in rabies endemic settings across Africa and Asia. While enhancing diagnostic
capacity and overall surveillance is crucial to address underreporting, we also emphasise the pivotal role that
genetic data can play in strengthening human rabies surveillance. Rabies-free countries experience imported
human cases from exposures in endemic countries"”*”. Oftentimes, these imported cases were confirmed
through epidemiological investigation, but genetic data identified the sources of infections, as well as
ambiguous cases, without a clear route of exposure (e.g., no bite history) or origin (e.g., the migrant from
Mexico and the veterinarian in Brazil), or with unusually long incubation periods"*>"****”. These human
cases identified from countries that are free from dog-mediated rabies highlight how these technologies
could be applied to strengthen human rabies diagnosis and source attribution within endemic countries.

Unlike infections in humans, which are effectively dead-end hosts, movement of infected animals is the
predominant factor contributing to RABV establishment in new geographic settings. Publications
highlighted both local host movement and long-distance human-mediated movements, however, evidence
on transmission links and directionality were sparse, with only a few studies (25%) employing
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phylogeographic analyses. Most used genetic relatedness of viruses from different locations, based on
interpreting phylogenies, without quantitative inference. When carried out, phylogeographic analyses
illuminated environmental features as both natural barriers and drivers of spread, with human-related
factors driving dispersal towards more populated and accessible areas. These analyses have potential to

Lss170] Frequent

guide spatial targeting of vaccination, and enhancement of surveillance in at-risk areas
reintroductions highlighted epidemiological connectivity of landscapes over which vaccination needs
scaling and coordination across political/administrative boundaries"”, with more recent studies showing

how sequencing can be used to monitor the impacts of and threats to dog vaccination programmes!>**'*,

Broader context

Our review has relevance to the broader application of genetic surveillance to pathogens. The recent
increase in third-generation sequencing of RABV has potential to further expand given the focus on
sequencing capacity for pandemic response. Deployable sequencing has become a key component of
outbreak response, with portable lab equipment and sequencing platforms facilitating on-site, real-time,
genomic surveillance” . Feasibility and utility of deployable sequencing for rabies surveillance has been
demonstrated"“****), with use of Nanopore’s Minlon reducing costs and turnaround times"**, and
comprehensive protocols, bioinformatic pipelines and open-source user-friendly software and classification
tools becoming more available!”"”*. Sequencing for routine surveillance of endemic zoonoses could build
and sustain pandemic preparedness at the human-animal-environment interface. While COVID-19
accelerated application of genomic surveillance, it also highlighted stark global disparities in access to
sequencing, and bioinformatic expertise remains a bottleneck’*””. Since the pandemic investment in
LMICs has begun but much more is required"”.

RABYV also serves as a model system to understand and manage cross-species transmission and spillover.
Instances highlighted in this review, reflect a broader ecological pattern with significant public health and
ecological implications. Spillovers can be precursors to larger outbreaks, as evidenced by recent epidemics
of Influenza, Ebola, Zika, and COVID-19, while swift sequencing and analysis can inform public health
responses and containment!* >,

Limitations of the study

While we endeavoured to comprehensively review global regions with endemic canine rabies, it is
important to acknowledge the limitations inherent in our study. Genetic studies on rabies demonstrating
progress in its elimination, conducted in countries or regions such as Canada, the USA, and Eastern Europe,
where dog rabies has been eliminated for some time, were not included. This approach may have limited
our ability to discover additional interventions and significant insights from the perspective of these
countries. Our review, while focusing on publications from endemic regions may have failed to identify
publications documenting importations in rabies-free countries. We supplemented our searches by
manually adding relevant instances (~10% of papers), but some studies, particularly those published in non-
English journals, may have been overlooked. Despite substantial manual curation efforts in RABV-GLUE to
enhance GenBank metadata"”, inconsistencies and gaps persist, potentially hindering data mining
efficiency for sequences not associated with a publication. We also only retrospectively and manually
identified some studies that did not report the use of sequencing in their abstract. Not all papers
transparently report methods, in particular many did not report locations where sequencing was
undertaken which we assumed was done in-country. We therefore likely overestimated sequencing capacity
for some countries, though we expect our conclusions are robust. We included only studies published after
the year 2000, which limited the scope of the study, as it did not capture some of the earliest genomic
studies conducted on RABV. However, this also meant most of the methods reported were more
comparable and aligned with the 1st, 2nd and 3rd generation sequencing platforms defined in Table 1.
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Conclusions and future recommendations

The promise of genetic data for informing rabies control is evident, but its full potential remains untapped
as most publications advocate generic measures that lack specificity derived from sequencing. More
demanding phylodynamic analysis, integrating geographical, epidemiological, and genetic data to yield
more detailed and quantitative understanding, requires greater expertise and computational resources that
have not been accessible in LMICs. Future research would benefit from more WGS as well as leveraging the
power of existing data through analyses that integrate partial and WGS"*!. Applied insights to be gained by
enhancing rabies surveillance with sequencing, lie in the knowledge of what is circulating and how it is
spreading while we gear towards elimination. A standardised nomenclature system for categorising RABV
diversity, would facilitate clear communication and collaboration among researchers, healthcare
professionals and policymakers"””. We recommend efforts to develop a robust taxonomic classification
system under the International Committee on Taxonomy of Viruses (ICTV) that is capable of integrating all
existing and newly identified RABV sequences. Scaling up sequencing in endemic countries, with laboratory
networking and a more unified terminology for exchange of information and updates on new variants and
lineages could enhance risk assessment and control strategies. Genetic results underscore the need for
international and regional coordination in controlling transboundary spread, to accelerate progress and
maintain gains. Expanding sequencing initiatives and fostering collaborative efforts will support the “Zero
by 30” goal, and serve as a prime example of a genomics-informed One Health approach, building capacity

for the future!™.
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