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Abstract

- Adama Diallo*>3# - Giovanni Cattoli’

Small ruminants (e.g., sheep and goats) contribute considerably to the cash income and nutrition of small farmers in most
countries in Africa and Asia. Their husbandry is threatened by the highly infectious transboundary viral disease peste des
petits ruminants (PPR) caused by peste-des-petits-ruminants virus (PPRV). Given its social and economic impact, PPR is
presently being targeted by international organizations for global eradication by 2030. Since its first description in Cote
d’Ivoire in 1942, and particularly over the last 10 years, a large amount of molecular epidemiological data on the virus have
been generated in Africa. This review aims to consolidate these data in order to have a clearer picture of the current PPR
situation in Africa, which will, in turn, assist authorities in global eradication attempts.

Introduction

Peste des petits ruminants (PPR), a highly contagious viral
disease of small ruminants, continues to cause the death of
millions of sheep and goats annually and is a constant threat
to the livelihoods of subsistence farmers in many countries
in Africa, the Middle East, and Asia.

The disease is caused by peste-des-petits-ruminants virus
(PPRV) of the family Paramyxoviridae, subfamily Orthopar-
amyxovirinae, genus Morbillivirus, species Small ruminant
morbillivirus [1]. The genome encodes two non-structural
proteins, C and V, and six structural proteins arranged in the
order nucleoprotein (N), phosphoprotein (P), matrix protein
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(M), fusion protein (F), hemagglutinin (H) and viral RNA-
dependent RNA polymerase (L) [2, 3]. The first sequence
from a PPRYV isolate was generated by Diallo et al. in 1994
[4] when they cloned the N gene of a vaccine strain origi-
nating from Nigeria in 1975, which was followed by the
sequencing of the F protein gene [5]. The sequencing of the
N and F genes also allowed the development of important
molecular diagnostic tools for PPRV that are routinely used
today by many [6—10].

Even though the virus is serologically monotypic, PPRV
strains have been classified into four genetically distinct
lineages (I, II, III and IV) based on partial sequences of
the N and F genes [11-13]. A recent study has shown that
inter-lineage resolution is better when N gene sequences are
used [14], compared to the H or F gene. The first PPRVs
identified in Africa belong to lineages I, II and III, while
viruses belonging to lineage IV have been found primarily
in Asia and the Middle East [12, 13]. Since 2008, however,
lineage IV viruses have also been regularly reported in dif-
ferent African countries, and this lineage is becoming the
predominant lineage on the continent [13, 15-17].

Africa consists of 54 sovereign states covering an area of
30.3 million km? and has an estimated human population of
just over 1.2 billion. According to FAO there were close to
423 million goats and 381 million sheep in Africa in 2014
[18]. The impact of PPR on this small ruminant population
is therefore huge and has enormous implications for Africa.

Up to June 2020, there have been no official reports
on PPR in the following southern African countries:
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Botswana, Eswatini, Lesotho, Malawi, Mozambique,
Namibia, South Africa, Zambia, and Zimbabwe. In addi-
tion, PPR has never been reported on the Atlantic Ocean
island nations of Cape Verde, St Helena, and Sao Tomé
and Principé or the Indian Ocean islands of Madagascar,
Mauritius and Seychelles. However, all of these islands
are considered to be at risk of PPR introduction, as they
import live animals from mainland Africa.

One of the mandates of the Animal Production and
Health Laboratory (APHL) of the Joint FAO/TAEA divi-
sion is to assist member states in the diagnosis and con-
trol of transboundary animal diseases in their countries,
including PPR. This involves the analysis of, and virus
isolation from, pathological samples collected by mem-
ber states and sent to the APHL through the biosafety-
3-level facilities of the Austrian Agency for Health and
Food Safety (AGES). This has provided APHL with very
relevant data on PPR, some not yet published and now
shared in this review.

Building on the successful global eradication of rin-
derpest virus, the Food and Agricultural Organization of
the United Nations (FAO) and the World Animal Health
Organization (OIE) have selected PPR for global eradica-
tion by 2030 [19]. This will be supported by the avail-
ability of a number of efficacious live-attenuated vaccines
(e.g., Nigeria 71/1, Sungri 96, Arasur 87 and Coimbatore
97) [20-22]. Molecular epidemiology provides important
information on the transboundary movement of viruses
such as PPRV. In fact, molecular epidemiological investi-
gations satisfy one of the recommendations of the global
Strategy for the Control and Eradication of PPR which
states that each country needs to define and implement
robust monitoring plans to gain a good understanding
of the circulation (or non-circulation) of PPRV in their
country.

The aim of this review is, therefore, to provide updated
molecular epidemiological data on each of the African coun-
tries from which data are currently available (June 2020).
(For convenience, the data are also summarized in Fig. 1).

Algeria

In February 2012, blood and oculo-nasal swab samples
were collected from sheep and goats during an outbreak
in central Algeria [23]. An analysis of the samples showed
that the viruses belonged to lineage IV and clustered with
PPRVs from Morocco and Tunisia (Fig. 2). The full genome
sequence of an Algerian isolate collected in 2015 is avail-
able [24].
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Angola

In 2012, the APHL received samples from an outbreak of
PPR reported in Angola [25]. Partial N and F gene sequence
analysis (GenBank nos. KP189203 and KP189204) revealed
that the causative virus belonged to PPRV lineage IV
(Fig. 2).

Burundi

In December 2017, PPR emerged in Burundi, causing severe
disease and killing more than 4,000 goats [26]. This was the
first report of PPR in the country. Samples tested by conven-
tional RT-PCR indicated the presence of PPRV, and phylo-
genetic analysis showed that the virus belonged to lineage
IIT and showed a close relationship to PPRVs from Kenya,
Uganda, and the Democratic Republic of Congo (DRC)
in 2012 (Fig. 3). Interestingly, the outbreaks in Burundi
coincided with the introduction of Boer goats (a breed of
goat developed in South Africa for meat production) from
Uganda through a project aiming at improving local goat
production. During the implementation of the project, 2,200
goats were purchased in the Bushenyi and Mbarara regions
of Uganda, transported by truck through Tanzania, and then
distributed to farmers between 7 and 9, December 2017. The
first cases of PPR appeared 12 days after the introduction
of the new animals. A full genome sequence of an isolated
virus (B3) has been deposited in GenBank (no. MK686066).

Benin

PPR has been present in Benin since the early 1940s.
Although PPR was officially named peste des petits rumi-
nants by Gargadennec and Lalanne in Cote d’Ivoire in
1942, a similar syndrome was described in Dahomey (the
former name of Benin) during the same period and was
referred to as ‘peste des espéces ovine et caprine’ (plague
of ovine and caprine species) [27]. The presence of PPR
has been regularly reported to the OIE by the Benin vet-
erinary services [28]. Pathological and swab samples were
collected from sheep and goats during disease outbreaks
in 2011, and PPRV was isolated from positive samples
in cell culture [27]. Phylogenetic analysis using partial N
gene sequences showed that all of the isolates clustered
within viral lineage II but fell into two distinct subclades
(Fig. 4). In the same study, the full genome sequence of
one of the isolates from 2011 (GenBank no. KR781449)
was compared to the full genome sequence (GenBank no.
KR781450) of a PPRV isolated from the lymph node of an
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Fig. 1 Distribution of PPRV lineages in Africa. Colours in the circles indicate the viral lineages reported in the country: lineage 1, light green;
lineage 11, blue, lineage III, dark green; lineage 1V, yellow. Adapted with permission from www.d-maps.com

infected goat in 1969 in Benin. A molecular clock analysis
of complete PPRV genome sequences revealed that the
lineage II viruses sampled arose in the early 1960s and
that these viruses have most likely persisted in Benin since

then [29].

Burkina Faso

According to Banyard et al. [12], regional reference labo-
ratories confirmed the presence of PPR in Burkina Faso in
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Fig.2 Phylogenetic tree based on partial sequences of the N protein
(217 bp) gene of representative PPRV isolates of lineage IV. The
tree was constructed using the maximum-likelihood (ML) method
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tein (217 bp) gene of from representative PPRV isolates of lineage
III. The tree was constructed using the maximum-likelihood (ML)
method available in MEGAG6, employing the Kimura 2-parameter

2008, although disease outbreak details are not available.
A full sequence of the N gene (GenBank no. JN647696) of
a virus collected in 1988 (Burkina 1988/1) which belongs
to lineage I is available (Fig. 5). Burkina 1988/1 is one
of three PPRVs that were isolated on lamb lung primary
cells from pathological samples received at the Institut
d’Elevage et de Médecine Vétérinaire des Pays Tropicaux
(IEMVT), Maisons-Alfort, France, in September 1988
(Diallo A., unpublished data). The samples were collected
from an animal suffering from respiratory distress during
an outbreak affecting goats in the centre of Burkina Faso.
In addition, the N gene sequences of PPRV RNA isolated
from samples provided to the APHL that were collected
in Burkina Faso in 2007 and 2009 have been determined
(GenBank nos. MN564947-MN564948). Phylogenetic
analysis showed that these viruses belong to lineage II
(Fig. 4). Tounkara et al. [30] have recently analysed five
partial N gene sequences generated from samples collected
from goats and sheep in Burkina Faso in 2008 and 2014.
All of the sequences belonged to viruses of lineage II.

:— Lineage I

DQ840175 Ethiopia (1994)
DQ840158 Sudan (1972)
100 KM669158 Comoros (2012)
KF939643 Tanzania (2013)

KP100649 Kenya (2011)
KP691482 Uganda (2012)
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MH370230 Burundi (2018)

MK250006 Uganda (2018)

MK250005 Uganda (2018)

Lineage III

model of nucleotide substitution and 500 bootstrap replications. The
model was selected by MEGAG as the best for the sequences being
analysed

Cameroon

PPR has been reported in Cameroon, but detailed stud-
ies are limited [12, 31, 32]. There are seven GenBank
submissions (GenBank nos. HQ131960, MH447978 to
MH447983) of partial N gene sequences of viruses iden-
tified in goats in 1997 (n=1) [12] and 2017 (n=6). Phy-
logenetic analysis shows that they all belong to lineage
IV (Fig. 2).

Chad

There is a report of PPR in Chad dating back to 1995 that
covers the period 1993 to 1994 [33]. A serological preva-
lence of 34% was recorded by ELISA following the test-
ing of 475 sera. More recently, 3,546 sera collected from
unvaccinated goats and sheep in 19 of the 23 regions in
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Fig.5 Phylogenetic tree based on partial sequences of the N pro-
tein (217 bp) gene of representative PPRV isolates of lineage 1. The
tree was constructed using the maximum-likelihood (ML) method

Chad were tested for antibodies to PPRV [34]. The over-
all seroprevalence was calculated as almost 53%. Despite
these studies, there is no genetic information of PPRVs
circulating in the country.

Central African Republic

There is a single partial N gene sequence submission (Gen-
Bank no. HQ131962) from the Central African Republic
obtained from a goat sample in 2004. The virus belongs to
lineage IV (Fig. 2). No further information on PPR in the
country is currently available.

Comoros archipelago

Lineage III PPRVs were identified following an outbreak
of PPR in 2012 [35] (Fig. 3). An overall PPRV antibody
prevalence of 2.24% in indigenous domesticated ruminants
was also reported by the authors.

Cote d’'lvoire

The first-ever report of PPR globally was from Cote d’Ivoire
in 1942 [36]. Since then, there have been relatively few pub-
lished studies on PPR in the country. One of the first full
genome sequences generated from a PPRV isolate was from

721 DQ840171 Guinea-Bissau (1989)

Lineage IV

EU267273 Cote dlvoire (1989)
DQ840174 Senegal (1994)
MG694468-MG694469 Niger (2001)

Lineage I

JNG647696 Burkina Faso (1988)

<< Lineage IIT
100

available in MEGAG6, employing the Kimura 2-parameter model of
nucleotide substitution and 500 bootstrap replications. The model was
selected by MEGAG as the best for the sequences being analysed

a lineage I virus isolated in Cote d’Ivoire in 1989 (Gen-
Bank no. EU267273) [37] (Fig. 5). A second full genome
sequence of a lineage II viral isolate recovered from lung
samples of a goat collected in July 2009 has also been gener-
ated by APHL (GenBank no. KR781451) (Fig. 4).

Democratic Republic of Congo

In 2012 it was reported that FAO was assisting veterinary
authorities in the DRC, as thousands of goats had been
affected by PPR, of which 75,000 had already died from
the disease [38]. More recently, the analysis of viral RNA
from eleven goat samples collected in three provinces of the
DRC in 2016 and 2018 identified viruses from two lineages,
II and III (GenBank nos. MN243715 to MN243725) [39]
(Figs. 3 and 4).

Djibouti

Serum samples (n=1,516) were tested using a competitive
enzyme-linked immunosorbent assay (CELISA) by Teshale
et al. [40]. Of these samples, 91 were positive, with an
overall 6% prevalence of antibodies to PPRV, which is low
compared to other serological studies. To date, there are no
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molecular epidemiological data available on PPRVs from
Djibouti.

Egypt

An outbreak of PPR in goats in Egypt was reported in 1990
[41]. Other outbreaks reports followed in 1993 [42] and
2010 [43], but it was not until 2014 that a virus, collected in
2010, was identified as belonging to lineage IV [44] (Fig. 2).
There are more recent submissions in GenBank of sequences
from lineage IV Egyptian viruses collected in 2012, 2014
and 2015. All of the viruses are closely related to viruses
from Eritrea, Ethiopia, and Sudan and to viruses identified
in Tunisia in 2016 (Fig. 2).

Equatorial Guinea

There is no information on the presence of PPR in Equato-
rial Guinea available in the literature, and no reports have
been submitted to the OIE.

Ethiopia

The first published account of PPR in Ethiopia is from
1994 and described an outbreak in goats in the capital city,
Addis Ababa [45]. PPRV was isolated from this outbreak
at [IEMVT, Maisons-Alfort, France, and shown to belong
to lineage III [13]. The full genome of this virus was then
sequenced in 2014 [46]. In 2016, the full genome of another
PPRYV isolate from the intestine of a goat suffering from
severe clinical disease during an outbreak in 2010 was char-
acterised and shown to belong to lineage IV [47], indicating
that viruses from two lineages have been present at different
times in the country (Figs. 2 and 3). However, two more
recent studies on samples from Ethiopia from 2011, 2014
and 2017 only detected lineage IV PPRVs, suggesting that
the lineage III viruses may have been replaced by lineage
IV viruses [48, 49]. Currently, there are five full genome
sequences of PPRVs from Ethiopia available in GenBank
(nos. KJ867540, KJ867541, MK991798, MK991799 and
MK991800).

Eritrea

A paper published in 1998 by Sumption et al. [50] reported
the detection of PPRV antigen by an immunofluorescent
antibody test from ocular swabs collected from goats during
an outbreak of PPR in Eritrea. Cosseddu et al. [15] analysed
41 samples collected from sheep and goats in 2002, 2003,
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2005 and 2011, 34 of which were shown to be positive for
PPRV by RT-PCR. The partial N gene sequences of seven
of the samples were determined, and phylogenetic analysis
identified them as belonging to lineage IV (Fig. 2).

Gabon

According to Banyard et al. [12], there was serological
evidence for the presence of PPRV in Gabon in 2007. The
first molecular characterization of PPRV in the country was
described following a PPR outbreak in sheep and goats in
the southeast of the country in October 2011 [16]. Phylo-
genetic analysis of a partial N gene sequence showed that
the virus belonged to lineage IV, and the authors concluded
that it was more closely related to viruses circulating in
neighbouring Cameroon. However, it appears that the virus
is more closely related to PPRV isolates from Angola and
Niger rather than Cameroon (Fig. 2).

Gambia

As part of a rinderpest vaccination study, serum samples
collected from sheep and goats between 1988 and 1989 were
tested for the presence of antibodies to PPRV and shown
to be positive [51]. Three pathological samples that had
been collected from three goats suspected of being infected
with PPR were sent to APHL in 2012 for further charac-
terization. Sequencing of a fragment of the N (GenBank
nos. MG581406 to MG581408) and F gene (GenBank
nos. MG581409 to MG581411) and phylogenetic analy-
sis showed that the viral RNA belonged to lineage II and
showed a high level of sequence similarity to viruses from
neighbouring countries (Fig. 4).

Ghana

In the GenBank database, there are three partial N gene
sequences from Ghana collected in 1976 (GenBank no.
DQ840163) and 1978 (GenBank no. DQ840166 and
DQ840167), respectively, that are associated with a study by
Kwiatek et al. [52]. There is also a partial F gene sequence
available (GenBank no. FR668075). These viruses belong to
lineage II (Fig. 4), but in all four cases there is no epidemio-
logical or outbreak information provided with the sequence
data.

In 2010, pathological samples collected from sheep and
goats suspected of being infected with PPRV in Ghana
between September 2009 and March 2010 were analysed
and shown to contain PPRV that belonged to lineage II [53]
(Fig. 4). The full genome of one of the isolates obtained from
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the lung of a female sheep was sequenced (GenBank no.
KJ466104). A recent report confirmed the presence of line-
age II PPRV in Ghana in 2014 [30].

Guinea

There are two partial N and F gene sequences available in
the GenBank database, from 1988 and 1991, respectively
(GenBank no. DQ840170 and FR667554), that indicate that
the virus in Guinea in the late 1980s belonged to lineage I
(Fig. 5). No additional epidemiological information associ-
ated with these sequences or updates on the PPR situation in
Guinea are available.

Guinea-Bissau

There are four nucleotide sequences available from Guinea-
Bisseau from 1988 to 1991 in GenBank, two of which are
partial N gene sequences from 1989 (no. JN647698 and
DQ840171). No epidemiological data are associated with
them. Phylogenetic analysis shows that the sequences are
derived from lineage I isolates (Fig. 5).

Kenya

PPR was confirmed serologically in Kenya in 1995, but the
presence of the disease in the country was not declared to the
OIE until 2007 [54, 55]. From 2006 to 2008, the virus spread
rapidly and it is estimated that during this period over 2.5 mil-
lion animals died as a result of PPR [55]. In May 2011 in
north-western Kenya, tissue samples were collected from goats
suspected of having died from PPR. RT-PCR-positive samples
were sequenced and identified as belonging to PPRV lineage
III (Fig. 3) [56].

Liberia

The first characterization of PPRV in Liberia was reported
in April 2015 following significant mortality in sheep and
goats in the country [57]. The outbreaks were in the north-
central part of Liberia, close to the border with Guinea. The
full genome sequence of one isolate was determined (GenBank
no. KU236379), and phylogenetic analysis revealed that the
virus belonged to lineage II (Fig. 4).

Libya

There are two seroprevalence studies on PPR in Libya.
Both studies were undertaken in 2013 and confirmed the
presence of the disease in the country, with a high overall
sero-prevalence of between 33 and 59% [58, 59]. However,

despite these studies, no genetic information on the circulat-
ing PPRYV in Libya is currently available.

Mali

A serological study undertaken to determine the seroposi-
tivity of 54 flocks of small ruminants for rinderpest in 1996
revealed that a high percentage (74%) of the flocks were
positive for antibodies against PPRV [60]. A more recent
study published in 2013 stated that 14 outbreaks of PPR had
been officially reported by the national veterinary service in
Mali between 2007 and 2011 [61]. This study also revealed
a positivity of 43% among sheep and goats in the coun-
try. There are eleven gene sequences from Mali available
in the GenBank database: three from 1999 (GenBank nos.
DQ840192 to DQ840194) and eight from 2014 (GenBank
nos. KY488320 to KY488322, KY488325, KY488335 to
KY488337, and KY488339) Again, there is no epidemio-
logical information associated with these gene sequences,
although phylogenetic analysis reveals that they all belong
to lineage II (Fig. 4). A more recent study included the
analysis of eleven samples from goats in Mali [30]. One of
the samples was collected in 1999, while the remaining 10
were ocular swabs collected in 2014. Phylogenetic analysis
of partial N gene sequences from these samples indicated
that all of the viruses belong to lineage II but indicated a
clear evolution of the viruses over time (Fig. 4).

Mauritania

Up until relatively recently, there were only a few reports
on PPR inMauritania, primarily on disease description and
serology [62, 63]. However, between January and March
2012, samples from three suspected outbreaks of PPR in
Mauritania were collected and characterized in detail [64].
A phylogenetic analysis of N gene sequences showed that
the virus circulating in Mauritania belonged to lineage II,
similar to viruses in Senegal and Mali, but not Morocco or
Algeria, where lineage IV viruses were circulating (Fig. 4).
This highlighted the results of livestock movement from
Mauritania to countries to the south. This observation was
recently confirmed by Tounkara et al. [30] (GenBank no.
MK777900; Fig. 2).

Morocco

The first reported outbreaks of PPR in Morocco were in
2008. Thirty-six samples from sheep were collected and
analysed, and a lineage IV PPRV was identified [13]. The
complete genome sequence of a similar virus isolated from
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an alpine goat was published in 2013 [65]. Three succes-
sive vaccination campaigns during 2008-2011 and border
surveillance resulted in the elimination of the virus from the
country. However, in 2015, fresh outbreaks were reported.
Analysis of the 2015 virus revealed that it also belonged to
lineage IV. Figure 2 shows that viruses from Morocco are
closely related to viruses from Algeria and Tunisia, suggest-
ing transboundary movement between countries [66].

Niger

Serological investigations carried out by various authors
confirmed the presence of PPR in Niger from the 1990s
onwards [67, 68]. The first genetic characterization of
viruses circulating in the country was carried out by
Tounkara et al. [69]. Samples taken from goats during PPR
outbreaks in 2001 and 2013 were analysed, and viruses
from lineage I, I and IV were identified (Figs. 2, 4 and 5).
More recent samples were collected from goats and sheep
at locations throughout Niger between 2011 and 2017 [70].
Twelve PPRV-positive samples were characterized by par-
tial sequencing of the N gene (GenBank nos. MK673120 to
MKG673131), and the viruses identified were from lineages
IT and IV only [70]. The most recent sequences differed sig-
nificantly from those reported in 2001 and 2013 by Tounkara
et al. [69], highlighting the continuing evolution of PPRV
in Niger. Two separate subclades of the lineage IV viruses
were identified. In one of them, the sequences clustered with
Nigerian sequences that have previously been assigned to
subclade IV-NigA by Woma et al. [17]. The sequences of the
remaining samples clustered with sequences from Nigeria
that had been previously been assigned to subclade IV-NigB
[17] (Fig. 2).

Nigeria

There are a number of studies describing PPR outbreaks in
Nigeria in the 1970s, 1980s and 1990s [71-74]. However, it
was only in 1975 and 1976 that PPRV from the country was
isolated for the first time [75]. The current live-attenuated
PPRYV vaccine was derived from one of those isolates, Nige-
ria 75/1 [76] (Fig. 4). The full genome sequence of another
lineage II PPRYV isolate from Nigeria in 1976 was generated
by Chard et al. in 2008 [37].

The analysis of 33 samples collected during outbreaks in
2007 and 2009 in two states (Kaduna and Plateau) in Nige-
ria identified lineage II viruses (assigned to lineage I by the
authors according to the classification used at the time) [9].
A second molecular epidemiological study of 140 clinical
samples from sheep and goats collected in Nigeria between
2010 and 2013 revealed that viruses from lineages II and
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IV were circulating in the country and that the lineage IV
isolates grouped into two clades (IV-NigA and IV-NigB)
[17] (Fig. 1). One of these viral sequences (GenBank no.
KJ124767) was identical to the vaccine strain Nigeria 75/1
(Fig. 4 and Fig. 6), and this is most likely due to laboratory
contamination during the processing of this sample.

Mantip et al. [77] confirmed the presence of both lineage
II and lineage IV PPRYV in Nigeria in a 2016 publication.

Republic of Congo

There are no publications describing the presence of PPR
in the Republic of Congo, although four outbreaks result-
ing in the death of 399 animals were reported to the OIE in
2006 [78].

Rwanda

There is no information on the presence of PPR in Rwanda
available in the literature, and no reports have been submit-
ted to the OIE.

Sahrawi territories

De Nardi et al. [79] investigated outbreaks in the Sahrawi
Territories in 2010, and although it was claimed by the
authors that the causative agent was a lineage IV PPRV with
high nucleotide sequence similarity to Moroccan isolates,
no sequence data are available in the public databases [79].

Senegal

The earliest report of PPR in Senegal dates back to 1956
[52]. There is another report of a PPR outbreak (of unknown
date) in West African dwarf and West African long-legged
goats housed at the Institut Senegalais de Recherche Agri-
coles (ISRA) Dakar, Senegal, that has been associated with
a lineage I virus (GenBank no. DQ840174) that was isolated
in 1994 [52, 80] (Fig. 5). In 2013 a lyophilized specimen was
shipped by ISRA to AGES for further characterization by
the APHL. The specimen dated back to 1969, and although
the original sample from which the specimen was derived
is believed to have been collected in Senegal, the sample’s
exact origin is unclear. The sample, however, had been used
in animal experimentation in which goats had been infected
and had shown clear clinical signs of PPR. The full genome
of this virus was sequenced (GenBank no. KP789375),
and phylogenetic analysis showed that the virus belonged
to lineage I (Fig. 5). A second full genome of a lineage II
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Fig.6 Phylogenetic tree based on partial sequences of the N protein
(217 bp) gene of representative PPRV isolates of lineage II, indi-
cating sequences that are similar to the vaccine strain Nigeria 75/1,
indicated by a filled black circle. The tree was constructed using the

virus from Senegal has also been sequenced (GenBank no.
KM212177) [81] (Fig. 4).

Sierra Leone

In 2009, blood samples from suspected outbreaks of PPR in
central Sierra Leone were collected. Phylogenetic analysis
of partial N gene sequences amplified from PPRV RNA in
the samples identified one virus (GenBank no. JN602080)

JN602080 Sierra Leone (2009)
75 L MF741712 Sierra Leone (2011)

100
] Lincage
—‘ Lineage IV
98

~—lilll] Lineage III
100

KF483658 Mauritania (2012)

maximum-likelihood (ML) method available in MEGA6, employing
the Kimura 2-parameter model of nucleotide substitution and 500
bootstrap replications. The model was selected by MEGAG as the best
for the sequences being analysed

that clustered with PPRV isolates from Mali, whereas all
of the others (GenBank nos. JIN602079, IN602081 and
IN602082) showed 100% sequence identity with the vac-
cine strain Nigeria 75/1 [82] (Fig. 4). The authors concluded
that, since PPR vaccination was not being performed at the
time in Sierra Leone, the sequences obtained were from
circulating field viruses that were related to Nigeria 75/1
rather than being vaccine-derived. However, this seems
very unlikely and was most probably due to either labora-
tory contamination or the unreported use of PPR vaccination
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in the country. More recently, a full genome sequence of
PPRV RNA extracted from samples collected in 2011 has
been determined (GenBank no. MF741712). Specifically, in
December 2011, in Moyamba, south-western Sierra Leone,
pathological and swab samples were collected from goats
during a suspected PPR outbreak. Phylogenetic analysis
of the amplicons generated from positive tissue samples
revealed that they contained viral RNA from a lineage II
PPRYV that was not similar to the Nigeria 75/1 vaccine strain
[83] (Fig. 4).

Somalia

Authorities in Somalia reported the presence of PPR in the
country to the OIE in 2009 [84]. Other than this, there are no
studies in the literature describing PPR in Somalia.

Sudan

Two viruses collected in central Sudan in 1971 and 1972
following outbreaks in goats were initially believed to be rin-
derpest virus but were subsequently identified as PPRV [85].
There are two sequence submissions in the GenBank data-
base (nos. DQ840158 and FN996000) of PPRYV isolates from
1972 that show that the virus belongs to lineage III (Fig. 3).
Several serological studies were undertaken from 2000 to
2010 [86—88] confirming the presence of PPRV in Sudan.
In 2011 it was reported by Kwiatek et al. [13] that the PPRV
strains circulating in in the country belonged to lineage III
and lineage IV (Figs. 2 and 3). Of the 64 PPRV-positive
samples collected from 2000 to 2009 that were sequenced
by Kwiatek et al. [13], only two belonged to lineage II1,
leading the authors to conclude that this lineage was being
progressively replaced by lineage IV viruses, a situation that
has also been reported recently in Ethiopia [49].

In May 2017, PPR was reported in free-ranging dorcas
gazelles in Dinder National Park, south-eastern Sudan, with
clinical signs of disease [89]. Interestingly, PPRV was also
detected in healthy semi-captive gazelles. Viruses in both
cases were further characterized and shown to belong to lin-
eage I'V. This study is of interest, as it identified a potential
wildlife reservoir of PPRV in Africa.

South Sudan

In 2011, 18 samples were received from South Sudan by
APHL following suspected outbreaks in the country. Viruses
were isolated and characterized and shown to belong to lin-
eage [V (GenBank nos. MT543151- MT543152) (Fig. 2).
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Tanzania

In 2008, a serological survey of sheep and goats carried
out in northern Tanzania reported an overall seropositivity
of 45.8% [90]; this was the first report of PPR in Tanzania.
Several other serological studies have been performed con-
firming the circulation of PPRV in the country, but viral
characterization was not undertaken and reported until 2014
[91]. Analysis of samples collected from goats in northern
and eastern regions of Tanzania identified the presence of
lineage III viruses (Fig. 3) [91]. This was confirmed by Jones
et al. in a very recent publication [92]. There are two reports
that describe the identification of lineage II PPRV in neigh-
bouring Tanzania. A partial N gene sequence (GenBank no.
KF672746) from a lineage IT PPRV was identified in a goat
in southern Tanzania in 2011 [93]. In addition, there is a
report of lineage II PPRVs identified in sheep in northern
Tanzania in 2014, although the sequences are presently not
publicly available [94]. An analysis of sequence KF672746,
however, shows that it is very similar to the Nigeria 75/1
vaccine strain (see Fig. 4). Likewise, the phylogenetic tree
presented by Mahaptra et al. [94] indicates a high similar-
ity between their sequences and sequence KF672746. This
suggests that there may be a PPRV circulating inTanzania
that is very similar to, or even a variant of, the vaccine strain
Nigeria 75/1 or that the results from these studies are due to
laboratory contamination. In the study by Misinzo et al. [93],
the authors also identified a lineage IV virus in the southern
part of Tanzania. However, the sequence of this virus (Gen-
Bank no. KK672745) is also of note, as it is more similar to
lineage IV viruses from Iran and Turkey than to viruses from
Africa. Therefore, whether lineage II or lineage IV viruses
are actually circulating in Tanzania needs to be confirmed..

Togo

The first report of PPR inTogo was in 1972 [95]. In 2005, the
death of 1560 animals from 90 PPR outbreaks was reported
to the OIE by Togolese authorities [96]. No reports on the
characterization of PPRV in Togo have been published.

Tunisia

The first serological study for PPR was carried out on sam-
ples collected between September 2006 and January 2007
in Tunisia, and the seroprevalence was found to be 7.45%
[97]. Between September 2012 and January 2013, clinical
signs compatible with PPR in flocks of sheep and goats were
reported to the Tunisian veterinary service, and samples
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were tested for PPRV. Viral samples from two separate out-
breaks were sequenced, and phylogenetic analysis revealed
that they both belonged to lineage IV, similar to other North
African PPRYV isolates [98] (Fig. 2). A further 86 outbreaks
were reported in Tunisia in 2016, and molecular characteri-
zation of the strains involved confirmed the circulation of
lineage IV viruses in the country [99]. However, the PPRV
isolates identified in 2016 were more similar to viruses from
Egypt than to those from Morocco or Algeria, which was the
case for PPRVs identified in Tunisia in 2012 (Fig. 2).

Uganda

Antibodies against PPRV were first reported in small rumi-
nants in eastern African countries, including Uganda, in
1995 [54], while the first molecular epidemiological char-
acterization was published in 2012 [100]. Luka et al. erro-
neously described the presence of lineages I, IT and IV in
Uganda following the partial sequencing of the F gene from
six viral samples [100]. A reanalysis of these sequences
(GenBank nos. HQ407497 to HQ407502) indicates that
the actual lineages present in Uganda were lineages IV and
III. However, the lineage IV sequences were very similar to
viruses from India and Nigeria, suggesting a possible labo-
ratory contamination (Fig. S1). The full genome sequence
of a lineage III virus from Uganda was determined in 2014
[46]. In 2019, Nkamwesiga et al. identified further lineage
III PPRYV isolates in Uganda and, interestingly, showed that
there were two distinct clusters associated with the north-
ern and southern part of the country that were more closely
related to other East African isolates than to each other
(Fig. 3) [101].

Lineages in Africa

All four PPRYV lineages are present in Africa, as shown in
Fig. 1. The identification of lineage I viruses is confined to
four West African countries (Cote d’Ivoire, Guinea Bissau,
Guinea, and Niger). It now appears that lineage I viruses
are no longer circulating, as this lineage has not been identi-
fied since 2001 [69]. Some argue that this lineage has been
replaced by lineage II and IV viruses across the region [49,
81]. Lineage II is predominantly present in West Africa,
although it has recently been reported in the DRC and Tan-
zania. As discussed above, the presence of circulating line-
age II viruses in Tanzania needs to be confirmed. Lineage
IIT has been reported in the Comoros islands and in north-
eastern, eastern, and central Africa but has not been seen
in the north or west of the continent. Having been reported
in fifteen countries, lineage IV is the predominant lineage
seen in Africa. To date, it has been identified in the northern,

western, central and eastern regions Africa and is gradually
moving southwards.

From the phylogenetic trees presented in Figs. 2, 3, 4
and 5 it can be seen that there are some noteworthy dif-
ferences between the viruses included in the analyses. As
would be expected, there is evident nucleotide sequence
divergence over time between the lineage I viruses iden-
tified in 1968-1969 in Senegal and others collected 20 to
40 years later in Burkina Faso, Cote d’Ivoire, Guinea Bissau
and Niger (i.e., 1988, 1989 and 2011) (Fig. 5). Similarly, for
lineage II viruses there are two distinct clusters visible: one
consisting of sequences from viruses identified from 1969 to
1978, including the Nigerian vaccine strain and those from
1999 to 2016 (Fig. 4). There are differences between ear-
lier lineage III viruses from 1972 and 1994 and those from
2011 to 2018 (Fig. 3). For lineage IV there appear to be
geographical differences between the viruses identified in
the north and east of Africa and west, central and southern
Africa (Fig. 2). However, not all of the viruses fall into these
groupings: the exceptions are PPRV isolates identified in
Cameroon in 1997, Sudan in 2000, Central African Republic
in 2004, Eritrea in 2002 to 2005, South Sudan in 2011, and
Tanzania in 2011. Nevertheless, with the increasing domi-
nance of lineage IV in Africa, as seen already in Asia and
the Middle East, the identification of subgroups may make
it easier to understand and monitor the spread of this virus
through the continent.

Conclusions

There is a very limited amount of molecular epidemiological
data available on PPRV in wildlife at the global level. For
Africa there are just a few serological studies that describe
seropositivity for PPRV in buffaloes, gazelle, hartebeests,
impala, kobs, waterbucks and wildebeest [94, 102]. No
genetic characterization of the virus in the wild ruminants
was performed. Recently, and as mentioned previously, a
study by Asil et al. [89] identified lineage IV PPRYV in dorcas
gazelles in Sudan. Since wildlife can be significantly threat-
ened themselves by the disease [103—-105], the characteriza-
tion of PPRYV isolates collected from wild ruminants should
be encouraged, and resources to enable the collection and
analysis of samples should be identified.

This review has highlighted publications on PPRV in
Africa that have identified lineage II viruses from Nige-
ria, Sierra Leone, and Tanzania that are either identical or
very similar to the Nigeria 75/1 vaccine [17, 82, 93]. This
issue is not confined to Africa, as can been seen by a search
of the public databases, which reveals a number of PPRV
sequences supposedly from field viruses that have a high
degree of nucleotide sequence similarity to Nigeria 75/1.
These include viruses from China (GenBank no. KY196465)
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[106], India (GenBank no. DQ176750) and Iran (Gen-
Bank no. KC534492) (Fig. 6). In agreement with Liu et al.
[107], we believe that the majority of these cases are most
likely due to laboratory contamination during the handling
of samples.

It is evident from this review that not all of the PPRV
sequence data generated to date have been submitted to
public databases. This prevents the timely sharing and
evaluation of important data, which is essential for a better
understanding of virus movement and spread. Laboratories
that have sample collections with both historical and recent
samples should characterize, release, and share information
as quickly as possible.

Why lineage IV has become the predominant line-
age globally and is now making its way through Africa is
unclear. It has not been experimentally determined whether
the virus is more or less pathogenic than viruses of other
lineages, whether it is more or less susceptible to vaccines,
whether it is transmitted more easily, or whether it is more
stable in the environment. Similarly, why lineage I viruses
appear to have disappeared is an intriguing question that
awaits an explanation.

Finally, updates, confirmation, and characterization of
PPR in Chad, Djibouti, Guinea, Guinea-Bissau, Libya,
Rwanda, Somalia, and Togo are required. Data regarding
the status of PPR in all African countries are essential if the
eradication of this devastating disease is to be successful.
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